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ABSTRACT
This dissertation is composed of two major projects, though some capabilities and
findings from the first project were applied to the second. Project I focuses on
advancements made in the understanding of the chemical interactions of a number of
commonly used fluorescently labeled phospholipid probes. These probes are used for a
variety of studies, including labeling of cellular or artificial membranes, examining
transport and communication between different membranes, and determining membrane
fluidity. Understanding the chemical behavior and interactions of these probes in
membranes can be key for the proper interpretation of experimental data. Utilizing
fluorescent recovery after photobleaching (FRAP), in combination with other
spectroscopic techniques, multiple diffusing populations of commonly used probes in
various artificial lipid membrane formats were identified, as were the causes for these
populations. This allows for a fuller description of the fluidity of lipid membranes. These
findings are the focus of Chapters 3 and 4 while the hardware developed that enabled
critical measurements is the focus of Chapter 2. Project II focuses on addressing key
limitations in developing ion channel (IC) based biosensors utilizing artificial lipid
membranes. Among these limitations are the weak mechanical, chemical, and electrical
stabilities of artificial lipid bilayers due to the weak noncovalent interactions involved in
the membrane. To address these limitations, the polymerizable lipid bis-dienoyl
phosphatidylcholine (bis-DenPC(16, 16)) was characterized for its ability to form ultrastable membranes suitable for IC based sensors using the model IC gramicidin A (gA).
Special attention was given to determining the membrane fluidity given the requirement
of gA that two subunits must laterally diffuse to converge and dimerize to form a
conductive pore. These studies are the focus of Chapters 5 and 6.
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CHAPTER 1: INTRODUCTION
This chapter introduces background, key ideas, and experimental concepts
relevant to this dissertation. The dissertation consists of two distinct projects:
1) Investigations into how data from fluorescence recovery after photobleaching
experiments to determine the fluidity of lipid membranes should be analyzed and
interpreted; and
2) The development of an ultra-stable lipid membrane for future ion channel-based
sensor applications, with a focus on investigating the link between membrane fluidity
and the activity of a model dimeric ion channel, gramicidin A.
These projects both involve artificial lipid membranes so some of the material discussed
in the chapter is relevant to both projects. This chapter covers:


Cell membranes, focusing on:
o Membrane composition,
o Key membrane functions, and
o Key membrane properties related to several of these functions.



Artificial lipid membranes which are used as an alternative to cell membranes.
Several membrane geometries and some preparation methods for key geometries
used in this dissertation are described.



Polymerizable lipids as a strategy to stabilize artificial lipid membranes.



Membrane fluidity with a focus on key concepts and ideas that relate to this
dissertation.
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Several of the findings and capabilities from the first project were applied to the second
project. Relationships between the material in this chapter and the two projects are called
out throughout the chapter.
1.1 Cell Membranes
Cell membranes are composed of lipids and proteins; these membranes serve to
enclose the interior volume of the cell.1,2 These membranes serve multiple functions
including:


A semipermeable barrier which keeps cytosolic cellular components in a confined
space and appropriate environment for function;



Regulating transmembrane transport of ions and molecules; and



Responding to external stimuli from small molecules or environmental changes.

1.1.1 Composition of Cell Membranes
Cell membranes consist of a wide variety of lipids, membrane proteins, and
carbohydrates.2–4 The proportion of each component in a cell membrane, and the
individual species of that component, can vary greatly depending upon cell type.2 This
subsection presents discussions of lipids and proteins starting with lipids since the lipid
bilayer provides the defining structural motif of the cell membrane and an environment
which enables the proper functioning of membrane proteins.
1.1.1.1 Lipids
The large scale identification of lipids in membranes from different organisms,
cell types, and under different environmental conditions has in recent years become a
major field of study referred to as lipidomics.5,6 Lipidomics is a large undertaking as over
thousands of different lipids, sphingolipids, glycolipids, and sterols have been identified.
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However, detailed studies of the role of lipids in cell membranes have been conducted for
over a century.7
It is the amphiphilic nature of lipids which gives them their importance in the cell
membrane. Lipids are able to self-assemble into structures which can enclose a volume
due in part to the hydrophobic interactions that drive the formation of the hydrophobic
core of the membrane. The hydrophobic core effectively prevents the diffusion of large
molecules (such as proteins), ions, and polar water soluble molecules across the
membrane (though it is possible for all of these to cross cell membranes via various
mechanisms, including diffusion across the membrane at very low rates in some
cases).2,8–10
These lipid membranes are held together by weak intermolecular forces such as
van der Waals, hydrogen bonding, and electrostatic interactions. Most membrane
forming lipids are glycerophospholipids which include phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI), and
phosphatidylglycerol (PG).11 These lipid types are based on the headgroup structure,
examples of which are shown in Figure 1.1, though the alkyl tails of these lipids can vary
widely in terms of length and the number and position of unsaturated bonds.
It is the wide variety of lipids in cell membranes, including variations of the
headgroups and tails, which allows for distinct membrane structures and properties to
exist; some of these properties, and even specific lipids, are required for protein
function.12–15 There is also experimental evidence and computational modeling that
suggest that localization of certain lipids occurs around proteins to facilitate function.16–19
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While all of these lipids, and others not considered in the list above, play important roles
in cell membranes, only membranes composed of PC lipids were used in this dissertation.
1.1.1.2 Membrane Proteins
Proteins associated with membranes can be grouped into two categories, integral
and peripheral.2,11 Integral membrane proteins, especially membrane spanning proteins
referred to as transmembrane proteins (TMPs), are of interest in this dissertation. A
depiction of a TMP is shown in Figure 1.2. These proteins require the hydrophobic
environment provided by the core of the bilayer to remain properly folded and
functional.2 Membrane proteins account for ~50% of the cell membrane by weight and at
an approximate ratio of one integral membrane protein to 40 lipids, membrane proteins
compose a significant portion of the membrane.2,15,20 This requires the consideration of a
much more crowded model of a cell membrane than originally proposed in the fluid
mosaic model.2,15,20 Thus, integral membrane proteins both contribute significantly to the
structure of cell membranes in addition to adding function.
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Figure 1.1 Common glycerophospholipids. All lipids shown have different headgroup structures, but the same glycerol backbone and
alkyl tails. Structures taken from avantilipids.com.
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Figure 1.2 Lipid bilayer and associated membrane proteins. Red balls are the polar heads of the lipids, black tails are the hydrophobic
alkyl tails. Yellow ovals represent proteins. A) Integral transmembrane protein. B) Peripheral membrane protein.
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1.1.2 Functions of Cell Membranes
Cell membranes have a multitude of functions, many of these functions are
mediated by membrane proteins. Key functions of interest in this dissertation are the
transport of ions across the membrane and signal transduction initiated by small molecule
(ligand) binding. Both functions are mediated by TMPs.
1.1.2.1 Ion Transport
The transport of ions across membranes can be accomplished either by ion
channels (ICs), which allow ions to move across the membrane in response to electrical,
charge, and/or concentration gradients, or ion pumps, which require energy and work
against the gradients across the membrane.21,22 While lipid membranes are resistant to
the free movement of ions across the membrane, anions can cross the membrane more
readily than cations the permeability of some anions can be in excess of 20 times that of
others.23 For the purposes of this dissertation, ICs are the class of TMPs that are of
primary interest.
The movement of ions across a membrane through ICs can be measured as
current. The current from individual open ICs can be detected via the patch clamp
method, a technique that has been applied to such measurements since the 1970s.24,25 In
patch clamp, the current that passes across a membrane is measured with silver/silver
chloride electrodes. A small glass pipet is brought into contact with the membrane of a
cell expressing the IC of interest and then applying negative pressure to form a giga-ohm
seal. The membrane patch can either be ruptured while the pipet is still attached to the
cell, allowing the current across the membrane of the whole cell to be measured, or the

25

patched portion of membrane can be removed from the cell allowing the individual IC(s)
embedded in the excised membrane to be studied.24,25
ICs can be grouped into three types based on the mechanism of IC activation:
voltage gated, ligand gated, or passive.25 Voltage gated ICs are activated by membrane
potential due to electrical/charge gradients across a membrane; common examples
include alamethicin (antibiotic peptide), Kv7 (potassium channel associated with pain
sensitivity), KvAP (first voltage gated IC with a detailed X-ray crystal structure), and the
human Ether-à-go-go-Related Gene (hERG) potassium IC (identified as a major drug
safety target as antagonists of this IC lead to death).25–33
The opening and closing of ligand gated ICs are controlled through the binding of
small molecules to recognition sites on the IC.34 There are a number of ligand gated ICs
that respond to acetylcholine, serotonin, gamma-aminobutyric acid, and glycine which
play important roles in nerve signal transduction.35 Perhaps the best known example of
this IC type is the acetylcholine receptor (AChR) which has been studied via patch clamp
for over 40 years.36–39
The designation passive refers to ICs that are open when the quaternary structure
is assembled and do not open in response to specific stimuli. These ICs are typically
antibiotics or pore forming toxins which disrupt the environmental control maintained by
a cell membrane; common examples are gramicidin and α-Hemolysin.27,40–44 Gramicidin
A (gA), one of three naturally occurring gramicidin peptides, was used extensively for
the work done in Chapter 6.41 See Figure 1.3 for an example of gA activity and its
detection via a patch clamp system.
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1.1.2.2 Signal Transduction
Signal transduction via small molecule ligands is a key function of cellular
membranes and plays a crucial role in the organizing of cells into tissues, tissues to
organs, and organs into a cooperative organism. For the purposes of this discussion,
there are two classes of TMP which are of interest; ligand gated ICs and G protein-

2 pA

coupled receptors (GPCRs).

400 ms

Figure 1.3 Representation of gramicidin association and dissociation and resulting IC
activity. A) Schematic of the gramicidin IC and the equilibrium between its open
(conductive) and closed states. When it is open, cations can flow across the membrane
which is measured as current. B) Electrophysiology data from gA subunits transiently
associating and dissociating. Discrete, 2 pA, increases and decreases in current indicate
the association and dissociation of gramicidin dimers; the active form of the IC.

The distinguishing feature of GPCRs, as a class of membrane proteins, is a
conserved domain of seven transmembrane helices (7TM). However, variations of the
primary amino acid sequences of these proteins in the extra-cellular N-terminus and the
transmembrane helices have provided this class of TMPs with a wide variety of
functions.45,46 GPCR proteins are the largest family of membrane receptors; over
thousands of different receptors were identified by the mid-2000s.47 In GPCRs
conformational changes in the receptor from binding of the target ligand result in the
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dissociation of a heterotrimeric G-protein complex from the receptor which proceeds to
propagate the signal, though not all 7TM proteins propagate signals this way.48–50 This
class of TMPs is responsible for mediating a large number of physiologically important
processes, including senses, immune responses, and metabolic regulation.45,49–51
A variety of methods have been developed to examine directly and indirectly
small molecule agonists and antagonists for GPCRs. One indirect method is whole cell
patch clamp.52,53 Plasmon waveguide resonance has been applied to directly study GPCR
activation in planar lipid membranes; such an approach has the potential advantage of not
requiring the G-protein subunits or modifying the ligand with a label.54–56 Ligands
modified to carry a fluorescent moiety or a radioactive isotope have historically been
used as well to determine ligand interactions with GPCRs as has labeled guanosine
triphosphate.57–59 There are also a variety of second messenger techniques that have been
developed.57–59
1.1.2.3 Analytical Interest in ICs and Signal Transduction
GPCRs and ICs are the first and second largest classes of prescription drug
targets, respectively.30,58,60,61 In addition to being targets for new drugs, these classes of
TMPs are of critical importance to understanding disease states, screening possible drugs
for adverse effects (i.e. antagonists to the hERG IC), and elucidating basic aspects of
tissue organization and cellular function. Thus, there is analytical interest in developing
sensors that are responsive to changes in the function/activity of these TMPs. The patch
clamp technique, when combined with artificial lipid membranes, offers a possible
method of creating sensors that respond to changes in IC activity in response to different
ligands or conditions. The recent development of IC coupled receptors (ICCRs) could
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allow for the expansion of patch clamp from monitoring IC activity to evaluating GPCR
activity.62 ICCRs are chimera proteins that couple a GPCR domain to a potassium IC,
allowing for detection of ligand binding events via changes in the conductance across the
membrane.62 Much of the work presented here has been conducted with the long-term
goal of developing a rugged IC sensor, possibly utilizing ICCRs in addition to naturally
occurring ligand gated ICs.
1.1.3 Membrane Properties Required for TMP Function
A variety of membrane properties are required for TMP function; many of these
are dependent upon the nature of the TMP being considered. Membrane fluidity is
required for some TMPs to function. In the case of alamethicin and gramicidin,
membrane fluidity is required as the functional quaternary structure of both ICs depends
on the association of multiple membrane bound subunits which can also
dissociate.26,27,41,63 Figure 1.3 provides an example of this for gA. GPCRs also require
membrane fluidity to function because following the binding of a ligand, the membrane
bound G-protein complex dissociates from the 7TM protein and subunits of the complex
must diffuse, while still anchored to the membrane, to associate with a new protein(s) to
continue the signal transduction pathway.49,58,64
The thickness and viscoelastic properties of a membrane have an impact on the
function of TMPs. This is often because of hydrophobic mismatch.18,65 The membranespanning region of a TMP is hydrophobic, whereas the intracellular and extracellular
portions are hydrophilic. In many cases, there is a mismatch between the thickness of the
hydrophobic core and the hydrophobic region of the protein. If this mismatch is greater
on the part of the TMP, it is referred to as positive. If the mismatch is greater on the part
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of the membrane it is referred to as negative. However, hydrophobic mismatch can be
overcome in some lipid compositions by the ability of the membrane to expand or
compress; see Figure 1.4 for an example.18,65

Figure 1.4 Example of hydrophobic mismatch between the hydrophobic region of the
TMP (blue) and the hydrophobic core of the membrane. A) Positive mismatch; the
membrane undergoes a local expansion to accommodate the TMP. B) Negative
mismatch; the membrane undergoes a local contraction to accommodate the TMP.
Membrane phase, or the coexistence of membrane phases, can also be a factor in
TMP function and may impact membrane stability. The major phases in lipid membranes
are referred to as fluid (also called liquid crystalline) and gel. The fluid phase results
from the “melting” of the lipid tails due to the conversion of bonds in the tails from trans
conformations to gauche conformations.66,67 This “melting” occurs as a function of
temperature, though the phase is also affected by lateral membrane pressure.66,67 The
temperature at which lipids undergo this phase transition (Tm) is the maximum of the first
order transition of a pure lipid membrane as a function of temperature.66 Gel and fluid
phases coexist in a one lipid membrane at or around the Tm; in a multiple lipid system
this occurs if a one or more, but not all, of the lipids are below their respective Tm. An
example of coexisting phases in a membrane is shown in Figure 1.5A. Current models of
cell membranes propose the existence of multiple phases, often referred to as lipid rafts,
that present unique micro environments to maintain the function of different membrane
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proteins.13,68 Phase segregation may also result from the presence of sterols, such as
cholesterol, or differences in lipid structure, such as different headgroups.
In lipid membranes composed of mixtures of polymerized lipids and
nonpolymerizable lipids, polymerized domains may be present. Domains have been
observed in the case of polymerized 1,2-bis[10-(2’,4’-hexadienoloxy)decanoyl]phosphatidylcholine (bis-SorbPC) mixed with diphytanoyl phosphatidylcholine (DPhPC)
via atomic force microscopy (AFM); there is strong evidence to suggest it occurs in other
mixtures too.69,70 An example is shown in Figure 1.5B. The possible presence of such
phases is relevant to the results presented in Chapter 6.

A

5 µm

Figure 1.5 Images of coexisting phases in artificial planar supported lipid bilayers
(PSLB). A) AFM image of dipalmitoyl phosphatidylcholine (DPPC) PSLB used with
permission from ref. 71, (image was altered with the inclusion of the scale bar).71 Image
was acquired at 41 °C; the phase transition temperature of DPPC is 41°C.72 The darker
regions are where the membrane is shorter and in the fluid phase and the brighter regions
are the taller gel phase the few black holes in the images are defects in the membrane that
are open to the underlying substrate. B) AFM image of a 5:5 polymerized bisSorbPC:DPhPC PSLB, provided courtesy of Malithi Fonseka. The dark regions were
identified as polymerized bis-SorbPC domains.
1.1.3.1 Membrane Properties of Interest in this Work
While many of the membrane properties described above are important to
maintain the function of TMPs, membrane fluidity is a primary focus of this dissertation.
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This focus on fluidity is because previous students in the Saavedra Lab observed that the
function of multimeric model ICs, gA and alamethicin, in polymerized membranes, was
abolished.70,73 This was later correlated to studies on similar polymerized membranes
which showed fluidity decreased upon polymerization by a factor of ~5.74,75 However,
the inclusion of nonpolymerizable lipids in the polymerized membrane allowed the
retained function of these model ICs.70,73 Studies to determine the fluidity of these mixed
membrane compositions have not previously been undertaken. Linking the fluidity of
polymerized membranes that contain nonpolymerizable lipids to the function of a
multimeric IC for the potential development of a rugged IC sensor was one of the
primary motivations for the work undertaken in this dissertation.
Membrane phases are a property of interest in Chapters 5 and 6. In Chapter 5,
this was to ensure the lipids used produced membranes in a fluid phase at room
temperature. In Chapter 6, the possible presence of two phases is important in the
interpretation of the results. Hydrophobic mismatch and membrane compressibility were
also considered in the interpretation of data from gA experiments in Chapter 6.
1.2 Artificial Lipid Membranes
Artificial lipid membranes are produced relying on the ability of the lipids
involved to self-assemble into supramolecular structures and not by cellular processes.
While there are many different lipids that these membranes can be composed of, this
dissertation focuses on membranes composed of PC lipids.76 These membranes can be
composed of either lipids extracted from natural sources such as egg yolk or red blood
cells or composed of synthetic lipids, though many synthetic lipids used are also the same
lipids found in nature. For both applications and basic science investigations, artificial
lipid membranes are typically preferred over cell membranes because of their simplicity;
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the defined composition of the membrane allows for its properties to be more predictable,
well understood, and the testing of specific interactions.77,78 Because of the wide variety
of membrane geometries used, and the multiple methods of producing them, in this
dissertation several key geometries are described below; representations of all geometries
discussed are shown in Figure 1.6.
1.2.1 Unilamellar Vesicles
There are three types of unilamellar vesicles classified by size: small unilamellar
vesicles (SUVs), large unilamellar vesicles (LUVs), and giant unilamellar vesicles
(GUVs). SUVs are structurally distinct from LUVs and GUVs. SUVs are vesicles which
have radii such that the lipids of the inner leaflet are more tightly packed than their
counterparts in the outer leaflet.79 SUVs typically have a ratio of lipids in outer vs inner
leaflet ≥1.5 and a diameter of <50 nm.79,80 Conversely, LUVs are typically large enough
that the surface area of the outer leaflet is <10% greater than the inner leaflet, with
diameters ranging from 50-500 nm, and similar packing parameters between the
leaflets.79,80 Both types of vesicles can be prepared by sonication and
freeze/thaw/extrusion, though only the latter produces monodisperse veislces.80
GUVs are structurally similar to LUVs, but large enough that they can be
optically imaged making them a popular model system for cellular membranes.77,81 They
can be formed by either electroformation or gentle rehydration of dried lipid films,
though high concentrations of salt, ≥10 mM, results in the formation of multilayer
vesicles instead of GUVs.82 This issue can be addressed by the inclusion of up to 10%
mole fraction of negatively charged lipids such as PS or PG, though this alters the
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membrane composition of the GUV.83 Another method of addressing this issue is the
mechanoformation technique.84

Figure 1.6 Various membrane geometries discussed in Section 1.2.
1.2.2 Planar Supported Lipid Bilayers
PSLBs are lipid bilayers formed on a hydrophilic support; typical supports are
glass, oxidized silicon, or mica.85 PSLBs typically have a water layer of 1-2 nm that
separates the lower leaflet from the substrate.85 There are two main methods to form
these membranes: vesicle fusion (VF) and Langmuir/Blodgett-Langmuir/Schaefer
deposition (LB-LS).
VF is technically simple, requiring only incubation of lipid vesicles with a
hydrophilic surface, though smaller vesicles which are less stable than larger vesicles will
allow the process to proceed faster.80 As vesicles make contact with the hydrophilic
surface, they either fuse with other vesicles until they reach a critical size at which
rupture occurs or they may directly rupture on the surface.86 These ruptured vesicles
become discrete disks of bilayer membrane. A contiguous bilayer is formed by the
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fusion of the disks by more vesicles rupturing on the surface and/or by the disks
undergoing spreading, though there are a variety of factors that can influence this
process.87–90 The drawback to this method, outside of certain specialized preparation
techniques, is that the properties of the bilayer such as lipid packing or leaflet asymmetry
cannot be controlled.91,92
LB-LS is technically complex, requiring a Langmuir trough. The PSLB is formed
in two steps: a) a Langmuir/Blodgett (LB) deposition first, where a hydrophilic substrate
is raised perpendicularly through a lipid monolayer organized at the air/water interface of
the trough subphase; b) a Langmuir/Schaefer (LS) deposition is then carried out where
the surface of the substrate with the LB monolayer is oriented parallel to a lipid
monolayer at the air/water interface of the trough subphase and pushed through the
monolayer quickly. The hydrophobic tails of the LB monolayer on the substrate make
contact with the hydrophobic tails of the monolayer in the trough and form the PSLB.80
The major advantage of this preparation method is complete compositional control of
each leaflet as well as control over the lipid packing parameters of each leaflet. This
relies on the assumption that asymmetry between the leaflets is maintained which is not
without debate.93,94
Both VF and LB-LS PSLBs were used in this dissertation research. Another
method of forming PSLBs is LB/VF where VF is carried out on a substrate which has
already had a LB monolayer deposited on it.95 This preparation method was not used
here.
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1.2.3 Planar Supported Lipid Monolayers
PSLMs are lipid monolayers prepared on a hydrophobic surface where the
hydrophobic tails face the hydrophobic surface. These monolayers can be prepared by
either VF or LB deposition.85 Despite being formed from the same lipids that are used to
produce PSLBs, these membranes can have different properties than their PSLB
counterparts.96 Initially, PSLMs were formed on metallic substrates modified with alkyl
thiols but the surfaces that can be used have been expanded to self-assembled monolayers
(SAMs) formed by silane chemistry and hydrophobic polymers.85,97–100 This membrane
geometry was used in this dissertation because it allowed for technically simple
production of VF membranes that did not have a lower leaflet. This geometry allowed
experiments on supported membranes that effectively experienced only one environment,
as opposed to the two different environments the leaflets of a PSLB experience.
1.2.4 Black Lipid Membranes
BLMs are free standing planar lipid bilayers formed across an open aperture,
allowing for solution access to both sides of the membrane. The two major methods to
prepare BLMs are painting a lipid/alkane solution over a hydrophobic aperture and the
Montal/Mueller method.85,101 Painting can be carried out by preparing a solution of the
lipid(s) of interest at a few mole percent to tenths of a mole percent in an alkane solvent
and then painting the solution over a hydrophobic aperture submerged in an aqueous
solution. Ideally, the membrane will thin to a bilayer, excluding most of the solvent from
the thinned membrane region, though solvent is still present. The Montal/Mueller
method is somewhat similar to the process of preparing a PSLM by LB deposition.
Equipment similar to a Langmuir trough is needed. Monolayer(s) are prepared on the
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surface of the aqueous subphase of the trough and deposited on the surface of a
hydrophobic substrate which contains an aperture built into it. Deposition is
accomplished by either raising the liquid level of the trough and the lipid monolayer,
submerging the substrate, or by a down stroke to cause LB deposition on the substrate.102
Ideally, the lipid monolayers are deposited with the alkyl tails facing the hydrophobic
substrate; where the monolayers meet at the opening of the aperture, they combine to
form the bilayer. These BLMs are typically thought to be solvent free, and there are
notable differences in the biophysical properties and membrane protein activity of BLMs
formed with and without solvent.102–104 While technically more complicated than the
painting method, the Montal/Mueller method offers control of membrane properties, such
as packing and leaflet composition, similar to LB-LS PSLBs when compared to VF
PSLBs.105,106
BLMs have been a membrane geometry of interest for over 40 years both for
basic science investigations and sensor applications.107 Perhaps the best-known use of
this membrane geometry is the study of ICs. With the development of the patch clamp
technique, this membrane geometry was frequently utilized in place of cellular
membranes to carry out similar experiments, but with control of the lipid and protein
composition.38
1.3 Increasing the Stability of Artificial Lipid Membranes Using Polymerizable
Lipids
There has been an increasing interest over the last two decades in using artificial
lipid membranes, especially BLMs, for sensing applications based on ICs.31,33,108–115
With the advent of ICCRs, the potential applicability of such sensors may be further
expanded.62 A principal impediment to the development of such sensors is that BLMs,
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and artificial lipid membranes in general, are unstable, with membranes readily failing
due to: exposure to air, mechanical insults, applied electric fields, exposure to solvents or
detergents, and osmotic stress.116–118 This instability is due to the weak intermolecular
interactions that hold the membrane together. While there have been multiple strategies
developed to attempt to address this stability issue, this section focuses on one strategy
that was employed in this dissertation, the use of polymerizable lipids.
1.3.1 Polymerizable Lipids as a Strategy for Increased Membrane Stability
The concept behind the use of polymerizable lipids is to bind the lipids together
with one of the strongest “interactions” possible, a covalent bond.119 The concept has
existed since the 1980s and many different polymerization strategies, both in terms of
chemical moieties and how to activate them, have been pursued.119–122 While most
polymerizable lipids are glycerophospholipids, given that these are likely to be
biocompatible, they have not been limited to this class of lipids.119,123 While initial
reports of these lipids were concerned with the development of highly stable vesicles,
which is still a highly active area of research, the utility of polymerizable lipids has since
been expanded to highly stable, biocompatible, PSLBs, PSLMs, and BLMs.44,69,70,73,119,124
1.3.2 Types of Polymerizable Lipids
In this dissertation, polymerizable lipids based on a glycerophospholipid structure
are utilized. There are two main structural strategies that have been pursued in the
development of polymerizable lipids, lipids polymerized via the hydrophilic polar
headgroups or lipids polymerized via the hydrophobic alkyl tail(s).
There are various polymerizable functional groups that have been used in
headgroup polymerizable lipids, including: divinyl benzoyl, styryl, methacryloyl, and
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thiols.119,125 Other headgroup polymerizable lipids, which are not phospholipids, have
been reported.126,127 As a class of lipids, headgroup polymerizable lipids offer some
interesting properties; however, their development and use has not been a priority in the
field, possibly because modifications to the lipid headgroup may alter/abolish the
amphiphilic nature of the lipid.69,119,125,127
The attention of the field has primarily been focused on the development and use
of lipids with the polymerizable functional groups present in the alkyl tails; some
commonly used functional groups for these lipids are shown in Figure 1.7.119,125 Several
of these functional groups can be activated either by UV exposure or radical
initiators.119,125 The thiol functional group is unique as the disulfide bond can be
reversibly broken and reformed.119,120
Diacetylenyl

Figure 1.7 Examples of polymerizable functional groups used in the alkyl tails of lipids.
The properties of a polymerizable lipid and the polymerized membrane it
generates can vary greatly as functions of: the polymerizable functional group(s) used,
the modification of one or both alkyl tails, the method/conditions of polymerization, and
position of the functional group on the alkyl tail relative to the glycerol backbone of the
lipid. For example, if a lipid has two polymerizable functional groups, one in each tail, it
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will form a crosslinked 2-D polymer network, where as if the lipid has one it will form
linear polymers. The resulting difference can be significant as crosslinked lipid
membranes have increased stability but decreased fluidity compared to linearly
polymerized lipid membranes.70,73–75
How a lipid membrane is polymerized can greatly impact the degree of
polymerization (Xn) of the lipid polymers. Xn greatly impacts the properties of the
polymerized membrane such as fluidity. Dienoyl lipids have different Xn as functions of
if radical initiators or UV exposure were used to polymerize the membrane and the phase
the membrane is present in when it undergoes polymerization.74,75,128–131 Membranes
composed of diacetylenyl lipids must be in the gel phase to be able to polymerize.132
The polymerizable functional group and its position in the lipid alkyl tail can
greatly affect the properties of the membrane and the potential applications of these
lipids. That diacetylenyl lipids must be in the gel phase for the membrane to be
polymerized presents serious issues with the incorporation of membrane proteins.
Similarly, the stiffness of membranes of methacryloyl lipids also presents issues to the
incorporation and function of TMPs.129 Dienoyl lipids can have vastly different
properties based on the position of the dienoyl moieties in the lipid tails. Bis-SorbPC,
which has a dienoyl moiety on the distal end of both tails, produces incredibly stable
PSLBs upon polymerization; these membranes being able to withstand vacuum.69,124
Yet, its specific conductance is three orders of magnitude greater than lipids typically
used to prepare BLMs for IC experiments, likely because the polar dienoyl moieties
disrupt the hydrophobic core of the bilayer; this is not the case for dienoyl lipids with the
dienoyl moieties located towards the glycerol backbone.70
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1.3.3 Bis-DenPC for Use in Polymerized BLMs for IC Applications
Bis-DenPC refers to a polymerizable dienoyl lipid with two dienoyl functional
groups in the proximal portion of the alkyl tails of the lipids; see Figure 1.8 for a
structure. Most prior research used bis-DenPC that contained 18 carbons in each tail
(bis-DenPC (18, 18)). A newly synthesized version of bis-DenPC with 16 carbons in
each tail (bis-DenPC (16, 16)) was used for most of the work described in this
dissertation. Bis-DenPC is of great interest for use in creating ultra-stable BLMs for IC
work as bis-DenPC (18, 18) has previously been shown to have an optimal combination
of membrane stability and low specific conductance in comparison to other dienoyl
lipids, the structures of which are shown in Figure 1.8.70 Bis-DenPC can be polymerized
either by radical initiators or direct UV exposure which results in a 1,4-polymerization
product; see Figure 1.9.131 As discussed above in subsection 1.1.3.1, polymerized BLMs
consisting of pure bis-DenPC do not support the function of some multimeric ICs, but
membranes consisting of a mixture of polymerized bis-DenPC and DPhPC do, suggesting
that a certain amount of membrane fluidity must be maintained for IC function. The
correlation of membrane fluidity in completely or partially polymerized bis-DenPC
BLMs to maintenance of IC channel function was a key motivation for much of the work
undertaken in this dissertation.
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mono-DenPC

mono-SorbPC

bis-DenPC

bis-SorbPC

Figure 1.8 Structures of some polymerizable PC lipids containing dienoyl function
groups.

Figure 1.9 1,4-polymerization structure of dienoyl moiety after polymerization. The
same structure is produced if polymerization was caused by UV exposure or radical
initiators.131
1.4 Membrane Fluidity
Membrane fluidity and its measurement is the major common theme throughout
this dissertation. Within the field of lipid membrane studies, membrane fluidity is a
nebulous term that can have several meanings, be tied to several parameters, and these
parameters can be evaluated with various measurements.66,133–140 For the purposes of this
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dissertation, the primary measure of membrane fluidity is the lateral diffusion coefficient
of lipids in the membrane.
1.4.1 Lateral Diffusion of Lipid Probes
Most techniques to measure the lateral diffusion of lipids in the membrane rely on
fluorescently labeled lipid probes or other membrane associated constituents, though
other techniques, such as NMR, can be used to make similar measurements. 141,142 These
techniques typically rely on the probes as reporters of position in the membrane, not their
inherent fluorescent properties/ interactions beyond the ability to fluoresce; though
techniques which rely on probe-probe interactions exist.143 (Several common fluorescent
lipid probes are shown in Figure 1.10.) These techniques, including the main one used in
this dissertation, fluorescence recovery after photobleaching (FRAP), are discussed in
greater detail in Chapters 2 and 3 but some theoretical and practical concerns regarding
membrane fluidity are discussed here.

Figure 1.10 Structures of some commonly used fluorescent probes for lipid membrane
fluidity studies. DiI is a lipid analog; all other probes shown are based on a
glycerophospholipid structure. The DiI structure came from www.thermofisher.com. All
other structures came from avantilipids.com.
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Initial work in the 1970s and 1980s identified two different diffusion regimes for
constituents of a lipid membrane using both multilayer and vesicle geometries and
measuring diffusion both by FRAP and pyrene excimer formation techniques.143–145
These two regimes fall under two theoretical models as a function of the size of the
diffusing constituent, though it is unclear at what size the transition from one model to
the other occurs.144 Diffusing objects that are on the same size scale of the lipid
constituents of the membrane, approximately less 150 Å2,146 fall into a diffusion regime
that is described by the free area model, sometimes referred to as the free volume
model.143–145 Multiple equations have been proposed for diffusion in this model, but a
common one that relates back to the initial work that developed the model is given by
Equation 1.1.106,143–145,147
1

𝐷 = 4 ∗ 𝑑 ∗ 𝑢 ∗ exp[

−𝑜∗𝑎∗
𝑎𝑓

]

(1.1)

where D is the diffusion coefficient, d is the molecular diameter, o is a numerical factor
between 0.5-1 to account for possible overlap between molecules, af is the average free
area per molecule in the membrane, a* is the critical area of the membrane lipid, and u is
the gas kinetic velocity given by (2kT/m)1/2 where k is the Boltzmann constant, T is
temperature, and m is the molecular mass of the individual molecule undergoing
diffusion. If a Langmuir trough was used to control the packing of the membrane, a* can
be taken as the area of the lipid at collapse of the Langmuir monolayer (the point of
compression at which the monolayer cannot undergo further compression and fails), and
af can be taken as the area per lipid at deposition minus a*. Theoretically, o can be
determined by multiple experiments that vary as a function of temperature. Similar to the
kinetic gas law, a key assumption made here is that all constituents of the membrane, the
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“solvent”, act as hard objects. There is no explicit term for viscosity in this equation, but
the o term may encompass some of the intermolecular interactions that contribute to
viscosity.
How the movement of lipids is treated in the free area model gets to a broader
point that quickly became a major focus of this dissertation, specifically the validity of
assumptions that are made about commonly used fluorescent lipid probes. The key
assumption when utilizing fluorescent lipid probes for diffusion measurements to
investigate membrane fluidity is that these probes are proxies for the diffusive
movements of lipids in the membrane. This assumption is further based on a series of
foundational assumptions:
1) the probe interacts with the lipid matrix of the membrane such that it has similar
interactions with the constituent lipids as they would have with one another,
2) the probes do not have unique interactions with themselves that effect their spatial
distribution or diffusive properties,
3) the types of diffusive movement within the membrane are understood, and
4) the concentration of the fluorescent probes is appropriate as a dopant and does not
significantly alter the properties of the host membrane.
The validity of assumptions 2) and 3) are at the core of Chapters 3 and 4,
respectively. The use of pyrene excimer formation to determine diffusion coefficients
demonstrates that probes can have unique interactions with each another.143 This is not to
say that measurements of membrane fluidity based on the diffusion of fluorescent lipid
probes are fatally flawed, especially if assumptions 1) and 4) are not violated by using
probes based on a glycerophospholipid structure or a low doping concentration.148
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However, to interpret diffusion coefficients of fluorescent lipid probes that are assumed
to be representative of membrane fluidity, fuller understandings of the interactions of the
probes with themselves and the nature of the membrane environment are needed.
1.4.2 Diffusion of Proteins in Lipid Membranes
For diffusing objects larger than the constituent lipids of the membrane, a
different diffusion regime, referred to as the continuum model (or theory), exists.144,147
Diffusion of proteins in this regime is modeled by Equation 1.2 developed by Saffman
and Delbrück.144,147
𝜂∗ℎ

𝐷 = 𝑘 ∗ 𝑇/(4 ∗ 𝜋 ∗ 𝜂 ∗ ℎ ∗ (ln (𝜂

1

−1

) − 𝛾) )
∗𝑅

(1.2)

where D is the diffusion coefficient of the protein, k is the Boltzmann constant, T is the
temperature, h is the thickness of the membrane, R is the radius of the diffusing object, 𝛾
is Euler’s constant at 0.5772, 𝜂 is the viscosity of the membrane, and 𝜂1 is the viscosity
of the aqueous phase bordering the membrane, assuming it is the same on each side of the
membrane. There are a number of assumptions in this model that are invalid for certain
conditions, such as 𝜂1 << 𝜂, and variations of this equation have been developed for
several of these conditions.147 While there has been some controversy over the utility of
this model and equation since its development over 40 years ago, measurements of the
diffusion coefficients of TMPs as a function size in BLMs has further confirmed and
continued its utility.147,149 As the diffusion coefficient of a lipid probe can be directly
related to membrane fluidity, which is inversely proportional to membrane viscosity,
Equation 1.2 provides a useful set of relationships in terms of how changes in membrane
fluidity change protein diffusion.149,150
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Understanding the relationship between membrane fluidity, as measured by the
diffusion coefficients of fluorescent lipid probes, and protein function is important for the
studies of polymerizable lipids and the gA IC in Chapter 6. Two subunits of gA must
laterally diffuse, associate, and dimerize to form a function IC; see Figure 1.3. Thus,
understanding the fluidity of polymerized and partially polymerized membranes, and how
that may impact the ability of gA subunits to diffuse, is crucial for interpreting gA
activity as a model IC in BLMs containing polymerized bis-DenPC.
1.5 Overview
The work in this dissertation consists of two distinct projects, though membrane
fluidity is a key theme throughout and several of the same measurement capabilities are
utilized in both projects. The first project assesses issues with how FRAP data from lipid
membranes should be interpreted in relation to the causes for multiple apparent diffusing
populations of lipid probes in a membrane. The second project focuses on the use of
polymerizable dienoyl lipids in the development of IC-based sensors in ultra-stable
polymerized BLMs. Specifically, polymerized BLMs composed completely or partially
of bis-DenPC (16, 16) are assessed for their ability to support gA IC activity. These
measurements of gA activity are correlated with measurements of membrane fluidity and
membrane stability.
Chapter 2 covers the development of a FRAP system to perform FRAP
experiments on BLMs; later this utility was expanded to GUVs as well. The performance
of the system was validated based on models and by comparison to previously measured
diffusion coefficients of lipid probes in BLMs by FRAP. During the validation
experiments on BLMs, multiple diffusing populations of lipid probes were identified,
which provided the impetus for Chapters 3 and 4.
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In Chapter 3, the major cause of the multiple diffusing populations of fluorescent
probes in FRAP data was investigated. Various probes and membrane geometries were
considered. Aggregates of Rho-DOPE were identified and correlated to the multiple
populations in FRAP data from VF PSLMs. Similar trends in FRAP data and UV-vis
spectra suggested the possible existence of a NBD-DOPE aggregate as well. UV-vis,
FRAP of LB-LS PSLBs, and plane polarized total internal reflection fluorescence (TIRF)
were used to gain insight into the structure of the Rho-DOPE aggregate.
Chapter 4 covers an additional cause of multiple diffusing populations of lipid
probes that appears to be unique to PSLB geometries produced by VF. A novel method
of deconvolving the diffusion coefficients of probes in the upper and lower leaflets of
PSLBs was developed and validated. Unfortunately, this method could only be applied
to PSLBs doped with NBD-DOPE. However, there is no chemical or physical reason to
assume that this additional cause of multiple diffusing populations of lipid probes is
unique to NBD-DOPE.
Chapter 5 covers the assessment of several of the physical properties of
membranes composed completely or partially of the polymerizable dienoyl lipid bisDenPC (16, 16). This assessment was to determine if bis-DenPC (16, 16) would be a
suitable replacement for the previously used bis-DenPC (18, 18). This assessment also
involved the acquisition of membrane fluidity data via FRAP on polymerized and
partially polymerized membranes.
Chapter 6 covers single channel recording experiments, via patch clamp, on gA
ICs in BLMs composed of bis-DenPC (16, 16), DPhPC, and a 5:5 mixture of the two. gA
activity was assessed in all three BLM compositions and three different conditions for
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each composition: gA in an unpolymerized membrane, membranes incubated with gA
before polymerization, and membranes incubated after polymerization. The fluidity
measurements from the previous chapter assisted in the interpretation of the gA activity
observed in each case.
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CHAPTER 2: REDESIGN OF FRAP EXPERIMENTAL SYSTEM: NEW
HARDWARE, AUTOMATION, AND DATA ANALYSIS PROGRAM
2.1 Introduction
Fluorescence recovery after photobleaching (FRAP) was developed in the 1970s
as a method to determine two dimensional diffusion coefficients, with the seminal work
describing the technique by Axelrod et al.151 Other techniques that make similar
measurements, such as single molecule tracking (SMT) and fluorescence correlation
spectroscopy (FCS), as well as a variety of variations of all three techniques, have since
been developed; see refs. 152 and 153 for a review and direct experimental comparison
of these techniques for use on lipid membranes.152,153 However, FRAP continues to be
widely used because of its technical simplicity compared to other techniques, inexpensive
required equipment, and ability to be used in niche applications such as determining
diffusion coefficients in systems with high fluorescent backgrounds.
FRAP works as follows: 1) a relatively small region of a fluorescent thin film is
selected and monitored to determine prebleach fluorescent intensity; 2) a laser pulse of
high intensity and relatively short duration is directed through the thin film perpendicular
to the plane of the film, leading to rapid photobleaching of the fluorophore in the region
of the film exposed to the laser; 3) after completion of the laser pulse, the bleached
portion of the film is observed as a function of time until complete, or as complete as
determined possible, recovery of fluorescent intensity occurs. A key assumption in
FRAP is that there is a sufficiently large population of unbleached fluorophores so that
the bleached region of the film can completely recover. The diffusion coefficient of the
fluorophore is then determined by modeling the recovery of the bleached portion of the
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film and relating the extracted recovery rate constant to the diffusion coefficient of the
fluorophore. A detailed review of the technique can be found in ref. 4.154
In recent years, the Saavedra Lab has focused on developing IC based biosensors
where the ICs are incorporated into a black lipid membrane (BLM); some of this work is
discussed in Chapters 5 and 6. BLMs are typically the lipid film geometry employed for
such work since the current across the membrane due to IC activity can be measured due
to solution access to both sides of the membrane. This geometry is also conducive to the
proper functioning of ICs in a model membrane system where the composition of the
membrane is controlled.
In order to gain a better understanding of the biophysics involved in the
functioning of ICs in BLMs there has been a focus, in the Saavedra Lab, on developing
methods to measure the diffusive properties of fluorescently labeled lipid probes, and
possibly membrane associated peptides and proteins, incorporated into BLMs. This was
the impetus for the work in this chapter.
In FRAP experiments on planar supported lipid bilayers (PSLBs) diffusion
coefficients of 5 µm2/s or less have been observed in the Saavedra Lab.69,74,75 This
resulted in recovery curves that could be measured with the previous FRAP system (Gen
1).74 Fluorescent lipid probes in BLMs have diffusion coefficients reported between 1020 µm2/s.105,106,155 However, in the previous FRAP system the first several seconds of
data were lost generating concerns about the feasibility of making FRAP measurements
on a BLM. A model recovery curve was generated using the operating parameters of the
previous FRAP system. Equation 2.1 was used to determine the half time of recovery
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(𝜏1/2 ) of the bleach which was then used to construct a model recovery curve using
Equations 2.2 and 2.3.151
𝐷 = (𝜔2 ∗ 𝛾)/(4 ∗ 𝜏1⁄ )

(2.1)

1/(2 ∗ ln(𝜏1⁄2 )) = 𝑘

(2.2)

𝐹(𝐵𝑙𝑒𝑎𝑐ℎ)⁄𝐹(𝑅𝑒𝑓) = 1 − (𝐴𝑒 −𝑘𝑡 )

(2.3)

2

In Equation 2.1, D is the diffusion coefficient of the fluorophore, ω is the radius
of the bleaching laser at 1/e2 of its maximum intensity if the laser has a Gaussian profile,
𝛾 is a function of the bleach depth of the laser and can be estimated as 1.1 up to a bleach
depth of 52% (all data presented in this dissertation have bleach depths 52%; how this
value was determined is described later in the chapter). In Equation 2.2, 𝜏1/2 is used to
determine the rate constant of recovery (k) which is then used in Equation 2.3 to generate
a model recovery curve. In Equation 2.3, A is the fraction of the population of the
fluorophores bleached. The model recovery curve was based on the following
assumptions: the diffusion coefficient was set to 10 µm2/s for a best case scenario; ω and
A were set to 10 µm and 13.6% respectively based on previous FRAP experiments. The
resulting modeled recovery curve is shown in Figure 2.1.

Figure 2.1 Timeline of Gen 1 FRAP experiment against the model recovery curve of a
BLM.
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The major challenge was how much of the recovery curve would not be observed
with the Gen 1 system which involved a number of manual operations resulting in the
inability to record the first several seconds of recovery and a timing accuracy of 1 s.
Figure 2.1 provides a breakdown of this process, and its potential deficiencies for FRAP
measurements on the modeled recovery curve; see Dr. Kristina Orosz’s dissertation for a
full description of the Gen 1 system and its operation.74 As can be seen in Figure 2.1 a
substantial amount of the recovery curve, 56-85%, would not be observable, and
uncertainty of the timing would be a significant problem in the correct interpretation of
the curve. To address these problems, the FRAP system was automated to achieve a
timing accuracy of 3 ms, and to acquire data within 50 ms of the completion of the laser
pulse.
2.2 Instrument Design
This section describes the experimental setup and operation of the automated
FRAP system (Gen 2). Changes made to the Gen 1 system to produce Gen 2 and aspects
of optimization and coding involved in the efficient operation of Gen 2 are described.
2.2.1 Experimental Setup of Gen 2 FRAP System
A schematic of the experimental set up for the Gen 2 system is shown in Figure
2.2. A 50/50 beam splitter was used to transfer both the laser bleaching pulse and the
illumination used to monitor recovery (from an arc lamp) to the microscope objective; the
laser light was transmitted through the splitter while the lamp light was reflected by the
splitter. A tetramethyl rhodamine isothiocyanate (TRITC) excitation filter was placed
between the lamp and the splitter, a 545 nm laser dichroic directed both the lamp and
laser light into the objective, and a TRITC emission filter was placed between the
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objective and the CCD camera. Optical filters, laser dichroics, and the splitter were
obtained from Chroma Technology Corp. (Bellows Falls, VT). Separate shutters
(Uniblitz, Rochester, NY) were used to control laser and lamp illumination of the sample
and the collected light reaching the CCD; these were controlled using a custom written
LabVIEW program and the camera controller software (WinSpec/32).

Figure 2.2 Schematic of the Gen 2 automated FRAP system. Some aspects of the system
are not shown, such as the five mirrors from the Gen 1 used to direct the laser to the rear
of the microscope. The beam splitter is placed right before the rear of the microscope so
that both the laser and lamp are coupled in through the rear port.
Key pieces of equipment which remained the same between Gen 1 and Gen 2
were an Innova 70 argon ion laser (Coherent, Santa Clara, CA), which provided the
photobleaching laser pulse, a Nikon TE2000-U inverted microscope (Nikon Instruments,
Inc., Melville, NJ), and a 100 W mercury arc lamp (USH-103S, Ushio, Cypress, CA, with
a Chiu Technical Corp. Mercury-100W M-100T power supply, Kings Park, NY) used to
provide illumination for measuring the recovery. The electric field of the laser is
specified to have a 100:1 vertical polarization and oscillates in the plane of the
membrane (Y-axis relative to microscope viewing port) during the FRAP bleaching
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pulse. Both the laser and lamp were coupled in through the rear of the microscope.
Unless otherwise noted, a 20x Plan Fluor Phase contrast objective (ELWD 20x/0.45
phase1 DM ∞.0-2 WD 7.4) was used for FRAP experiments, both to focus and deliver
the laser bleach pulse to the lipid film and for epifluorescent imaging of the film. A
Princeton Instruments, Inc. (Trenton, NJ), 512x512 CCD camera (TE/CCD-512TK/1)
was used for image acquisition.
In the Gen 2 setup there are two separate computers; one handles the camera and
runs the WinSpec/32 software while the other runs the LabVIEW program. The reasons
for using two different computers are 1) legacy software issues with WinSpec/32 and the
interoperability of the camera and 2) optimizing the timing efficiency of the LabVIEW
program. Reason 1 stems from the fact that the CCD being used, and the software that
runs it, are no longer supported and can only run on computers utilizing a 32 bit operating
system (OS). Furthermore, the most recent version of the software available does not
fully support the camera, so a Windows XP computer that was set up by Roper Scientific
to run the camera is preferred to trying to operate the camera on a newer computer.
Newer computers, using a 32 bit OS with the last version of WinSpec/32 produced, can
use the camera, but the camera can only be operated in full chip imaging mode. The
inability to define smaller regions of interest (ROIs) for imaging results in readout times
that are too long for envisioned BLM acquisition rates and videos that are extremely data
heavy as the whole chip is 512x512 pixels with each pixel holding a 16 bit value. Reason
2 comes from how LabVIEW works. Unlike other programming languages, LabVIEW
attempts to carry out all functions in parallel each iteration of the program. Because of
this paralleled operation, the time per iteration controls how quickly a given action can be
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completed, such as opening and closing a shutter. For example, if an iteration takes 40
ms to complete, and there is a process that is desired to be completed in 50 ms, the
process cannot be assumed to be completed any faster than 80 ms. Initial versions of the
LabVIEW program running on the same computer as the WinSpec/32 program had
iteration times of 10s of milliseconds; putting the programs on separate computers
allowed the LabVIEW program to run faster. At present, including optimization of the
computer, to be discussed later, the LabVIEW program completes an iteration in 3 ms.
The LabVIEW computer takes inputs and sends outputs from a National
Instruments (Austin, TX) USB-6009 I/O board. The I/O board was linked to the
LabVIEW computer through a USB-2 connection. While the I/O board has both analog
and digital slots, only the digital slots were used; two as outputs to the VMM-3D shutter
driver (Uniblitz, Rochester, NY) and one as an input to allow the LabVIEW program to
monitor the progress of the acquisitions of the camera. This was done by attaching a
BNC cable to the camera controller in the SCAN position. The other end of the BNC
cable was cut open and the wires were run directly into the I/O board as an input and
ground. The VMM-3D shutter driver has direct control over the two Uniblitz shutters in
the optical train and responds to 5V TTL signals sent from the I/O board.
Major changes in the hardware of the experimental set up between Gen 1 and Gen
2 are the use of the 50/50 beam splitter in Gen 2, instead of the previously used movable
mirror on a track to control which light source was admitted to the objective, the
positioning of the TRITC excitation filter in front of the arc lamp before the beam splitter
instead of in the filter cube, and building a custom filter cube that consisted of a 545 nm
laser dichroic and a TRITC emission filter. This cube was appropriate for both the laser
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pulse and the imaging of the film while at the same time the excitation filter was not in
the path of the laser where it could be damaged. These two changes eliminated all hand
moved parts from the Gen 1 system and allowed for the experiment to be completely run
as a function of the two Uniblitz shutters and the camera. This combined with the
LabVIEW program, which handles all timing considerations, removes the need for other
manual operations such as starting and stopping the stopwatch, triggering the beginning
of the camera acquisition, and manually flipping the switches on the shutter driver to
control the laser pulse. These changes allow for the complete automation of the FRAP
experiment in the Gen 2 setup.
2.2.2 Operation of Gen 2 FRAP System
In this description, experiments involving FRAP on BLMs doped with RhoDOPE are discussed. FRAP experiments on a variety of other lipid film geometries and
using other fluorescent lipid probes also are discussed in this dissertation, and differences
in the operation of the Gen 2 FRAP system are described in those places where
appropriate.
To perform a FRAP measurement, a fluorescently uniform region of an
epifluorescent lipid film was selected and the LabVIEW acquisition program was placed
in standby mode. The LabVIEW program operated the automated optical train of the
Gen 2 system through 5V TTL inputs to a VMM-3D shutter driver and monitored the
progress of the camera through 5V TTL outputs from the camera controller. In this
operating mode, the LabVIEW program does not control the actions of the camera; when
carrying out experiments on NBD-labeled lipid films a different operating mode was
used; see Chapter 3, section 3.2.10. The LabVIEW program activates and the experiment
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begins when the acquisition program that controls the camera, WinSpec/32, is started. In
this experiment the camera is operated in a continuous imaging mode. When the
LabVIEW program starts, the shutter in front of the Hg arc lamp is opened when the first
camera acquisition begins and is detected by the LabVIEW program. Three more
acquisitions are made. Images 2-4 are averaged to generate a pre-bleached image of the
film. Between the completion of the 4th acquisition and the beginning of the 5th
acquisition, the photobleaching laser pulse occurs, with the 5th acquisition beginning 50
ms after the completion of the pulse. The 5th acquisition marks the beginning of the
observation of the recovery of the photobleached region. From here the LabVIEW
program does nothing and the camera continues to acquire data until one acquisition
before completion of the experiment. When this last acquisition starts, the LabVIEW
program closes the lamp shutter to prevent any additional photobleaching of the film
between FRAP experiments.
The LabVIEW program records and reports the amount of time the shutter in
front of the laser was open, taken to be the laser pulse duration which is 50 ms, the
amount of time between the completion of the laser pulse and the opening of the camera
shutter to begin the 5th acquisition, and the total time of the experiment until the
beginning of the last acquisition. These timing parameters are used in the data analysis
program. The operator manually inputs the length of time, in milliseconds, that the
exposure of the CCD chip occurs, duration of the laser pulse, and the time after the
completion of the pulse that the acquisition should begin. The operator also manually
inputs the total number of acquisitions that the camera will make.
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2.2.3 Camera Operation and Optimization
The CCD camera has a mechanical shutter which is closed during readout of the
chip as opposed to newer CCDs that utilize a frame transfer system to minimize/eliminate
the delay between acquisition and readout from the chip. The use of a mechanical shutter
is advantageous though as it allows for firing the laser while the camera has already
begun acquisition of a series of images; the laser pulse occurs while the shutter is closed
for chip readout. While the first three acquisitions are made, the LabVIEW program
determines aspects of the timing of the acquisition cycle of the camera, specifically when
the exposure of the chip will occur and when the mechanical shutter, under the control of
the camera, will be closed for the readout of the chip to begin. This timing information is
used to determine when to open the laser shutter while the camera shutter is closed for
readout, and to complete the laser pulse a user defined amount of time before the camera
shutter opens to begin the 5th acquisition. Completing the pulse while the camera shutter
is closed is important because the fluorescent signal generated from the bleaching of the
lipid film is so intense it causes extreme blooming on the chip.
An alternative to this method of running the experiment is beginning the first
acquisition as soon as the laser pulse has completed. This approach was tried; it was
determined that even with the LabVIEW program handling the commands to run the
camera, there were delays of 100s of milliseconds. By already having the camera
acquiring images, there is no delay in data acquisition after the completion of the laser
pulse.
The camera operation was optimized using two other methods to reduce the
readout time of the chip. The first method was that the chip in normal operation contains
a number of “dummy” columns and rows. These pixels can be read off to determine the
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amount of noise on the chip. These dummy pixels were shut off, reducing readout times
by several 10s of milliseconds. This does result in an artifact in full chip images where
the last several rows of pixels are actually the top of the image, even though the pixels
appear at the bottom of the image. The second method of reducing the readout time is
using rectangular ROIs that have smaller X than Y dimensions as the camera is currently
figured to display images. For example, using an ROI of 50x200 pixels results in a
shorter readout time than a 100x100 pixel ROI, typically reducing the readout time by
10s of milliseconds. This is because the time it takes to shift a pixel over in a row,
(currently the X-dimension) is 1.45 ms, while the time it takes to shift a pixel up for
readout on the serial register is 0.12 ms.
While such reductions in readout time may appear trivial, the CCD used in this
experiment is pushed to the edge of its operating capability to make FRAP measurement
on BLMs. For a FRAP experiment on a BLM, the camera was operated with a 100 ms
exposure time and a 30x70 pixel ROI which results in a camera cycle rate, including
readout, exposure, and the 8 ms to fully open and close the mechanical shutter, of 4
Hz. Being able to achieve an acquisition rate of at least 3.33 Hz or better was viewed as
critical given that the model recovery curve, Figure 2.1, demonstrated that the vast
majority of the recovery would occur within 10 s from the completion of the laser pulse.
It should be noted that the CCD being used dates to 1994; more modern CCDs operate at
much faster acquisition rates.
2.2.4 Laser Operation and Optimization
Operation of the laser was optimized to carry out FRAP on BLMs. These
optimizations were geared towards the issues of 1) completing the bleaching laser pulse

60

as quickly as possible and 2) increasing the amount of time the recovery of the bleach
spot can be observed.
The laser was changed from the 488 nm line in the Gen 1 system to the 514.5 nm
line in the Gen 2 system to allow for more efficient bleaching of Rho-DOPE which
absorbs around 560 nm. To increase the amount of bleaching per unit time the laser
power was set to the maximum reproducible power level, 340 mW. This was the power
measured immediately from the laser.
An added benefit to increasing laser power is increasing the bleach depth. While
from a mathematical and theoretical perspective there is no advantage to this, provided
that the bleach depth does not exceed 52%, there is an experimental advantage. While
the recovery from 40% bleach depth will theoretically proceed as quickly as recovery
from 20% bleach depth, there is the question of the dynamic range of the detector, i.e.
how long the loss of signal from the bleach spot can be perceived before noise makes
further recovery indistinguishable from full recovery.
To address the second issue, Equation 2.1 was considered. The relationship
between the squared radius, ω, of the laser beam and the half recovery time was such that
increasing the radius would lengthen the duration of recovery. In the laser there is an
internal aperture that controls the size of the beam. This aperture was opened to the
fullest extent possible while still maintaining a circular Gaussian beam profile,
determined to be a setting of 4, whereas in Gen 1 a setting of 1 was used. This allowed
for an increase of the ω term of 10 µm in Gen 1 to 13-15 µm in Gen 2. The 340 mW
laser power discussed above was measured after opening the aperture to a setting of 4.
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2.2.5 Microscope Operation and Optimization
FRAP experiment on BLMs were carried out using a microfluidic device,
described in subsections 2.4.3 and 2.4.4. Making measurements on a small fluorescent
film in a microfluidic device, with an aperture diameter of 400 µm, required a precise
alignment of the laser and knowledge of where the beam would be in the image. This
became more important when considering the small ROI being used (30x70 pixels) and
the large diameter of the beam relative to this ROI, typically 11-13 pixels/13-15 µm. To
align and identify where the laser in the image was located, a laser target produced by
soft liquid phase adsorption (SLPA) of rhodamine B (Rho) on glass was used.156,157 The
production of these laser targets is described in detail later in section 2.4.2. These laser
targets provided a semi-uniform fluorescent film which was immobile and thus allowed
for examination of both the apparent position of the laser in the image and the profile of
the laser beam itself by photobleaching the film in the same way FRAP experiments were
carried out; see Figure 2.3 for an example of this process.
A beam that was not perpendicular to the plane of the substrate or properly
aligned coming from the laser could be observed by deviations from a Gaussian profile in
the bleach spot. An example of an aligned laser is shown in Figure 2.4. While the profile
of the bleach spot is partially cut off in the X-axis, both the Y and the X axis cross
sectional profiles reveal Gaussian profiles with comparable radii.
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Figure 2.3 Epifluorescent full chip images of Rho laser target. Dimensions are 512x512
pixels/614x614 µm. A) and B) are the laser target before and after the bleaching laser
pulse, respectively.

Figure 2.4 Image of a bleach spot on a laser target after a photobleaching laser pulse.
Note that both the image and the X and Y cross sections show that the laser appears to be
well aligned producing a bleach spot with a 2-D Gaussian profile.
For controlling the light admitted to the objective from the arc lamp, the microscope
has two neutral density filters (ND) in the optical train of the lamp. In Gen 1 FRAP
experiments on PSLBs, a combination of concern over photobleaching of the Rho-DOPE
and the utilization of a 750 ms exposure time resulted in both NDs being used but more
than sufficient illumination was provided over the course of the exposure for
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epifluorescent imaging of the PSLB. The inclusion of the beam splitter and the use of a
100 ms exposure required the removal of both NDs to increase the fluorescent signal
sufficiently to obtain high quality images of the FRAP experiment on BLMs. This did
increase photobleaching due to exposure to the lamp which was addressed
mathematically; see section 2.3.2 for a description of the mathematical treatment.
During FRAP experiments on BLMs, the field diaphragm in the microscope was
engaged. A full chip image of this during a FRAP experiment is shown in Figure 2.5.
This was done 1) to reduce the image background from the highly fluorescent annulus of
lipid decane solution around the aperture; see Figure 2.6, and the background generated
from the inherent fluorescence of the SU-8 substrate that the aperture was formed in, and
2) due to both of the NDs being removed sufficient signal was generated by the annulus
that blooming on the CCD chip occurred, rendering pixels within the area of interest
about the BLM unusable. The appropriate positioning and centering of the field
diaphragm was done optically using the SLPA laser targets.
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Figure 2.5 Full chip image of a DPhPC BLM, with the field diaphragm engaged, <1 s
into the beginning of a FRAP experiment, while difficult to perceive, the slight
discoloration in the center of the red circle is the bleach spot.

Figure 2.6 Image of BLM without the field diaphragm engaged. While it may appear to
be an annulus around an open hole, the dark region of the membrane in the center of the
aperture where the BLM is thinned actually has similar signal intensity to a PSLB imaged
under the same conditions.
2.2.6 LabVIEW Computer Optimization
Several actions were taken to reduce the iteration time of the LabVIEW program
which resulted in a cycle time of 3 ms. The length of the iteration time is primarily due
to how the computer allocates memory and makes calls to other processes.
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Three changes to the standard operation of the LabVIEW computer were made.
The first was to run LabVIEW as the system admin, which allows for other changes to be
made to how LabVIEW operates and gives LabVIEW more priority in the system call
cue. The second was to change the priority for LabVIEW in the processes list as the
system admin from “Average” to “Real Time”. This prioritizes memory and processing
requests from LabVIEW assuming that every other process was left at the default setting
of “Average”, though OS calls still take precedence. The third was to deactivate the antivirus software on the computer. The LabVIEW computer uses Sophos as most
department computers do; Sophos has an active scanning program that greatly slows the
operation of the computer. This can be shut off by deactivating the Sophos and Sophos
Admin services; in addition to removing the calls constantly made by this program, this
frees up a significant amount of memory. The computer should not be networked while
this is being done.
2.3 Data Analysis
The data analysis of the acquired FRAP images is based both upon the previous
data analysis designed by Dr. Kristina Orosz74 and David Axelrod’s151 seminal work on
the subject, in addition to addressing concerns about the number of fittable parameters
used in previous data analysis methodology and due to how the Gen 2 system operated.
The data analysis in a FRAP experiment occurs in two steps. First, the acquired
images, which are saved in a .SPE video/image format, are imported to MatLab. A series
of bias images of the chip and background images are also imported. The bias images are
used to generate bias subtracted .TXT files of the FRAP and background images; the files
contain plain text numerical values for each pixel location; an average background signal
value is subtracted from each FRAP image pixel in the subsequent analysis. Second,
66

each series of FRAP images is analyzed by a set of Visual Basic for Applications (VBA)
macros in MS Excel using different models to interpret the FRAP data and extract
diffusion coefficient(s) of Rho-DOPE. Further data analysis is carried out as needed
manually in MS Excel.
2.3.1 MatLab Image Conversion and Preprocessing
Image conversion for .SPE, the file format used by WinSpec/32, to .TXT, was
carried out using a modified version of the readSPE code for MatLab produced by Carl
Hall (available at https://www.mathworks.com/matlabcentral/fileexchange/35940readspe as recently as June 1, 2018). WinSpec/32 has the option to export image files as
ASCII files, but this is a time intensive process and hours of analysis time are saved by
carrying out the file conversion in MatLab. The .SPE file format can hold an individual
image or a series of images, and there is not an individual file for every image acquired in
a series. Modifications were made to the readSPE program to output numerical data into
a format that would be suitable for .TXT and had the same format as the ASCII files that
WinSpec/32 outputs. Outputting in the same format allowed for backwards compatibility
with pre-existing data files. This format was also used because much of the initial VBA
programming assumed the data would be coming as ASCII files from WinSpec/32. A
key change that was made to the readSPE code was that the original code outputted the
data as a three dimensional array where the X and Y dimensions held the data for an
image and the Z dimension held the images in the order acquired. This was changed to a
format where only two dimensions were used. Pixel values for a whole first image were
outputted to the relevant positions. Once the last row of pixels for a given image were
outputted, the pixels for the next image would begin being outputted and so on. Thus,
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instead of a three dimensional stack of images, which could not be converted to a
standard .TXT format, a two dimensional array was generated with the X axis having the
same dimension of the image and the Y axis having a length of the dimension of the
image times the number of images in the data file.
Preprocessing of the images was also carried out in MatLab. A series of bias
images of the chip were taken and then used to generate an average bias image, referred
to as a bias map. This bias map was then subtracted from all converted FRAP and
background images during the file conversion process. All subsequently bias subtracted
FRAP images are exported as .TXT files to be used by the VBA data analysis program.
The average background was determined from the average pixel intensity of a set
of bias map subtracted background image series. These sets would usually consist of
three or more series of ten or more images of the background of the system of interest.
Once the average pixel intensity of the bias subtracted background images was
determined, this value was manually entered into the VBA data analysis program. The
program subtracted this value from any pixel value it used before further data
manipulations.
An important aspect of the operation of the camera is that the bias of the first
image, when the camera is operated in continuous acquisition mode, is different from all
subsequent images. Because of this, the first image of any dataset is typically discarded,
and the bias map does not include the first image.
2.3.2 VBA Data Analysis Program Used with Automated FRAP System
The data analysis program for the FRAP data is coded in VBA and executed as a
series of macros in MS Excel. The program consists of six different models that consider
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different types of sample ROIs and model the different resultant recovery curves to one
or two exponentially recovering populations. At present only four of the models were
actively used, two models that are based on the previous work done by Dr. Kristina
Orosz, and two new models designed for the Gen 2 system.74,151 This subsection
discusses these two new models and briefly addresses how Dr. Orosz’s analysis
methodology was implemented and modified in the data analysis program. The
subsection concludes with a brief description of the two models not used and why.
First, a general outline of some key ideas consistent across all models is needed.
The FRAP experiment described by Axelrod et al. used a photomultiplier tube (PMT) to
measure the fluorescent signal from the bleached spot.151 At the same time the laser that
provided the bleaching laser pulse was also used as an excitation source for observing the
recovery. Assuming minimal photobleaching due to observation, pre-bleach intensities
would be compared to the shape of the recovery curve and the final observed intensity to
determine when recovery had completed and to what extent.151 An alternative method
was also developed, known as the double exponential method, where the photobleaching
due to observation by the laser could be determined independently and used to adjust the
FRAP data for photobleaching due to the observation.158 While the use of PMTs can be
advantageous, due to fast sampling rates, using a CCD to acquire an image of the
epifluorescent film during a FRAP experiment has the advantage of being able to
consider both a ROI about the region of the film that was bleached and a ROI from a
region of the film that is unaffected by the bleach pulse and the resultant diffusion of
bleached fluorophores, these are referred to as sample and reference regions respectively.
This approach was developed as imaging detectors became readily available starting in
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the late 1980s and early 1990s.159,160 This data makes it possible to take the ratio of the
bleached to the nonbleached region to track the recovery of the bleached region over
time. This was the approach used in the Gen 1 system and continued in the Gen 2
system.74
The following is a description of the new data analysis methodology developed
for use in the Gen 2 system. A circular sample ROI centered on the bleached region of
the film was selected by taking the cross section of the circular bleach spot in a difference
map and defining the radius of the ROI as the radius at which the intensity of a Gaussian
fitted to the cross section rose to 1/e2 of its minimum value.151 The difference map was
generated by subtracting the average of images 2-4 from image 5. The center of the
bleached spot was determined by examining the average of all 5x5 pixel regions in the
difference map and reporting the pixel at the center the 5x5 region that had the lowest
average value as the center of the bleached spot. Because of the use of a center pixel, the
diameter of the ROI, in pixels, must be an odd value. The diameter of the ROI that was
used was the largest whole odd integer included within the value of the determined radius
times 2. This was done to avoid including pixels that were not completely within the
bleach spot. This radius term was converted to a real space distance and used as the ω
term in Equation 2.1. The program determines the pixels included in the circular ROIs
utilizing the Pythagorean Theorem, with the radius of the circle used as the hypotenuse.
Mathematically, this radius was defined as (Diameter-1)/2+1. The Gaussian bleach
profile of the sample ROI was used to generate a normalized weighting profile which was
subsequently applied to all sample and reference ROIs in later images. A reference ROI
was selected from an image generated from the average of images 2-4. It was selected on
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the basis of similar intensity, typically within ±1% of the intensity of the sample ROI in
images 2-4 after application of the normalized weighting profile, and being sufficiently
displaced from the sample ROI that the diffusion of bleached probes would not affect its
intensity.
This normalized weighting profile was used to try to unify the work that was done
using PMTs and the laser both as an excitation and bleach source and the Gen 2 system.
This is due to the fact that earlier FRAP systems, which Axelrod’s equations for FRAP
data analysis were designed for, would have had the Gaussian profile of the laser used to
observe the recovery applied to the observed fluorescence of the recovering film, i.e. a
fluorophore that has diffused into the bleached spot will give more signal the closer it is
to the center of the beam.151 This may seem trivial, but when considering a CCD chip
and an experimental set up that uses wide field imaging, with the assumption that the
lamp profile is relatively constant over the image, bridging the differences in how data
are collected and interpreted is not inconsequential. Axelrod, and later Soumpasis, both
developed FRAP equations for experiments that utilized lasers with a flat intensity profile
that are quite different from those equations Axelrod developed for a laser with a
Gaussian intensity profile.151,161 The use of a bleaching laser with a Gaussian profile and
an approximately flat imaging profile results in an experimental system that is different
from what either of these sets of equations to interpret FRAP data were designed for.
Thus, via data manipulation we attempt to unify the experimental data with Axelrod’s
original equations for bleaching and observation with a Gaussian profile laser. By
applying the same weighting profile to the reference ROI, the adjusted intensity reference
ROI is normalized to the sample ROI.
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FRAP recovery curves (Ratio vs. time) were generated using Equation 2.4.
𝑅𝑎𝑡𝑖𝑜 =

𝑅𝑒𝑓(𝑖)
)
𝑅𝑒𝑓(5)
𝑅𝑒𝑓(𝑖)
⁄
𝑅𝑒𝑓(5)
)
𝑅𝑒𝑓(𝑖)−(𝑆𝑎𝑚(5)•
𝐼𝐶𝑅𝑎𝑡

𝑆𝑎𝑚(𝑖)−(𝑆𝑎𝑚(5)•

⁄𝐼𝐶𝑅𝑎𝑡

(2.4)

where Sam(i) and Ref(i) are the respective sums of the pixel intensities in the sample and
reference ROIs after application of the normalized weighting profile. The variable i is the
image number and i = 5 denotes the first image of the recovery curve. ICRat is the prebleach ratio of Sam to Ref, obtained from images 2-4. Equation 2.4 considers only the
portion of the fluorescent signal that is bleached and its recovery, which is done by
subtracting the value of Sam(5) from both Sam(i) and Ref(i). Thus when i = 5, Ratio = 0,
whereas when 100% recovery is achieved, Ratio = 1.
In a lipid film in which the lateral diffusion is relatively slow, the fluorescent
probe may be significantly photobleached by exposure to the arc lamp and, in extreme
cases, the intensity decrease due to photobleaching may exceed the intensity increase due
to recovery. This negative deviation is addressed by taking the ratio of the bleached spot
to a reference spot. However, in recovery curves that are normalized to consider only the
bleached population, the Ratio value will reach an X asymptote at the point where this
event occurs. Equation 2.4 corrects for this X asymptote by including the Ref(i)⁄Ref(5)
term as this adjusts the value of Sam(5) to account for the effect of the slow
photobleaching of the probes by exposure to the arc lamp on the initial signal from
Sam(5).
Both a one component model (one recovering exponential; Equation 2.5) and a
two component model (two recovering exponentials; Equation 2.6) were fit to FRAP
recovery curves.
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𝐹𝑖𝑡(𝑡) = 1 − (1 − 𝐴) − 𝐴𝑒 −𝑘𝑡 
𝐹𝑖𝑡(𝑡) = 1 − (1 − (𝐵1 + 𝐵2 )) − 𝐵1 𝑒 −𝑘1 𝑡 − 𝐵2 𝑒 −𝑘2 𝑡

(2.5)
(2.6)

where t is the time after photobleaching, k is the rate constant, and A and B are
component amplitudes. The subscripts 1 and 2 respectively denote the components that
recover faster and slower. The midpoint of image 5 was assumed to be t = 0 s. The terms
(1-A) and (1-(B1+B2)) represent the fractions of the photobleached intensity that do not
recover. Multiplying the component amplitudes by 100 yields the percent recoveries.
Since Equation 2.4 considers only the fluorescent signal that is bleached and its recovery,
Equations 2.5 and 2.6 contains only two and four fitted parameters, respectively.
Diffusion coefficients were determined from Equation 2.1. For the two
component case, average diffusion coefficients (Davg) were generated using a weighted
average (Equation 2.7) to permit simpler comparisons of the results.
𝐷𝑎𝑣𝑔 = 𝐷1 𝐵1 (𝐵1 + 𝐵2 )−1  +  𝐷2 𝐵2 (𝐵1 + 𝐵2 )−1

(2.7)

Bleach depths were calculated using Equation 2.8.
𝐵𝑙𝑒𝑎𝑐ℎ𝐷𝑒𝑝𝑡ℎ = (1 − ((𝑆𝑎𝑚(5)/𝑅𝑒𝑓(5))/𝐼𝐶𝑅𝑎𝑡)) ∗ 100

(2.8)

FRAP curves with a bleach depth greater than 52% were discarded because at > 52%, 𝛾
becomes greater than 1.1.151 This value was determined by digitizing Figure 7 of
Axelrod et al. and fitting the resulting data to a 7 term polynomial equation to determine
𝛾 as a function of K, where K is defined by Equation 2.9, which is a rearranged version of
Axelrod’s Equation 7,
𝐵𝑙𝑒𝑎𝑐ℎ𝑒𝑑𝑆𝑖𝑔𝑛𝑎𝑙(@𝑡=0)
𝑈𝑛𝑏𝑙𝑒𝑎𝑐ℎ𝑒𝑑𝑆𝑖𝑔𝑛𝑎𝑙(@𝑡=0)

= 𝐾 −1 (1 − 𝑒 −𝐾 )

(2.9)

where K is a term that describes the amount of photobleaching that occurred over the
bleaching laser pulse.151 K is solved numerically for a given bleach depth. The left side
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of Equation 2.9 can be determined by rearranging Equation 2.8 to solve for the fraction of
fluorescence that remains immediately after the bleaching event. The numerical solver
used was the Solver functionality in MS Excel, and was run by rearranging the equation
so that the left side equals 0 and optimizing K for this case. The polynomial equation that
was used to determine 𝛾 as a function of K was y = -1.9815E-11x6 + 7.0663E-09x5 1.0357E-06x4 + 8.0998E-05x3 - 3.6998E-03x2 + 1.0853E-01x + 9.7689E-01 where K is x
and 𝛾 is y with a resulting R2 of 9.9995E-01, showing that the equation was sufficient for
modeling the behavior of 𝛾 as a function of K, for which Axelrod did not provide a
specific mathematical relationship.
Equations 2.5 and 2.6 were used to fit the resultant recovery curves from Equation
2.4 to determine the rate constant(s) and amplitude(s) of recovery. These fits were
optimized using the Solver functionality of MS Excel to minimize the sum of the square
of the residuals of the fit to the Ratio. Unless otherwise noted, all FRAP data presented
in this dissertation were analyzed using the above methodology.
Those two models that were developed by Dr. Orosz were implemented in the
same way as described in her dissertation with minimal changes.74 Those changes
primarily arise from the nature of the automation and the requirement for more flexibility
in the number of images acquired in series than her methodology involved. Two specific
changes that should be mentioned are 1) that the average of images 2-4 is used in place of
the separate prebleach image that Dr. Orosz used, and 2) the average pixel value of
background plus bias was determined and subtracted from all images in her analysis as
opposed to subtracting the specific average bias value of each individual pixel in the
image and an average background signal across all pixels. This last change was made
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because it was noticed in some bias images that some pixels were on average notably a
few 10s of counts higher than the neighboring pixels and thus treating the bias as an
average value seemed inappropriate. Beyond these changes, the VBA macros still
implement Dr. Orosz’s FRAP data analysis methodology in line with what is described in
her dissertation to allow a comparison of current experimental data with historical data
and published data collected by Dr. Orosz and others.74,75
In discussing Dr. Orosz’s data analysis methodology, it is worth noting one of the
differences between the fitting equations, Equations 2.5 and 2.6, compared to those used
by Dr. Orosz. Dr. Orosz’s equations, to model the recovery curve, utilized an additional
term for the unrecovered population in the one diffusing population case and an
additional term that represented the unbleached population in the two diffusing
populations case. Reducing the total number of fitting parameters was a concern that was
addressed in the data analysis of the Gen 2 system.74
The two models that are present in the VBA data analysis program, but the results
of which are not presented in the dissertation, represent a compromise between the data
analysis methodology described for the Gen 2 system and Dr. Orosz’s work. These
models are useful as a stepping stone between the new models for the Gen 2 system and
Dr. Orosz’s models because a direct comparison is not truly possible since two aspects of
the data analysis have been changed between the other models. These two models
utilized the same math explained above for the analysis of the Gen 2 system data with
circular ROIs. However, instead of using a set of circular ROIs with weighting profiles, a
set a square ROIs with the width in pixels set equal to the largest odd integer included in
the ω term, with no weighting profiles, were used in line with Dr. Orosz’s methodology.74
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When the program was being developed such a comparison was useful to see how
changing the analysis methodology impacted the results. These models are still included
in the program because all models are executed by the program simultaneously and
removing the models from the program would require significant additional coding at
present.
2.4 Materials and Methods
2.4.1 Chemicals and Materials
Dioleoyl phosphatidylcholine (DOPC), diphytanoyl phosphatidylcholine
(DPhPC), and Rho-DOPE were obtained from Avanti Polar Lipids (Alabaster, AL).
HEPES buffer was prepared mixing 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic
acid (HEPES) (Sigma-Aldrich, St. Louis, MO) and KCl (Fluka, Germany) to give a final
concentration of 5 mM HEPES, 1 M KCl and adjusting the pH as needed by adding 1 M
HCl or 1 M NaOH to a final pH of 7.4. Buffer was prepared using deionized (DI) water,
18 MΩ•cm, produced from a Barnstead Nanopure system (Thermolyne Corporation,
Dubuque, IA). The buffer was subsequently photobleached for >1 hour using a low
pressure Hg vapor lamp and filtered through a 0.2 µm membrane (Pall Life Sciences,
Port Washington, NY) before use. SU-8 3050 (SU-8), SU-8 developer, and Shipley
S1813, for microfluidic device fabrication, were purchased from Microchem Corp.
(Newton, MA). Sigmacote and n-decane were purchased from Sigma-Aldrich (St. Louis,
MO). All glass substrates used for both the laser targets and the manufacture of the
microfluidic devices were 25 x 75 mm pre-cleaned Swiss glass microscope slides from
VWR International (Randor, PA). Rhodamine B for laser targets was from Exciton
(Lockbourne, OH). Hexanes were from EMD Millipore Corp. (Billerica, MA)
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2.4.2 Preparation of SLPA of Rho Films as Laser Targets
Soft liquid phase adsorption was developed as an alternative to spin and dip
coating to make thin films on substrates.156,157 A modified version of the protocol by
Watanabe et al. to form Rho SLPA films on glass microscope slides was used.157 An
approximately 1% by weight solution of Rho in MeOH was prepared. A clean glass slide
straight from the package, with no further preparation, was submerged in a 20 mL of
hexanes in a glass petri dish. Thirty microliters of Rho solution were applied directly on
top of the glass slide surface in solution by a digital organic micropipette.
The dye appears to undergo a liquid surface extraction and then spread and subsequently
thin along the surface of the slide, though the dye phase does not infiltrate onto other
surfaces. It appears the dye phase may exclude MeOH during the thinning process as no
apparent drying is needed after removal from the hexanes; see images in Figure 2.7.
Coverage is not uniform as seen by eye, but in several places it is close to uniform, as
indicated by the epifluorescence image in Figure 2.3A.

Figure 2.7 Images of SLPA Rho films after preparation.
2.4.3 Microfluidic Device Fabrication
Microfluidic devices with SU-8 apertures for BLM formation were produced as
described by Baker et al. with the UV lamp positioned at an angle of 60 from the
horizontal.43 The SU-8 apertures were produced using a chrome photomask with a 400
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µm diameter circle to produce apertures with an approximately similar diameter opening
at the wide end. A schematic of the completed device, with a relevant schematic and
images are shown in Figure 2.8

.
Figure 2.8 Schematic and images of the microfluidic device used for FRAP on BLMs.
A) is a schematic of the device itself in the configuration used. The light blue pieces in
the lower portion of the schematic are glass, with the upper piece having mechanically
etched channels for solvent flow, while the darker blue pieces are PDMS films. Not
shown in A) are Teflon O-rings placed over the central opening where the SU-8 substrate
with the aperture is located and the one to the right; the opening on the left has a Luer
lock attached to it to allow for positive and negative pressure to be supplied via a syringe.
The O-rings are used to make reservoirs, referred to as the aperture reservoir and the
buffer reservoir. B) is a bright field image of an SU-8 aperture embedded in an
assembled microfluidic device; this is a smaller aperture than the ones used for FRAP
experiments. C) is a schematic of the BLM formed across the aperture, though it does not
include the lipid/decane annulus. D) is an epifluorescent image of a painted BLM doped
with Rho-DOPE. Schematic in A) was provided courtesy of Dr. Christopher Baker.
2.4.4 Lipid Preparation and BLM Formation
Lipid mixtures were prepared from stock solutions in chloroform, dried under Ar
(g), dried under vacuum for at least 8 hours and up to two days, and then resuspended in
n-decane at a concentration of 10 mg/mL. These lipid mixtures consisted of 0.5 mg of
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the lipid of interest mixed with 5 uL of the 1 mg/mL Rho-DOPE stock solution. The
longer drying times were used during periods of increased humidity. Fifty microliters of
n-decane was added immediately upon removing the lipids from vacuum; n-decane was
kept in a desiccator or taken freshly from a stock kept in a desiccator. BLMs were
formed by the painting method on SU-8 apertures in a microfluidic device, as reported
previously.43 Briefly, 1-3 uL of the lipid solution was pipetted directly on to the SU-8
substrate that the aperture was embedded in, though not directly on top of the aperture as
this could cause clogs. The lipid was then spread and painted across the aperture using a
pipet tip. This process was difficult as the lipid solution preferred to float; care was taken
to ensure that the lipid solution was pipetted in such a way as to be in contact with the
hydrophobic SU-8 surface. This process was observed via epifluorescence to ensure that
the aperture was properly painted.
Among the different graduate students and post docs who have carried out this
experiment, each seems to have had different approaches to the painting. One point of
variation appears to have been wrapping the tip of the pipet tip to be used for painting
with Teflon tape. It has been observed when this approach is used with lipid decane
mixtures that include Rho-DOPE that the Teflon tape takes on a vibrant pink color
indicating that a notable amount of Rho-DOPE, and possibly other lipids, is being
adsorbed in/on the tape. All BLM painting work presented here avoided wrapping the
pipet tip in Teflon. Excessive painting also led the lipid decane solution to become an
emulsion with the buffer which was avoided.
A patch clamp amplifier system (EPC-10, HEKA Electronics, Bellmore, NY)
with silver/silver chloride electrodes was used to monitor the resistance across the
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aperture and apply potential to the membrane. The silver/silver chloride electrodes were
prepared by polishing with fine grain sand paper and then placing the electrodes in bleach
for 15 minutes. After removal from the bleach, the electrodes were gently run over a
Kimwipe dampened with DI water followed by a dry Kimwipe to remove excess bleach
and then allowed to dry. (Never rinse electrodes with ethanol, it leads to extreme
baseline drift.) After drying, the working and reference electrodes were placed in the
buffer and aperture reservoirs, respectively.
Devices used in experiments were selected on the basis of being able to
repeatedly form membranes that could be broken down. BLM formation was confirmed
by voltage-induced breakdown which typically occurred between 100-350 mV; this range
is lower than the 400-600 mV previously reported for these types of microfluidic devices,
and is likely due to the larger aperture sizes used in this work.43 Doping with a
fluorescent lipid allowed BLM formation to be observed by epifluorescence microscopy.
As the membrane underwent thinning in the center of the aperture, it darkened and a
fluorescent annulus formed around it, though this could also take the form of a “curtain”
of lipid decane solution retreating from one side of the aperture to the other. The
observation of this thinning was the main criterion used to decide if a given membrane
was truly a BLM and would be used for FRAP after the presence of a resistive seal had
been confirmed. If spontaneous thinning did not occur, it could be promoted by either
the application of back pressure through the microfluidic device or by applying a holding
potential of a few hundred millivolts. Running a clean pipet tip around the aperture, or
even gently over it, to physically remove apparent excess lipid solution also worked
sometimes. All three of these approaches included the chance of rupturing the
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membrane. Furthermore, negative pressure was not applied, if possible, as this could
deposit fluorescent lipid decane solution on the bottom of the glass coverslip which
required a clean out of the microfluidic device.
The microfluidic devices were cleaned out with a combination of DI water and
ethanol, in addition to fresh HEPES buffer. First, the remaining HEPES buffer was
drained from the two reservoirs of the device, then fresh HEPES buffer was added to both
reservoirs and was drained by applying negative pressure through the syringe. DI water
was then used to rinse the device extensively before both reservoirs were filled with DI
water which was drained through the device via negative pressure. The aperture reservoir
was then rinsed with EtOH and dried. Additional steps, such as removing the PDMS
backings to clean the inside of the microfluidic device, were taken as needed.
2.4.5 FRAP on BLMs
Before FRAP on BLMs could be carried out some of preparatory steps were
taken. The first was ensuring that the vibrations from the camera shutter opening and
closing were minimized. Steps taken to address this involved baffling the vibrations of
the camera and securing the camera to the optical table as tightly as possible. Baffling
was accomplished by placing either a stack of paper towels or rubber padding between
the optical table and the camera before the camera was secured to the table. Additionally,
with the field diaphragm engaged, the aperture of the microfluidic device was centered
where the laser beam would be incident, and the device was physically taped into
position on the microscope stage. Other preparatory steps, such as using laser targets to
align the laser and select an ROI on the CCD chip and forming the BLM, are described
elsewhere.
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The experiment proceeded by starting and warming up the arc lamp and the laser
for 30 minutes. The CCD camera was also turned on and allowed to cool for 30 minutes
to the lowest possible operating temperature it could reach, typically -11°C. Both the
camera and the laser are water cooled using of a water recirculator which was set to its
lowest possible temperature, which resulted in a water temperature of 12°C during
operation. After 30 minutes, the laser output at the 514.5 nm line was set to its maximum
by adjusting the wavelength and prism position gimbals and monitoring the resulting
power with a Coherent 210 power meter (Santa Clara, CA). If the power output was
greater than 340 mW, a circular gradient neutral density filter was used to adjust the laser
power.
Next, several user controlled values were inputted into the LabVIEW FRAP
automation program: the laser pulse duration and the time from the completion of the
laser pulse to the acquisition of image 5 were both set to 50 ms, the exposure time for the
acquisition was set to 100 ms, and the number of acquisitions was typically set to 150.
The LabVIEW program was then put into standby to await the first acquisition of the
camera to be triggered by WinSpec/32. The operation and optimization of aspects of
WinSpec/32 have been described elsewhere above; see section 2.2.3. Once WinSpec/32
was provided with the values for the number of acquisitions and the exposure duration,
the acquisition program was started which triggered the start of the LabVIEW program.
Acquisition rates of 4 Hz were achieved.
FRAP experiments were carried out at room temperature; the temperature of the
buffer in the microfluidic device was measured via the buffer reservoir. The observed
temperature range during experiments was 21.3-23.5°C. Background images were
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acquired on devices that had been prepared for FRAP work with lipid solution but had no
membrane across the aperture.
2.5. Results and Discussion
The following section discusses the results and validation of the experimental
system compared to other FRAP measurements on BLMs in the literature, an assessment
of the results of FRAP experiments on BLMs, and a discussion of the limitations of the
Gen 2 system.
2.5.1. Validation of Automated FRAP System
The automated FRAP system was validated by carrying out FRAP on DPhPC and
DOPC BLMs doped with 0.65 and 0.60% Rho-DOPE, respectively, with a calculated
acquisition rate of 3.61 Hz. See Figure 2.9 for example images from a FRAP experiment
on a DPhPC BLMs and Figure 2.10 for the resultant data and fits.
For the FRAP experiment in Figures 2.9 and 2.10, 95% recovery of the bleach
appears to occur in approximately 19.4 s from t = 0 s, which is defined as the midpoint of
image 5. This result is relatively in line with the expected values from the model
recovery curve in Figure 2.1, where 95% recovery of the bleached population occurs in
11.9 s. The model is expected to recover faster as a bleach radius (ω) of 10 µm was
assumed; after opening the internal laser aperture a ω of 13 µm was achieved for this
experiment which results in a slower recovery.
The FRAP results for DPhPC and DOPC BLMs are listed in Table 2.1. When
considering the fits and residuals displayed in Figure 2.10 and the adjusted R2 values
reported in Table 2.1 it is apparent that the recovery curve is not best fit by a single
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exponentially recovering population, but by the double exponential model indicating the
presence of at least two diffusing populations of lipid probes.

Figure 2.9 Images from a FRAP experiment on a DPhPC BLM. The 30X by 70Ypixel
imaging ROI described above was used, the X and Y axis are swapped for presentation
purposes. A cursor has been placed at the center of the bleach spot and the recovery of
the bleach spot can be observed not only visually but by examining the Y and X cross
sections at the left and bottom of each image. The intensity scaling is constant across all
images. Images A-H are from the FRAP experiment at different points in the recovery
process: A) prebleach, t<0, image 4, B) immediately after FRAP, t=0 s, image 5, C)
t=0.277 s, image 6, D) t=0.554 s, image 7. E) t=0.831 s, image 8, F) t=1.108 s, image 9,
G) t=2.770 s, image 15, H) t=11.080 s, image 45.
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Figure 2.10 FRAP curves, fits, and residuals from BLMs. A) Recovery curve and fits for single and double exponential recovering
populations of the DPhPC BLM experiment shown in Figure 2.9. B) Residuals from the fits in A. C) and D) are representative data,
fits, and residuals from a FRAP experiment on a DOPC BLM.
Table 2.1 FRAP results from measurements on BLMs.
Exponential
Model
Single
DPhPC
BLM
Double
Single
DOPC
BLM
Double
Matrix

BLMs (n
per BLM)
3 (1,3,3)
3 (1,2,2)

Davg
(µm2/s)
9±1.0
14±1.5
10.4±0.67
17±1.1

Recovery
(%)
97±2.8
102±4.7
101±6.7
105±6.3

D2
(µm2/s)
4±1.3
-

B1 (%)

B2 (%)

0.96±0.017
0.997±0.0018
0.96±0.013

D1
(µm2/s)
24±3.8
-

49±7.0
-

53±5.6
-

0.989±0.0067

31±4.3

4.9±0.89

48±8.1

57±6.5

Adjusted R2
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There have been some previous FRAP studies on BLMs that the results can be
compared to, though there are no direct comparisons of BLM preparation, buffer, lipid
matrix, and lipid probe that can be made. Ladha et al. reported on four different onecomponent BLMs, including DOPC, with resulting diffusion coefficients of 12.4-13.4
µm2/s for a N-(7-nitrobenzoyl-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3phosphoethanolamine (NBD-DHPE) lipid probe at 23°C. They concluded that there was
little to no difference observed in the diffusion coefficient as a function of lipid matrix.105
Lalchev et al. reported a diffusion coefficient of 12 µm2/s at 20°C from FRAP
experiments on BLMs composed of L-α-phosphatidylcholine from chicken eggs also
using NBD-DHPE.106 These FRAP experiments considered only one possible recovering
population. Considering the diffusion coefficients extracted by a single exponential
model; see Table 2.1, the value for DOPC is similar to that of Ladha et al., 10.4±0.67
µm2/s vs. 13.4±0.7 µm2/s.105 The diffusion coefficients for DOPC and DPhPC BLMs,
while significantly different at the 98% confidence level by the Student’s t-test, are
similar in their values. Both of these observations are consistent with the work of Ladha
et al.105
However, it should be noted that the BLMs in Ladha et al.105 and Lalchev et al.106
were prepared by the Montal and Mueller method (Montal/Mueller), which is claimed to
produce “solvent free” BLMs as compared to the painting method used in this work,
where it is assumed some solvent remains in the membrane.102 This is relevant as it has
been noted that lipid probes in painted BLMs may diffuse up to twice as fast as in
Montal/Mueller BLMs.162 At the same time, other experiments that allowed for direct
comparisons of the diffusion coefficients of Rho-DOPE and the directly comparable
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NBD labeled probe, NBD-DOPE, revealed that regardless of the exponential model used,
NBD-DOPE diffuses 2-2.5 times faster that Rho-DOPE; see Table 3.7 in Chapter 3. The
ability to make direct comparisons of FRAP data is limited in terms of the experimental
data in the literature. Therefore, these factors should be kept in mind and the similarity of
the single population FRAP values and those of Ladha et al.105 and Lalchev et al.106 could
be a serendipitous combination of these two above factors. Still, based on what literature
values are available the single population FRAP results are within what would be the
expected range of results for this experiment and combined with the experimental data
collected do appear to validate the use of the Gen 2 system to carry out FRAP on BLMs.
2.5.2 Assessment of BLM FRAP Data
Initially, the double exponential model was implemented in the Saavedra Lab by
Dr. Orosz for FRAP data analysis because of the inadequacy of the single exponential
model in fitting FRAP data acquired on PSLBs of varying lipid compositions.75 This
behavior was at the time attributed to the interaction of the different leaflets of the PSLB
with different environments, buffer above and glass below.75,163 However, the use of the
double exponential model in this case required a re-evaluation of this explanation given
that in the BLM geometry there is buffer on both sides of the membrane. This reevaluation became an impetus for the work done in Chapter 3.
2.5.3 Observation about the Limitations of the Automated FRAP System
While the Gen 2 system was validated with DPhPC and DOPC BLMs doped with
Rho-DOPE, there are a number of places where the performance of the Gen 2 system
could be enhanced by improving the hardware used. Much of the equipment being used
is operating at the edge of its capabilities. This is most apparent with the camera being
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used. The dimensions of the ROI that was used do not have a generous margin for
identifying an acceptable reference spot. If the readout time of the chip were much
slower, or a larger ROI were required, it is likely that the desired 3.33 Hz acquisition rate
would be unattainable. Furthermore, while this experimental system was sufficient for
FRAP on BLMs doped with Rho-DOPE, there is the reason to question if it would be
suitable for faster diffusing species that may be of interest such as membrane peptides
and other lipid probes.
Alamethicin is a commonly used model IC and FRAP experiments on labeled
alamethicin peptides associated with a Montal/Mueller BLMs resulted in a diffusion
coefficient of 43 µm2/s when no electric field was applied to the BLM.63 The peptides
were noted to diffuse only half as fast in the presence of an applied electric field when
transmission of current across the membrane was simultaneously observed, presumably
from the activity of the alamethicin.63 It is unlikely that the Gen 2 FRAP system would
be able to acquire a sufficient number of data points because using a single exponential
model, 95% recovery would in 5 s. An alternative solution may be the use of a 10X
objective which would presumably increase the recovery time by a factor of 4 given the
relationships in Equation 2.1.
NBD labeled probes diffusing 2-2.5 times faster than Rho-DOPE may present a
significant challenge to the Gen 2 system in terms of its acquisition rate. If the double
exponential fits from FRAP data acquired on DOPC BLMs are used as a guide, 95%
recovery occurs in 18-19s over the course of 65-70 acquisitions. Assuming a linear
relationship, 95% recovery for NBD-DOPE would occur in 7-9 s and consist of 26-34
acquisitions. While there is no strong mathematical argument for how many points are
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needed to model an exponential function, it is unclear with so few points how precise or
accurate the extracted rate constant(s) would be. FRAP was attempted on BLMs labeled
with NBD-DOPE and another issue was identified that prevented the success of this
experiment besides acquisition rate. NBD is a poor fluorophore compared to Rho both in
terms of the intensity of its emission and its photostability. With both ND filters removed
on the Gen 2 system, NBD films lose 1% fluorescent signal intensity per second of
exposure to the lamp. At the same time the low fluorescent signal requires both ND
filters to be removed and relatively high concentrations of dopant in the lipid film,
typically 1% mole fraction, to acquire sufficient signal for imaging. The reason that the
experiment did not work was because the process of setting up the experiment and then
executing it resulted in too much photobleaching for any meaningful fits to be generated.
The question of carrying out a FRAP experiment on BLMs doped with NBD labeled
probes is not just one of acquisition rate but also the sensitivity of the CCD being used.
The use of the ND4 and ND8 filters, which are removed in the Gen 2 system, could
reduce the rate of photobleaching of the NBD by a factor of 32 via attenuation of the arc
lamp; however the current camera is not sensitive enough to produce useful images under
these conditions.164
Thus, a better camera in terms of sensitivity, readout time, and noise could
address many but not all of the issues that would arise with the experiments discussed
above. There are presently two Andor (Concord, MA) CCDs in the Saavedra Lab that
could be used for this, the oldest of which is from 2005. The use of one of these cameras
will require additional coding of the automation and data analysis programs as these
Andor cameras do not run on WinSpec/32.
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The other issue is that a 50 ms laser pulse may be too long in duration given the
requirements for a successful FRAP experiment.151 In the case of the cited alamethicin
experiment, the bleach pulse should be less than 10 ms and ideally 5 ms.63 While a
more sensitive and less noisy camera will be able to able to better perceive a bleach spot
with less bleach depth, the other option that should be considered is a more powerful
laser to achieve more bleaching over less time. On the time scale of 5 ms, the computer
running the LabVIEW program may also need to be replaced as with a cycle time of 3
ms per iteration of the program, it is not possible to achieve timing of actions less than 6
ms. At such short bleaching pulse times, the Uniblitz shutters and any mechanical shutter
in front of the camera may also need to be carefully considered. The Uniblitz shutters are
rated to have half open close response times of 3-5 ms and the current camera shutter
takes 8 ms to open or close. While alamethicin is likely on the extreme end of possible
measurements, given that membrane proteins typically diffuse much slower than lipid
probes, this case and that of NBD probes demonstrate the potential limits of the Gen 2
system.144
It should be noted that the laser being used for the Gen 2 FRAP system will likely
need to be replaced soon. In the last two months of use it has begun to shut down
intermittently and its power output appears to be decreasing. A Kr-Ar laser may be a
good substitute as it would provide access to laser lines that would more efficiently
bleach Rho and allow experiments to be carried out on probes and/or proteins labeled
with Texas Red.
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CHAPTER 3: IDENTIFYING AGGREGATES OF FLUORESCENT LIPID
PROBES IN LIPID MEMBRANES AS A CAUSE FOR MULTIPLE APPARENT
DIFFUSING POPULATIONS OBSERVED IN FRAP DATA
3.1 Introduction
This chapter details studies into the causes of apparent multiple diffusing
populations of lipid probes in FRAP experiments on various lipid film geometries and the
identification of aggregates as one of the causes of these populations. This chapter is
focused on fluorescently labeled phospholipid probes labeled with fluorophores Rho or
N-4-nitrobenzo-2-oxa- 1,3-diazole (NBD) which are among the most commonly used
historically and today in FRAP experiments.165,166 An additional cause of multiple
diffusing populations of probes, which appears to be unique to a specific lipid membrane
geometry, was also identified and is discussed further in Chapter 4.
For the past several decades, fluorescently labeled phospholipid probes have been
a commonly used tool for membrane studies due to the ability of the probes to associate
with amphiphilic membranes. A wide range of uses have been found for these probes,
from imaging cellular membranes and compartments to determining communication
between different membrane structures and the interactions of membranes with substrates
(see refs. 167-169 for detailed reviews and discussions).158,167–169 Beyond labeling of
cellular or artificial membranes for imaging purposes, a key use of these probes is to
investigate the fluidity of these membranes.144 Quantitative measurements of the
diffusion coefficients of probes can be correlated to membrane fluidity. Since the 1970s,
a number of techniques have been developed and applied to membranes to measure the
diffusion coefficients of probes, namely FRAP, FCS, and SMT in addition to several
variants.152,153 The Saavedra Lab has utilized FRAP for such studies.69,74,75,170
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These techniques and methods by which the data are analyzed rely upon the
premise that probes, and their analogs that associate with lipid membranes in a similar
manner, are representative proxies for the rest of the constituents of the matrix. Thus,
there is a strong motivation to investigate these probes and their interactions with
membranes to better understand this tool and its utilization.
Studies of the properties and the diffusive motion of these probes have been
carried out in a number of different artificial phospholipid membrane geometries. Some
of these studies have yielded key pieces of structural information in terms of the
conformation and positioning of the probes in the membrane, especially the fluorescent
moieties.171–176 Other studies have focused on the nature of the diffusive movements of
the probes in a variety of geometries as a function of the probe structure, the constituents
of the membrane, or the geometry and how it was prepared.145,152,155,163,177–179
FRAP recovery curve data is commonly fit to a single recovering exponential to
extract the rate constant of recovery which is related back to the diffusion coefficient of
the probe based on Axelrod’s seminal work.151 This presumes that there is one
predominate diffusing population of the probe regardless of the membrane geometry.
Studies using FRAP have noted issues with this approach due to the poor residuals it
generates.75,178,180 Seu et al. attempted to address this by using a different equation to fit
their data. However, they utilized an equation that was developed explicitly for FRAP
experiments with a bleached spot produced from a laser with a uniform circular profile
while it appears that they utilized a laser with a Gaussian profile.161,178,180
It has also been argued that the premise of one predominate diffusing population
of probes is wrong, though for a variety of reasons.75,163,181 Greenberg and Axelrod noted
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the presence of slow and fast diffusing populations of probes, different in diffusion
coefficient by 1 to 2 orders of magnitude, in a FRAP study of labeled yeast and
mammalian cell membranes and attributed it to the possible presence of micro
domains.181 Scomparin et al. developed a two population model to fit fluorescent
recovery after patterned photobleaching data acquired on PSLBs and attributed these two
populations, in some cases, to the fact that the lower leaflet is in contact with the
substrate and the upper leaflet is in contact with aqueous buffer.163 In their study, the
diffusion coefficients were different by an order of magnitude.163 Recent studies in the
Saavedra Lab also used a two exponentially recovering populations model to fit FRAP
data on PSLBs.69,74,75 These studies noted a fast diffusing majority population and a
slower, by an order of magnitude, diffusing minority population. Similar to Scomparin et
al., this behavior was attributed to the different environments of the two leaflets of the
bilayer encountered.75,163 A similar observation, the existence of different diffusion
regimes for a probe molecule in PSLBs studied using SMT, though in this case the
authors noted that given the time regimes involved, it was unlikely that lipid flip-flop of
the probe was the cause.182
In light of the FRAP results from experiment on BLMs described in Chapter 2,
the hypothesis that the two different diffusing populations arose from differentiation
between the leaflets of bilayer due to interactions with the supporting substrate appeared
inadequate.75,163 This inadequacy was further demonstrated by FRAP experiments
utilizing different lipid probes that fundamentally did not demonstrate the behavior that
was predicted based on this hypothesis and by FRAP experiments on lipid film formats
where only one leaflet was labeled. Spectroscopic studies of DOPC vesicles, doped with
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different concentrations of Rho-DOPE, revealed the presence of aggregates of the probe
which correlated to changing populations amplitudes in FRAP results. Similar trends and
correlations were observed with the NBD probe utilized in this work. This correlation
leads to the linkage of the multiple apparent diffusing populations to the coexisting
presence of monomers and aggregates of the probes. Investigations of the structural
properties of the aggregates were undertaken using Langmuir trough and plane polarized
total internal reflection fluorescence techniques. These experiments and results are
described in this chapter. There is some validity to the hypothesis of differentiation
between leaflets of a bilayer due to interactions with a supporting substrate. This is
discussed in Chapter 4.

3.2 Materials and Methods
3.2.1 Chemicals and Materials
Lissamine rhodamine B dihexadecanoyl phosphoethanolamine (Rho-DHPE) was
obtained from Invitrogen (Waltham, MA). DOPC, DPhPC, DPPC, Rho-DOPE, 1-oleoyl2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-sn-glycero-3phosphatidylcholine (PC-NBD), and dioleoyl phosphoethanolamine-N-(7-nitro-2-1,3benzoxadiazol-4-yl) (NBD-DOPE) were obtained from Avanti Polar Lipids (Alabaster,
AL).
Phosphate buffer was prepared by mixing sodium monobasic and dibasic phosphate
(EMD, Gibbstown, NJ) to produce a 10 mM phosphate solution and adjusting the pH as
needed by adding 1 M HCl or 1 M NaOH to a final pH of 7.0. HEPES buffer was
prepared mixing HEPES (Sigma-Aldrich, St. Louis, MO) and potassium chloride (Fluka,
Germany) to give a final concentration of 5 mM HEPES, 1 M KCl and adjusting the pH
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as needed by adding 1 M HCl or 1 M NaOH to a final pH of 7.4. Both buffers were
prepared using DI water, 18 MΩ•cm, produced from a Barnstead Nanopure system
(Thermolyne Corporation, Dubuque, IA). The buffers were subsequently photobleached
for >1 hour using a low pressure Hg vapor lamp and filtered through a 0.2 µm membrane
(Pall Life Sciences) before use. Pre-cleaned Swiss glass microscope slides, 25 x 75 mm,
from VWR (Randor, PA) were used as substrates. (Tridecafluoro-1,1,2,2-tetrahydrooctyl)
dimethylchlorosilane was purchased from Gelest Inc. (Morrisville, PA). 3Cyanopropyldimethylchlorosilane was purchased both from Gelest Inc. and TCI America
Inc. (Portland, OR). Anhydrous DriSolv toluene and acetonitrile from EMD Millipore
(Dramstadt, Germany) were used as the solvents for surface modification reactions.
Glass modified with these silanes was referred to as perfluoro- and cyano-, respectively.
Sodium dithionite was from J. T. Baker (Phillipsburg, NJ). Neutral Dextran (10 KDa)
labeled with Rho was purchased from Invitrogen. Sodium chloride was purchased from
Fluka.
3.2.2 Lipid Preparation
Lipid mixtures were prepared from stock solutions in chloroform at specified
mole fractions. The mixtures were then dried under Ar (g) and placed in a vacuum
system for at least 4 hours and up to two days. The lipids were then resuspended in either
10 mM phosphate buffer, pH 7.0 (phosphate buffer) or 5 mM HEPES + 1 M KCl, pH 7.4
(HEPES buffer) at 0.5 mg/mL unless otherwise noted.
Small unilamellar vesicles (SUVs) were formed by sonicating the solution to
clarity in an ultrasonicator with a cuphorn attachment (W-380, Heat Systems Ultrasonics,
Inc, Farmingdale, NY) which typically took 1-2 hours. Because of the poor
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photostability of NBD labeled lipids, any lipid mixtures that included these probes were
kept in amber vials during all stages of preparation. All lipids were sonicated at 35° C
except for mixtures containing DPPC, which were sonicated at 60°C.
In some cases, LUVs were produced. DOPC LUVs doped with NBD-DOPE and
PC-NBD were produced by freeze/thaw/extrusion. After the addition of buffer, the lipids
were vortexed until there was no longer a film on the bottom of the vial. The suspension
was then subjected to 20 cycles of freezing in a dry ice/isopropanol slurry, thawing in a
42° C water bath, and vortexing. The vesicle solution was extruded 21 times through a
0.2 µm pore size membrane.
3.2.3 Glass Substrate Preparation
Glass slides were cleaned by immersion in a piranha solution (a 7:3 (v/v) ratio of
concentrated sulfuric acid (EMD Millipore, Dramstadt, Germany) and 30% hydrogen
peroxide (EMD Millipore)) for 5 minutes, then rinsed in DI water. In the case of vesicle
fusion (VF) experiments or surface modification, the slides were used immediately. In
the case of Langmuir-Blodgett/ Langmuir Schaefer (LB-LS) deposition experiments, the
slides were stored under DI water and used within a day.
3.2.4 Silane Modified Glass Preparation
Glass microscope slides were used to prepare cyano- and perfluoro-modified
slides as previously described.97 Surface contact angles were measured for silanized
slides in each batch and compared to values previously reported.97 Contact angles were
measured using the sessile drop method with images acquired by a TM-7CN video
camera (Pulnix America, Inc., Sunnyvale, CA) and analyzed by a DSA 10 MKs Drop
Shape analysis system (Kruss, Charlotte, NC). Batches of modified glass that could not
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produce contact angles within 70-77° or 105-112° for cyano- and perfluoro-modified
glass, respectively, were not used.
Silanized slides were stored in air or under ethanol and were used within a week
of preparation. Before performing VF, silanized slides were rinsed with ethanol and DI
water and dried in a N2 (g) stream.
3.2.5 VF Protocol for the Production of PSLBs and Planar Supported Monolayers
(PSLM)
PSLBs were formed by adding the SUV vesicle suspension to a FRAP cell in
which a bare glass substrate was mounted. These FRAP cells are custom Teflon
constructs which use a rubber O-ring pressed onto the glass to make a seal a fuller
description of the cells can be found in Dr. Kristina Orosz’s dissertation.74 After 30
minutes, the cell was rinsed with 20 mL of the same buffer used to prepare the vesicle
suspension. Fusion was performed at room temperature (21.5 - 24° C), except for
mixtures containing DPPC. Mixtures containing DPPC were fused at 51-52°C.
PSLMs were prepared in the same way as PSLBs except the modified glass was
mounted in the cell. Thirty minutes was found to be sufficient for uniform fusion to
occur, much shorter than previously reported.97 PSLBs on bare glass substrates were
prepared simultaneously from the same vesicle suspension, to compare the epifluorescent
emission intensity of the two types of films. If the emission intensity of lipid films on
silanized substrates was not 50±10% of the simultaneously prepared PSLBs, the PSLMs
prepared for that experiment would not be used.
3.2.6 LB-LS Protocol for the Production of PSLBs
Langmuir monolayers and LB films were prepared using a NIMA Technology
(Coventry, United Kingdom) Model 611 trough filled with a DI water subphase at 20-22°
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C. Prior to use the trough was cleaned with a chloroform soaked dust free Kimwipe
(Irving, TX) cloth. The trough was then filled with DI water and drained as needed until
the barrier could be almost completely closed without a pressure of 0.3 mN/m being
observed, indicating the surface of the subphase was clean. Pressure was measured
using a Wilhelmy paper plate composed of Kodak (Rochester, NY) filter paper cut to the
dimensions of 0.5 x 2 cm. For LB deposition, two glass microscope slides were clamped
together and lowered into the subphase prior to the addition of lipids. This arrangement
of the slides resulted in a lipid film being deposited on only one side of each slide.
DOPC, with or without a probe, was then deposited on the subphase dropwise from a
chloroform solution of 0.5-1 mg/mL; when doped with a fluorescent probe, only red
LEDs were used for illumination to minimize photobleaching. After 15 min, the film
was compressed to the specified surface pressure, and the substrate was raised at a rate of
3 mm/min with the barrier maintaining a constant pressure. The transfer ratio was
1.2±0.1. Following the completion of the LB deposition, the slides were covered until the
LS deposition. The time between the completion of the LB deposition and the LS
deposition was 50-59 minutes except the depositions at different surface pressures for 2%
NBD-DOPE where the time range was 44-45 minutes.
Prior to the LS deposition, all lipids and the subphase were removed, the trough
cleaned, and new DI water added. The cleanliness of this process was checked as
previously described. The barrier was then reopened and a new Langmuir monolayer
was prepared. The LS deposition was carried out by attaching one slide, with a LB
monolayer, to the dipper arm, with the monolayer substrate parallel to the plane of the
subphase. The dipper arm was then lowered at a rate of 47 mm/min through the
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subphase. The slides were then transferred, under DI water, into a vessel filled with DI
water in which the coated slide was mounted in the FRAP cell. FRAP cells, screws used
to assemble the cells, and transfer vessel were cleaned by sonication sequentially in
ethanol, a 1% Liquinox (Alconox, Jersey City, NJ) solution, and DI water for 15 minutes
each prior to use. The surface of the glass substrate, that had not been used for
depositions, was cleaned with Kimwipes wetted with ethanol and DI water after the
FRAP cells were assembled if contamination of the surface by probes was suspected. DI
ware was exchanged for with the buffer of interest prior to beginning experiments.
3.2.7 Spectral Characterization
UV-vis measurements were performed using a Spectral Instruments (Tucson, AZ)
spectrometer. Fluorimetry was performed using a Fluorolog-3 spectrometer (HORIBA
Scientific Inc.) NBD-DOPE emission spectra were collected by exciting at 488 nm and
scanning from 500-560 nm with slit widths at 1 nm and an integration time of 0.5 s.
Dithionite bleaching experiments on NBD-DOPE labeled LUVs were performed by
exciting at 467 nm and monitoring emission at 536 nm using slit widths of 1 nm;
acquisitions with an integration time of 2 s were made once every 10 s, and the lamp
shutter was closed between acquisitions. Dithionite bleaching experiments on PC-NBD
labeled LUVs were performed by exciting at 467 nm and monitoring emission at 536 nm
using slit widths at 1 nm; acquisitions with an integration time of 0.5 s were made once
every 5 s, and the lamp shutter was closed between acquisitions. Dynamic light
scattering (DLS) experiments were carried out using a Zetasizer Nano Series (Malvern,
Westborough, MA); settings to correct for the refractive index of the buffer solution and
the vesicles were used when determining the hydrodynamic radius of the vesicles.
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3.2.8 Dithionite Treatment of LUVs Labeled with NBD Lipid Probes
To test the feasibility of utilizing dithionite on NBD probes to bleach the upper
leaflet and examine probes only in the lower leaflet of a PSLB, DOPC vesicles labeled
with 2% NBD-DOPE and 5% PC-NBD were prepared by freeze/thaw/extrusion. The
fluorescent intensity of the vesicle suspensions were monitored following spikes of
sodium dithionite that brought the solutions to concentrations of 40 mM and 50 mM of
dithionite, respectively. The PC-NBD and NBD-DOPE labeled LUVs were prepared in
HEPES and phosphate buffer, respectively. Because dithionite reacts and loses its
potency in non-basic solutions, the sodium dithionite solutions were prepared
immediately before use.
For the PC-NBD work, LUVs were prepared at a concentration 0.5 mg/mL and
then diluted to a final concentration of 0.002 mg/mL in HEPES buffer. A fluorimeter
cuvette was filled with 2 mL of this solution and placed in the fluorimeter. The
fluorescence of the vesicles was monitored for 400 s. The vesicle solution was then
spiked with a 500 mM sodium dithionite solution prepared in the HEPES buffer.
NBD-DOPE work was carried out in a similar manner with a 200 mM sodium
dithionite solution in phosphate buffer being prepared immediately before use. A cuvette
with 2 mL of 0.0125 mg/mL suspension of NBD-DOPE labeled LUVs was spiked after
180 s of observation. In both cases, observation of the bleaching proceeded for several
minutes after the spike. The hydrodynamic radius of the LUVs was determined prior to
dithionite bleaching via DLS.
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3.2.9 Dithionite Treatment of VF PSLBs Labeled with NBD Lipid Probes
The extracted rate constants for the bleaching of the inner and outer leaflets of
NBD-DOPE labeled LUVs were assumed to be good estimates for the rates of dithionite
bleaching of a VF DOPC PSLB doped with NBD-DOPE. The rates were used to
calculate the time required to bleach 99% of the upper leaflet, 270 s, at which time it
was calculated 44% of the original fluorescence would remain, assuming an equal
distribution of NBD-DOPE across both leaflets.
VF DOPC PSLBs labeled with 2% NBD-DOPE were treated with a solution of 40
mM sodium dithionite, prepared in phosphate buffer, for 270 s, after which solution was
rapidly exchanged with phosphate buffer via a 1 mL pipet. The 270 s dithionite solution
treatment time produced background subtracted epifluorescent values indicating that
42±12%, across four VF DOPC PSLBs, of the initial fluorescence remained after
treatment in relative agreement with the calculated 44%. The same four PSLBs were
used for the subsequent FRAP experiments. Dithionite treatment was carried out
immediately before FRAP experiment on each PSLB. The assumption of an equal
distribution of NBD-DOPE across both leaflets was tested in a manner similar to what
was described for the LUVs doped with NBD-DOPE using VF DOPC PSLBs doped with
2% NBD-DOPE and treated with a 40 mM sodium dithionite solution.
Dithionite treatment of VF DOPC PSLBs labeled with 5% PC-NBD was carried
out with a 50 mM sodium dithionite solution prepared in HEPES buffer. The procedure
differed from that used for NBD-DOPE; there were concerns that the zwitterionic probe
might be able to more readily undergo lipid flip-flop leading to a loss of asymmetry.163,183
To address this concern, the FRAP experiment was conducted while the PSLB was still
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under the dithionite solution and continuing to be bleached. This assured that if any lipid
flip-flop of a PC-NBD probe from the lower to the upper leaflet did occur, the probe
would likely be bleached. After the dithionite solution was added to the FRAP cell, it
was allowed to sit for a few minutes (3-5) before the FRAP experiment was begun,
providing time to bleach the upper leaflet. Unlike experiments on PSLBs labeled with
NBD-DOPE, the dithionite treated PSLBs were not the same PSLBs measured for the
untreated case.
3.2.10 FRAP on Lipids Films Labeled with NBD Lipid Probes Using Gen 2 System
FRAP experiments were carried out on a number of different lipid film
geometries which were labeled with NBD-DOPE or PC-NBD. Automated FRAP
program and FRAP experimental settings used for these experiments were different from
what is described in Chapter 2. Because of the poor photostability of the NBD
fluorophore, the FRAP experiment was designed so photobleaching from the arc lamp
was minimized. This was done by modifying the automated FRAP program to acquire an
image every 5 s and close the Uniblitz shutter in front of the lamp when data was not
being acquired.
These modifications included operating the camera in triggered acquisition mode,
as opposed to fast continuous acquisition mode, and interfacing the NI-6009 I/O board
with the camera controller via a BNC cable attached to the EXT SYNC position of the
camera controller. This allowed the camera to be triggered to begin an acquisition by
receiving a 5V TTL pulse which was sent from the LabVIEW program through the I/O
board. Because the CCD chip accumulated noise while waiting to be triggered, the
camera was also set to continuous clearing mode. When the camera controller detected
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the 5V pulse to trigger an acquisition, the camera shutter would not open to start the
acquisition until the current clearing operation was completed. If the clearing operation
had just started when the 5 V pulse was received there was a delay in the beginning of the
acquisition of 26 ms conversely if the clearing operation had just finished when the signal
was received there was no delay. Thus, as a function of the completion of the clearing
process there was a delay up to 26 ms in when the camera acquisition began. This delay
did not impact the rate at which 5 V TTL pulses were sent or the duration of the open
time of the shutter in front of the lamp. The possible delay associated with each
acquisition was not accounted for in the data analysis.
The settings for these experiments were a 100x100 pixel ROI, 375 ms exposure
time, a 100 ms delay between the completion of the bleaching pulse and the start of the
5th acquisition, and both ND filters in the lamp optical train were removed. The laser line
was changed to 488 nm to provide a better overlap with the absorption band of NBD.
The power was 300 mW and 150 mW, for NBD-DOPE and PC-NBD respectively, before
the beam splitter. Pulse duration was maintained at 50 ms. These settings were also used
for FRAP on dithionite treated PSLBs. NBD filters and a 488 nm laser dichroic were
used in place of the ones described for Rho-DOPE doped lipid films; these components
were from Chroma Technology Corp. (Bellows Falls, VT).
3.2.11 FRAP Operation on Gen 1 System
Prior to the redesign and overhaul of the Gen 1 system to produce the Gen 2
system, some FRAP measurements were made on VF PSLMs composed of DOPC and
DPhPC, doped with Rho-DOPE. The membranes were deposited on cyano- and
perfluoro-modified glass and analyzed using the data analysis methodology created by
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Dr. Kristina Orosz. The operation and data analysis of the Gen 1 system is described in
Dr. Orosz’s dissertation.74
The FRAP experiment on the Gen 1 system was carried out as follows. A
prebleach image was acquired. Following this, a 0.5 s laser pulse was applied to the
lipid film. The laser was operated at 488 nm, 100 mW, and had an internal aperture
setting of 1. The 488 nm laser dichroic was used to reflect the laser up through the 20x
objective and into the film. Following the completion of the laser pulse, the filter cube
containing the 488 nm laser dichroic was switched out for a TRITC filter cube, a
moveable mirror in the rear of the microscope was moved into position such that the arc
lamp was reflected into the rear port of the microscope, and finally WinSpec/32 was
triggered to begin acquisition. This entire process, from the completion of the laser pulse
to the beginning of the acquisition, took 4-7 s. Both ND filters were placed in the optical
train of the lamp. A 750 ms exposure time and a 100x100 pixel ROI were used. The
number of images acquired was changed as needed given that recovery was relatively
slow in these lipid films.
3.2.12 FRAP on Lipids Films Labeled with Rho Lipid Probes Using Gen 2 System
FRAP on PSLMs and PSLBs labeled with Rho-DOPE or Rho-DHPE was carried
out similar to what is described in Chapter 2 with a few differences in the operating
parameters of the equipment. These included placing the ND8 neutral density filter in the
optical train of the lamp, which reduced the output of the lamp by a factor of 8, using a
750 ms exposure time, beginning the first acquisition 100 ms after the completion of the
bleach pulse, and using a 100x100 pixel imaging ROI. The number of acquired images,
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in an image series, was changed as needed depending upon the recovery behavior of the
lipid film.
3.2.13 UV-vis and Fluorimetry for the Identification of Aggregates of Lipid Probes
in Vesicles
DOPC vesicles with 0, 0.3, 0.6, and 1.2% Rho-DOPE were prepared in phosphate
buffer at a concentration of 0.5 mg/mL of lipid by sonication as described above in
section 3.2.2. Vesicle solutions were prepared simultaneously and subjected to UV-vis.
The vesicle suspension without Rho-DOPE was used as a blank for the three suspensions
with Rho-DOPE. DOPC vesicles with 1.8% Rho-DOPE were prepared by sonication in
phosphate buffer or a 1 M NaCl solution prepared in phosphate buffer. To minimize
possible differences, both 1.8% Rho-DOPE vesicle suspensions were prepared and
sonicated at the same time (in different vials in the cuphorn ultrasonicator) and blanked
against their respective suspending solutions. Baseline adjustments were carried out as
needed. In the case of the 0.3, 0.6, and 1.2% Rho-DOPE vesicles, the use of an unlabeled
vesicle suspension as a blank minimized signal in the spectra from scattering. In the case
of the 1.8% Rho-DOPE, vesicle scattering was addressed by modeling the scattering with
an exponential equation and subtracting this from the spectra.
Because scattering due to the vesicles complicates the interpretation of absorption
spectra in the spectra region where NBD absorbs, DOPC vesicles doped with 1, 2, and
5% NBD-DOPE were prepared by freeze/thaw/extrusion so the scattering effects were
more uniform which allowed the spectra to be more easily compared. Additionally,
unlabeled DOPC vesicles were simultaneously prepared and used as a baseline of the
scattering for NBD-DOPE work. These vesicle suspensions were prepared at a
concentration of 2 mg/mL of lipid in phosphate buffer. UV-vis instrument was blanked
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against phosphate buffer. Additional data manipulations included baseline adjustments
of the absorption spectra.
A 1 to 10 dilution of the labeled vesicle solutions was used to collect NBD-DOPE
emission spectra to determine if a J-type aggregate of the probes was present. The
fluorimeter settings for this experiment are in section 3.2.7.
3.2.14 Plane Polarized Total Internal Reflection Fluorescence (TIRF) on Rho
Labeled Lipids in PSLBs
TIRF was used to determine the orientation of Rho-DOPE and Rho-DHPE in PSLBs
under phosphate buffer using the TIRF system described previously.184 Data analysis to
determine the average tilt angle of the Rho chromophore was adapted from previous
studies in which ATR spectroscopy was used.174 A solution of 6 µM neutral dextran
labeled with rhodamine and dissolved in phosphate buffer was used as a randomly
oriented sample to normalize the interfacial electric field intensities.
Sampled PSLBs were a gel phase DPPC PSLB prepared by VF above the Tm
which was then allowed to cool to room temperature, a VF DOPC PSLB doped with
0.60% Rho-DOPE, and LB-LS DOPC PSLBs with the upper leaflet labeled with 0.60%
Rho-DOPE and produced at 30, 35, and 40 mN/m surface pressure. The DPPC PSLB
was labeled with 0.58% of Rho-DHPE.
3.3 Results and Discussion
A number of lipid geometries were investigated to understand the nature of the
multiple populations of diffusing probes. These investigations were initially carried out
with FRAP to gain an understanding of the conditions for which the multiple populations
were observed. The determination was made that multiple populations existed in
monolayer systems, systems with only one leaflet labeled, and systems that had no
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supporting substrate (see Chapter 2). Spectroscopic investigations, using UV-vis and
fluorimetry, were carried out on lipid vesicles to determine if spectroscopically distinct
probe aggregates were present. Once the presence of aggregates was determined
spectroscopically, FRAP experiments on PSLMs, with different doping concentrations of
Rho-DOPE and NBD-DOPE, were carried out and demonstrated a correlation between
the spectroscopic data and the distribution of the populations in the FRAP data.
Additional information on the structure of the aggregates was acquired by carrying out
FRAP experiments on asymmetric PSLBs, with only the upper leaflet labeled, prepared
by LB-LS at different packing conditions and using plane polarized TIRF on PSLBs
doped with Rho labeled lipids.
3.3.1 FRAP Results and Comparison of VF PSLBs Doped with Rho vs NBD Labeled
Lipids
A systematic deficiency in the use of a single exponentially recovering population
equation to model FRAP data from PSLBs in the Saavedra Lab led to the proposal of two
populations of probes diffusing at different rates.69,74 Analyzing the FRAP data with two
exponentially recovering populations resulted in one population of probes diffusing an
order of magnitude faster than the other and this faster population was the majority
population.69,74 The proposed explanation was the two populations arose from
interactions of the leaflets of the PSLB with different environments; the probes in the
lower leaflet diffuse slower due to leaflet-substrate interactions.75,163 Because the probes
previously used were Rho-DHPE and Rho-DOPE, which have a charge of -1, the lack of
a 50/50 distribution of the populations and the majority population was the fast diffusing
population was attributed to columbic repulsion between the charged probes and the
negatively charged glass.75,163 FRAP data, fits, and residuals that support this explanation
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from a VF DOPC PSLB doped with 0.6% Rho-DOPE under phosphate buffer are shown
in Figure 3.1 and the extracted values are listed in Table 3.1.
This behavior was not unique to VF PSLBs composed of DOPC labeled with
Rho-DOPE.69,74,75,163 In addition to previous work in the Saavedra Lab, further FRAP
studies on the Gen 1 system were undertaken to understand if there were trends in the
multiple population FRAP results as a function of PSLB composition when Rho-DOPE
was used; see Appendix A. In all cases examined, in Appendix A, the faster diffusing
population was the majority population.
This distribution asymmetry was initially attributed to the negative charge of the
probe, with Rho-DOPE presumably being preferentially distributed into the upper leaflet
away from the negatively charged glass.75 This explanation fit with studies that found the
majority of negatively charged fluorescent probes reside in the upper leaflet of PSLBs
prepared on glass,177,185 though this is not without contention.179 To test this explanation,
fluid phase VF PSLBs labeled with fluorescent probes other than Rho-DOPE were
subjected to FRAP. Selected probes where Rho-DHPE, NBD-DOPE, and PC-NBD.
Rho-DHPE was selected to examine the effects of altering the tails of the probe but
keeping the same fluorophore and linking chemistry. Fluid phase DPPC was used as a
matrix for Rho-DHPE which allowed for examining if there was a relationship between
matching the tails of the probe and the matrix lipid. NBD-DOPE has the same charge
and lipid tails but a different fluorophore and linking chemistry, allowing for a
comparison of the fluorophore. PC-NBD was selected on the basis of having a neutral
charge and being the most structurally similar probe to Rho-DOPE available, allowing a
test for the effect of charge. The concentration of dyes used were 0.60% Rho-DOPE,
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0.58% Rho-DHPE, 2% NBD-DOPE, and 5% PC-NBD; the mole fraction of the NBD
probes was higher due to the inferior fluorescent properties of NBD. With the exception
of Rho-DHPE, all experiments were carried out in VF DOPC PSLBs. HEPES with high
concentrations of salt is a commonly used buffer preparation for several phospholipid
membrane experiments and some studies using DOPC VF PSLBs were performed using
HEPES buffer. The representative data, fits, and residuals are shown in Figure 3.2 with
the extracted two population FRAP results listed in Table 3.2.
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Figure 3.1 FRAP recovery curve from a VF DOPC fit to one and two exponentially
recovering equations and resultant residuals. A) Representative FRAP recovery curve
and fits from a VF DOPC PSLB doped with 0.60% Rho-DOPC under phosphate buffer.
B) Resultant residuals from fits vs recovery curve.
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Figure 3.2 Representative FRAP curves, fits, and residuals from VF PSLBs doped with various lipid probes: A) Rho-DHPE in a VF
DPPC PSLB under phosphate buffer, C) Rho-DOPE in a VF DOPC PSLB under HEPES buffer, E) NBD-DOPE in a VF DOPC PSLB
under phosphate buffer, G) PC-NBD in a VF DOPC PSLB under HEPES buffer. Resultant residuals are B), D), F) and H)
respectively. Gap in the Rho-DHPE data is due to the removal of frames that were unusable.
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Table 3.1 Single vs Double Exponential FRAP Values from VF DOPC PSLBs Doped with 0.60% Rho-DOPE.A
Exponential
Model
Single
Double

DAverage
(µm2/s)
2.2±0.44
3.6±0.62

Recovery (%)

Adjusted R2

96.6±0.92
98.0±0.87

0.915±0.0080
0.989±0.0041

D1
(µm2/s)
5.1±0.71

D2
(µm2/s)
0.6±0.11

B1 (%)

B2 (%)

66±4.1

31±4.0

A Results are the average of 6 FRAP experiment carried out on 2 PSLBs.

Table 3.2 Comparison FRAP Values from VF PSLBs Containing Different Probes.
Exponential
DAverage
Recovery
Probe
Matrix
Adjusted R2
Model
(µm2/s)
(%)
97.7±
0.58% DPPC under
Single
5.7±0.49
0.90±0.024
0.94
Rhophosphate
DHPEA
buffer
Double
10±1.6
98±1.0
0.96±0.010
95.7±
Single
1.6±0.22
0.90±0.015
0.60% DOPC under
0.37
RhoHEPES
97.1±
DOPEB
buffer
Double
2.7±0.62
0.989±0.0028
0.50
Single
1.3±0.29
90±2.1
0.9985±0.00049
2%
DOPC under
NBDphosphate
0.99990±
Double
2.5±0.18
93±1.6
DOPEC
buffer
0.000020
0.87±
Single
89±3.8
0.94±0.016
DOPC under
0.095
5% PCHEPES
NBDD
0.9991±
buffer
Double
2.8±0.15
93±1.5
0.00037
A n=4
B n=3
C n=12 across 4 PSLBs, n=3 per PSLB
D n=4
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D1
(µm2/s)

D2
(µm2/s)

B1
(%)

B2
(%)

-

-

-

-

16±3.3

2.0±0.51

61±6.1

38±5.1

-

-

-

-

67±4.5

30±4.1

-

-

-

0.39±
0.075
-

6±1.3

0.8±0.15

31±6.5

62±6.7

-

-

-

-

8.0±
0.55

0.5±0.10

29±1.8

64±2.2

4±1.0

The apparent presence of two populations of probes appears in all phospholipid
matrices and buffer preparations doped with Rho labeled probes considered in Tables 3.1
and 3.2; there is no trend in population distributions as a function of the phospholipid
matrix. Rho-DHPE also appears to have very similar behavior to Rho-DOPE; the
population distributions of the probes are similar as is the ratio of the diffusion coefficient
of the fast vs. the slow population. In the case of different buffer preparations, when
comparing Tables 3.1 and 3.2 for DOPC VF PSLBs doped with Rho-DOPE, the apparent
presence of two populations and population distributions is not affected, but the slow
diffusing population is slower in the HEPES buffer case. NBD labeled probes had
inverted population distributions compared to Rho-DOPE; the slow diffusing population
was the majority population.
Based on the results in Tables 3.1 and 3.2, several conclusions can be made about
the nature of these two populations. A similar behavior was observed with NBD probes
and Rho probes; two apparent diffusing populations with a fast population roughly an
order of magnitude faster than the slow population. When considering the FRAP data
from NBD labeled probes, the explanation that the distribution of populations is due to
charge fails. NBD-DOPE has the same lipid portion and charge (-1) as Rho-DOPE, yet a
radically different population distribution was observed, the slow diffusing population is
now the majority population. If the population distributions were due to the charge of the
probe and its repulsion from the negatively charged glass the population distribution of
NBD-DOPE should be similar to that observed for Rho-DOPE. Furthermore,
zwitterionic PC-NBD should have an approximately equal population distribution.
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3.3.2 FRAP Results from VF PSLMs
A previous report on the diffusion of lipid probes utilizing FRAP noted the
presence of two different diffusing populations of probes in PSLBs prepared on glass
substrates, but only when prepared by VF, as opposed to LB-LS. 163 Therefore, the
influence of substrate and which leaflet was labeled with respect to a supporting substrate
on lipid films produced by VF was evaluated by FRAP.
VF PSLMs consisting of DOPC doped with either 0.60% Rho-DOPE or 2%
NBD-DOPE were prepared on cyano-modified glass to examine a lipid film analogous to
a VF PSLB with only the upper leaflet labeled, and to allow for a comparison of the
different behaviors of the probes. Previous reports have demonstrated that cyanomodified glass can be used as a substrate in the production of PSLMs85,97,99
Representative data, fits, and residuals as well as extracted FRAP values are shown in
Figure 3.3 and listed in Table 3.3. Additionally, data collected on the Gen 1 system were
used to determine if results for Rho-DOPE were unique to a DOPC PSLM prepared on
cyano-modified glass. These data came from FRAP experiments on VF DOPC and
DPhPC PSLMs doped with Rho-DOPE prepared on perfluoro- and cyano-modified glass,
extracted FRAP values are listed in Table 3.4. The discussion of these results, the results
from the following section, and the results from BLM experiments in Chapter 2 is in
section 3.3.4 where the results from all three lipid film geometries are considered
together.
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Table 3.3 FRAP Values for Rho-DOPE and NBD-DOPE VF DOPC PSLMs on Cyano-Modified Glass.
Exponential
DAverage
Recovery
Probe
Adjusted R2
D1 (µm2/s) D2 (µm2/s)
Model
(µm2/s)
(%)
0.60%
Single
0.92±0.087
96.8±0.94
0.889±0.0065
RhoDouble
1.2±0.12
98.7±0.46
0.982±0.0058
2.0±0.19
0.20±0.025
DOPEA
2%
Single
2.2±0.15
93.6±0.87
0.931±0.0064
NBDDouble
3.5±0.44
95.5±0.87
0.989±0.0018
5.0±0.60
0.63±0.076
DOPEB

B1 (%)

B2 (%)

-

-

71±2.1

28±2.0

-

-

63±2.9

32±2.5

A n=9 from 2 VF PSLMs
B n=11 from 2 VF PSLMs

Table 3.4 Data from FRAP of VF PSLMs Prepared on Hydrophobic Substrates (Measured using Gen 1 System).
PSLMs
Exponential
DAverage
Recovery
D1
D2
Lipid
Substrate
(n per
Adjusted R2
Model
(µm2/s)
(%)
(µm2/s)
(µm2/s)
PSLM)
Single
0.6±0.12
94±5.4
0.89±0.035
4
Perfluoro
0.24±
(4,4,3,3)
Double
1.5±0.28
97±4.2
0.94±0.036
2.0±0.38
0.050
DPhPCA
Single
0.4±0.12
94±4.3
0.91±0.025
4
Cyano
0.16±
(3,3,2,1)
Double
1±0.22
98±3.1
0.96±0.016
1.3±0.30
0.049
Single
1.4±0.22
93±1.2
0.92±0.011
Perfluoro
1 (4)
3.2±
96.1±
0.971±
0.5±
Double
4.2±0.70
0.43
0.64
0.0098
0.12
DOPCB
1.13±
0.915±
Single
97±2.7
0.057
0.0079
Cyano
1 (4)
2.6±
0.953±
0.47±
Double
99±2.2
3.5±0.20
0.11
0.0053
0.058
A Doped with 0.65% Rho-DOPE
B Doped with 0.60% Rho-DOPE
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B1
(%)

B2
(%)

67±
4.6
66±
6.5
71±
5.2

30±
3.6
32±
5.0
25±
5.3

-

-

69±
6.2

30±
4.2

3.3.3 FRAP Results from VF PSLBs Doped with NBD Labeled Lipids with the
Upper Leaflet Chemically Bleached
In addition to FRAP experiments on VF PSLMs, FRAP on a VF PSLB with only
the lower leaflet labeled was carried out using NBD labeled lipids. NBD labeled probes
can be reduced to a nonfluorescent state by reaction with dithionite.186 This reaction can
be used to prepare asymmetrically labeled bilayers, though in the case of both vesicles
and supported lipid bilayers, it has been shown that the inner/lower leaflet of the bilayer
will slowly be bleached by the penetration of dithionite across the hydrophobic
core.186,187 This bleaching process occurs for both headgroup and tail NBD labeled
probes, as the fluorescent moiety is not buried in the hydrophobic core, but locates near
the glycerol backbone in fluid phase membranes and is thus solvent accessible.175 Thus,
to produce VF PSLBs with just the lower leaflet labeled for FRAP experiments, a
strategy of chemically bleaching the upper leaflets of VF DOPC PSLBs doped with either
2% NBD-DOPE or 5% PC-NBD with sodium dithionite was utilized.
To determine if the dithionite would preferentially bleach the NBD labeled probes
in the upper leaflet of VF DOPC PSLBs, dithionite bleaching experiments were carried
out on DOPC LUVs, labeled with either 2% NBD-DOPE or 5% PC-NBD. It was
assumed that the bleaching of the outer leaflet of a LUV by dithionite proceeded similarly
to that of the upper leaflet of a VF PSLB. The resulting fluorescence decay curve from
the dithionite spike was fit to three decaying exponentials, one for photobleaching by the
fluorimeter, one for the bleaching of the outer leaflet of the LUVs by dithionite, and one
for the bleaching of the inner leaflet by dithionite. The choice to model the reaction
kinetics as decaying exponentials was based on the assumption that the bleaching of each
leaflet would proceed as a pseudo first order rate law. The period of observation of the
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vesicles prior to the dithionite spike was fit to a single decaying exponential and used to
determine the rate constant for photobleaching; a representative fluorescence time trace
for the NBD-DOPE case is shown in Figure 3.4.
Normalized amplitudes for the two rate constants associated with the bleaching of
NBD-DOPE in each leaflet by dithionite were calculated (n=4) and are listed in Table
3.5. The calculated surface area of the inner and outer leaflets, based on DLS
measurements of the hydrodynamic radius of the LUVs, 149 nm, and a bilayer thickness
of 5.5 nm, are listed as well.188 Assuming an equal distribution of probes between the
leaflets, the normalized population of probes in each leaflet was calculated based on these
surface area values; see Table 3.5. The similar normalized values obtained from the
calculations based on surface area and extracted amplitudes suggest that the faster
bleaching amplitude corresponds to the outer leaflet probe population and the slower
amplitude to the inner leaflet probe population, and that there is a sufficient difference in
the rate constants such that bleaching of the outer leaflet can be temporarily distinguished
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Figure 3.4 Bleaching of NBD-DOPE in DOPC LUVs by dithionite. A) Fluorescence
emission from DOPC vesicles labeled with 2% NBD-DOPE before and after dithionite
spike at 190s. B) Data after the addition of the sodium dithionite spike and subsequent fit
to an equation with three exponentially decaying populations.
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Table 3.5 Values from the Bleaching of DOPC LUVs with 2% NBD-DOPE by
Dithionite.
Calculated
vesicle outer
leaflet surface
area (nm2)
69746.5
Calculated
vesicle inner
leaflet surface
area (nm2)
59828.5

Normalized
population of the
outer surface area
(%)
53.8
Normalized
population of the
inner surface area
(%)
46.2

Normalized Extracted
Amplitude of the fast Extracted Fast Rate
reacting population
constant (s-1)
(%)
51.2±0.84
0.016±0.0014
Normalized Extracted
Amplitude of the
Extracted Slow Rate
slow reacting
constant (s-1)
population (%)
48.8±0.84
6±1 x 10-4

Extracted rate constants for the bleaching of the inner and outer leaflets of DOPC
LUVs were assumed to be good estimates for the rate of bleaching of the upper and lower
leaflets of VF DOPC PSLBs doped with NBD-DOPE by dithionite. Rate constants were
used to calculate the time required to bleach 99% of the upper leaflet, 270 s, at which
time it was calculated 44% of the original fluorescence would remain, assuming an equal
distribution of NBD-DOPE across both leaflets. This calculated value was found to be in
agreement with the value obtained when comparing the background subtracted
epifluorescent signals PSLBs before and after dithionite treatment, which was 42±12%
(n=4). These dithionite treated PSLBs were used in the NBD-DOPE FRAP experiments
discussed below; see Figure 3.5 for representative FRAP data, fits, and residuals and
Table 3.6 for extracted FRAP values. Prior to dithionite treatment, the same PSLBs were
used to generate FRAP results presented in Table 3.2.
The assumption of an equal distribution of NBD-DOPE across both leaflets was
tested in a manner similar to that described for LUVs doped with NBD-DOPE using VF
DOPC PSLBs doped with 2% NBD-DOPE. The PSLBs were treated with a 40 mM
sodium dithionite solution; the epifluorescent signal during bleaching was monitored and
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fit to three exponentially decaying populations. When considering the extracted
amplitudes of the two populations assigned to the reaction of NBD-DOPE with
dithionite, it was found that the population amplitude of the fast reacting probe, assumed
to be in the upper leaflet, was 54±4.2% (n=3), validating the equal distribution of
fluorescent probes between the two leaflets. The assumption was made that due to the
charge of the NBD-DOPE probe, the bilayer asymmetry would remain sufficiently intact
over the course of the FRAP measurements that followed the treatment with dithionite
and the reintroduction of phosphate buffer, as has been done by others to examine the
lower leaflet.92,183
In the case of PC-NBD, observing the fluorescence loss of labeled vesicles
following a dithionite spike also demonstrated the feasibility of temporally resolving the
bleaching the outer leaflet with dithionite. According to the DLS results, the diameter of
the vesicles used for this work was 146 nm which predicted a normalized outer leaflet
population of 54% of the PC-NBD probe. Normalized extracted amplitudes resulted in a
fast bleaching population of 55±4.2% (n=2) in agreement with the predicted outer leaflet
population.
Due to concerns about the zwitterionic nature of PC-NBD leading to increased
lipid flip-flop, the dithionite solution was left in the cell while FRAP measurements, on
what was presumed to be the lower unbleached leaflet of the PSLB, were made.163,183
See Figure 3.5 for representative FRAP data, fits, and residuals and Table 3.6 for
extracted FRAP values from these experiments. To assess if the majority of the upper
leaflet had been bleached and remained bleached during FRAP, the signal decay of the
reference ROI from the FRAP experiment was fit to equations containing one, two, and
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three decaying exponentials. In all cases, it was found that: a) there were only two
exponentially decaying populations corresponding to the photobleaching of NBD and the
slow bleaching of the lower leaflet by dithionite, or b) that if there were three, the third
population, which presumably was due to the bleaching of probes in the upper leaflet, had
a negligible amplitude. See Figure 3.6 for examples of the fitting of the decay curve of
the signal from the reference ROI to validate that PC-NBD signal loss came from two
sources.
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Figure 3.5 Representative recovery curves and fits for VF DOPC PSLBs treated with dithionite to bleach the upper leaflet of
the PSLB: A) 2% NBD-DOPE, C) 5% PC-NBD. Resultant residuals are B) and D) respectively.
Table 3.6 FRAP Values from VF DOPC PSLBs Labeled with NBD Probes Treated with Sodium Dithionite.
Probe
2%
NBDDOPE
5%
PCNBD

Exponential
Model
Single
Double

PSLBs
(n per
PSLB)
4
(2,3,3,3)

Single
Double

1 (3)

DAverage (µm2/s)

Recovery
(%)

Adjusted R2

D1
(µm2/s)

D2
(µm2/s)

B1 (%)

B2 (%)

1.3±0.24

87±2.8

0.965±0.0094

-

-

-

-

1.9±0.31

91±3.3

0.993±0.0031

3.6±0.78

0.6±0.10

43±12

48±9.5

1.06±0.094

86.8±0.48

0.976±0.0075

-

-

-

-

33±2.1

58±2.2

1.6±0.22

91.0±0.28 0.9971±0.00067 3.5±0.45 0.58±0.061
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Residuals
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Figure 3.6 Bleaching of the reference region of a PC-NBD labeled VF DOPC PSLB under a dithionite solution during FRAP
on the lower leaflet. A) Background subtracted signal from a square reference ROI of a FRAP experiment on a VF DOPC
PSLB labeled with 5% PC-NBD; no weighting profile was applied to this ROI. This experiment was carried out while the
PSLB was under the dithionite solution that had bleached out the probes in the upper leaflet. Data is displayed as a function of
time the film was exposed to the lamp. Residuals are from optimized fits that contained one, two, or three exponentially
decaying terms, B), C), and D) respectively. The resultant adjusted R2 values were as follows 0.999452, 0.999631, and
0.999612, demonstrating a slight preference for the two exponentially decaying fit. The third population of the three
population case is 5% of the total population; thus, even if there were unbleached probes in the upper leaflet, this population
can be understood to be minimal. Lower adjusted R2 values could be obtained for the three population case by either setting
one of the populations to 0, effectively creating a two population case, or by assuming a significant background value, >100
counts of signal. This last case was considered as unreasonable as the background of the system had previously been measured
and subtracted prior to fitting.
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3.3.4 Discussion of FRAP Results from VF PSLMs, VF PSLBs with the Upper
Leaflets Chemically Bleached, and BLM Results from Chapter 2
Considering the results of the FRAP experiments on BLMs, VF PSLMs, and VF
PSLBs with only the lower leaflet labeled, a number of observations can be made. The
various lipid film geometries tested indicate that the presence of a substrate and/or the
leaflet labeled with respect to the supporting substrate do not impact the apparent
presence of two diffusing populations of the probe. When considering the different VF
lipid films and the BLMs prepared, it appears that the same phenomenon that gives rise to
two diffusing populations is present in both leaflets of VF PSLBs. FRAP results from
BLMs demonstrate that the presence of multiple apparent diffusing populations is not
limited to lipid films prepared by VF. For both Rho-DOPE and NBD-DOPE probes,
when comparing results from the different lipid film geometries, it is clear that the
geometry plays a role in the observed amplitudes of the slow and fast diffusing
populations. These results require the consideration of phenomena not related to the
presence of a substrate, and present in only a single leaflet, as the cause of these multiple
diffusing populations. Going forward, FRAP results will be displayed in terms of
multiple diffusing populations and single exponential model results will not be shown
unless called for.
3.3.5 Identification of Aggregates via UV-vis and Correlation to FRAP Data from
VF PSLMs Doped with Various Concentrations of Lipid Probes
The finding that two diffusing populations of probes could exist in a single leaflet
required the consideration of molecular level explanations that did not involve the
presence of a substrate. Aggregation of highly conjugated chromophores is a well-known
phenomenon.189 Examples of cyanine fluorophores and NBD labeled cholesterol
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incorporated into phospholipid membranes forming aggregates are present in the
literature, though there were no reports for the probes used in this study or structurally
similar ones.176,190–193 The free volume theory for lipid probe diffusion supports that
large decreases in diffusion coefficients can occur due to relatively small increases in the
size of the diffusing object.144 This theory presents a possible explanation that aggregates
as small as dimers could have much slower diffusion coefficients relative to
monomers.144 This coupled with previous reports of Rho, in aqueous solutions, and
NBD-cholesterol, in phospholipid bilayers, forming aggregates led to investigation if the
probes used here were forming aggregates in phospholipid membranes, and if the
presence of the aggregates was linked to the multiple populations observed in the FRAP
data.192,194
Chromophores that aggregate through pi stacking mechanisms form, though not
exclusively, H- or J-type aggregates which have unique spectroscopic features.189 UVvis spectra collected of DOPC vesicles doped with different mole fractions of Rho-DOPE
are shown in Figure 3.7. The growth of the absorption band at 535 nm relative to the
main band at 575 nm indicates the formation of a H-type aggregate in good agreement
with the published spectra of the H-type aggregate of Rho dye in aqueous solutions.194 It
is worth noting that at 0.6% Rho-DOPE Figure 3.7 shows that aggregation is already
present. Interestingly, aggregate formation of the dye in aqueous solutions is enhanced
by increased ionic strength, whereas the opposite is observed in Figure 3.7.194 It is likely
that the aggregate is still present in this 1 M NaCl case. While the molar absorptivities of
the aggregate and the monomer are not known in these different systems, Gal et al.
reported molar absorptivity values for the monomer and the aggregate of Rho in aqueous
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solutions and showed that the molar absorptivity of the monomer at the dimer peak (535
nm) is 30% relative to that at the main monomer peak (575 nm).194 Given that the
normalized intensity of the peak/shoulder at 535 nm in 1 M NaCl is >30%, there is likely
some population of aggregates in this solution.
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Figure 3.7 Normalized absorbance spectra of 0.5 mg/mL of DOPC vesicles prepared by
sonication in 10 mM phosphate buffer with different mole fractions of Rho-DOPE. The
0.3, 0.6, and 1.2% spectra were collected by blanking against a solution of sonicated
DOPC vesicles and carrying out baseline adjustment prior to normalization. The 1.8%
spectra were collected by preparing 0.5 mg/mL of DOPC vesicles by sonication in 10
mM phosphate buffer and 1 M NaCl 10 mM phosphate buffer. These vesicle solutions
were blanked against their respective buffers. To address scattering in the 1.8% RhoDOPE spectra, the spectra were subtracted by an exponential equation that modeled the
scattering in each spectrum. These equations were generated by fitting an exponentially
decaying equation to the regions of each spectrum that did not contain absorbance due to
Rho-DOPE.

The UV-vis spectra of DOPC vesicles labeled with NBD-DOPE are shown in
Figure 3.8. There are two major absorbance bands in the spectra, centered at 335 nm and
475 nm, corresponding to the * transition and a charge transfer between the amine
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and the nitro group respectively, though both can be excited to produce similar emission
spectra.195 An asymmetry in the growth of the charge transfer band is observed as the
mole fraction of the dye is increased, possibly indicating aggregate formation involving
the nitro and/or amine functional groups. A change in the absorbance spectra for the
charge transfer band implies that these functional groups may have undergone some
change in their local environment; no reports in the literature were identified for such an
aggregate of NBD labeled probes, though these functional groups are involved in
hydrogen bonding, including to other lipids.168,196,197 While more difficult to assess due
to scattering, the * band does not appear to show the development of asymmetry.
Fluorescence spectra of the vesicles do not suggest the formation of the previously
reported J-type aggregate; see Figure 3.9.192
To directly test if aggregation was responsible for the two apparent diffusing
subpopulations VF DOPC PSLMs with varying mole fractions of Rho-DOPE and NBDDOPE were prepared on cyano-modified glass and subjected to FRAP. To ensure the
quality of the results multiple PSLMs were prepared for each condition. PSLMs, as
opposed to a PSLBs, were used based on noted discrepancies between FRAP values from
VF DOPC PSLBs doped with 2% NBD-DOPE before and after treatment with dithionite,
this is further discussed in Chapter 4. Rho-DOPE and NBD-DOPE were selected as the
probes to be used based on structural similarities making results between the two probes
more comparable. Results from double exponential fits of the FRAP curves from the
DOPC PSLMs are listed in Table 3.7. Results indicate a correlation between increasing
the mole fraction of probe and a shift in the population amplitudes with an increase in the
slow population and the decrease in the fast population.
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Figure 3.8 UV-vis spectra of DOPC vesicles doped with NBD-DOPE as a function of doping
concentration. A) UV-Vis absorption spectra of 2.0 mg/mL of DOPC vesicles labeled with
NBD-DOPE in 10 mM phosphate buffer. Absorption spectra are from labeled vesicles after
subtracting the signal from the unlabeled vesicles and adjusting the baseline. B) Raw UV-Vis
absorption spectra of DOPC vesicles labeled with NBD-DOPE and the unlabeled vesicles. The
discontinuity at 380 nm is due to the lamp change.
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Figure 3.9 Normalized emission spectra of DOPC vesicles labeled with varying mole fractions of NBD-DOPE. Settings: excitation at
488 nm, integration 0.5 s, excitation and emission slits 1 nm. The vesicle solutions that were used for this measurement were a 1 to 10
dilution of the vesicles solutions used for the absorption measurements made in Figure 3.8. In the case of the J-type aggregate of
NBD-cholesterol, a clear red shift of several nm is observed, but a shift was not observed here.192
Table 3.7 FRAP Values for PSLMs as a Function of Probe Mole Fraction.
Condition (Mole
Fraction RhoDOPE)
1.8%
1.2%
0.60%
0.15%
Condition (Mole
Fraction NBDDOPE)
5%
2%
1%

D1 (µm2/s)

D2 (µm2/s)

B1 (%)

B2 (%)

DAverage
(µm2/s)

Recovery (%)

PSLM (n per
PSLM)

2.1±0.29
2.1±0.32
2.0±0.19
2.1±0.32

0.32±0.063
0.28±0.066
0.20±0.025
0.18±0.032

61±4.0
65±3.8
71±2.1
70±2.5

42±4.4
35±3.7
28±2.0
26±2.5

1.3±0.14
1.5±0.17
1.5±0.15
1.6±0.24

103±1.4
100±2.5
98.7±0.46
96±1.4

3 (7,5,5)
2 (7,4)
2 (5,4)
2 (6,4)

D1 (µm2/s)

D2 (µm2/s)

B1 (%)

B2 (%)

DAverage
(µm2/s)

Recovery (%)

PSLM (n per
PSLM)

4.0±0.37
5.0±0.60
4.8±0.60

0.57±0.064
0.63±0.076
0.59±0.097

59±2.3
63±2.9
65±2.4

37±2.8
32±2.5
30±1.7

2.7±0.26
3.5±0.34
3.5±0.41

96±1.1
95.5±0.87
94±1.8

3 (6,5,5)
2 (6,5)
2 (5,4)
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The spectra in Figure 3.7 clearly demonstrate the formation of a H-type aggregate
of Rho-DOPE.194 The increase in aggregation observed in Figure 3.7 correlates with the
increase in the slow population amplitude and a corresponding decrease in the fast
population amplitude in the FRAP data shown in Table 3.7. To be clear, when
considering FRAP results for Rho-DOPE, without knowledge of the quantum yield of the
aggregates vs. the monomers these population distributions are only apparent. In the case
of Rho-DOPE, H-type aggregates typically have a weaker quantum yield than monomers,
thus the slow population amplitude is likely an underestimation the total probe population
that is aggregated.189 However, the relevant correlation is not the difference between the
fast and the slow population amplitudes as a function of Rho-DOPE, but the trend of
increasing slow population amplitude and decreasing fast population amplitude as a
function of increasing Rho-DOPE. When the slow population amplitudes for the 0.15%
and 1.8% Rho-DOPE conditions in Table 3.7 are compared using the Student’s t-test they
are statistically significantly different at the 99.9% confidence level, the same results are
observed for the fast population amplitudes as well. Thus, these trends in the change in
the population amplitudes can be considered “real” and correlate with the UV-vis spectra
in Figure 3.7.
Based on the results in Table 3.7 for Rho-DOPE doped PSLMs, the diffusion
coefficients of the fast populations do not change as a function of probe concentration,
indicating the same species is likely being measured. Furthermore, a simultaneous study
was carried out using the same materials and protocols, but SMT instead of FRAP was
used to measure diffusion of Rho-DOPE in DPhPC BLMs. A diffusion coefficient of
21±4 µm2/s was measured, in good agreement with fast population diffusion coefficient
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of 24±3.8 µm2/s from FRAP of DPhPC BLMs.198 Considering these three pieces of
information about Rho-DOPE in lipid films: the correlation of spectroscopic evidence of
aggregate formation to FRAP population distributions, that the fast diffusion coefficient
not changing, and a matching of the fast diffusion coefficient of Rho-DOPE measured in
a DPhPC BLM to the diffusion coefficient in a similar BLM measured by SMT (where
the concentration is several orders of magnitude less than used in FRAP and aggregates
would not be expected) it is possible to propose assignments to the populations observed
in FRAP data from PSLMs and BLMs doped with Rho-DOPE. The fast diffusing
population is the monomer population and the diffusion coefficient of this population can
be assigned to the Rho-DOPE monomer. The slow diffusing population is due to the
presence of the Rho-DOPE aggregate, though it is not clear if this is a direct
measurement of the aggregate itself.
Previous reports have examined increasing the concentration of Rho labeled lipid
probes in various vesicle compositions to determine if H-type aggregates are formed and
have not noted this behavior.176,193 Both of these reports used buffers with high ionic
strengths (150 mM NaCl). When considering the Rho-DOPE absorption spectra as a
function of mole fraction in phosphate buffer and the results from vesicles in the 1 M
NaCl phosphate buffer, it is possible to understand how the aggregation may not have
previously been observed since these data suggest that the presence of large
concentrations of NaCl decreases H-type aggregate formation. Given that Rho labeled
lipid probes, without the presence of other lipids, form H-type aggregates in these high
ionic strength buffers, it is probable that structural changes in the lipid membrane induced
by NaCl are responsible for this decrease in aggregate presence.176
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Considering Figures 3.8 and 3.9, there is no evidence that NBD-DOPE is forming
H- or J-type aggregates. However, given the similarity to trends in Table 3.7 for NBDDOPE and Rho-DOPE, which has behavior that can be reasonably attributed to
aggregation, it seems likely that an equilibrium based aggregate is the cause of the two
populations present in the FRAP data for membranes labeled with NBD probes. The
observed asymmetry in the charge transfer band in Figure 3.8 suggests that aggregation
mechanism for NBD-DOPE may involve the amine and/or nitro groups and not pi
stacking. If this asymmetry is indicative of aggregate formation its appearance correlates
with changes in the slow and fast diffusing population amplitudes in the same manner
described for Rho-DOPE; the slow population amplitudes of the 1% and 5% conditions
are significantly different at the 99.9% confidence level via the Student’s t-test, the fast
population amplitudes are different at the 99.5% confidence level. It appears that the
probes of the aggregate have either the same or a similar quantum yield to the monomer;
if the epifluorescent signal from the VF PSLMs labeled with NBD-DOPE is plotted a
linear trend line of the data, with the intercept set (0,0) produces an R2 of .9934; see
Figure 3.10. This linearity of epifluorescent signal as a function of NBD-DOPE mole
fraction suggests that the probes of a probable aggregate do not have notably altered
quantum yields. This interpretation is further supported by the dithionite bleaching
experiments on VF DOPC PSLBs combined with results discussed in Chapter 4. Briefly,
the slow and fast population amplitudes of the upper and lower leaflets of VF DOPC
PSLBs labeled with 2% NBD-DOPE are different yet dithionite bleaching amplitudes
from VF DOPC PSLBs demonstrate that the fluorescence of each leaflet is equivalent.
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Figure 3.10 Plot and linear trend line of background subtracted epifluorescent data from
VF DOPC PSLMs doped with NBD-DOPE used for the FRAP experiments that
generated the data for Table 3.7. Trend line was set to have an intercept of (0,0). Error
bars are the standard deviation of the individual measurements on the VF PSLMs.
Equation and the R2 of the linear trend line are in the upper left hand corner of plot.
3.3.6 Effect of Lipid Packing on Aggregates
Considering the different lipid film geometries used, it is clear that the apparent
population distributions in FRAP depend on how the lipid film was prepared. To gain
further insight into this dependence, a method to produce lipid films with controlled
properties was needed. Controlling the density of lipid packing is one method. This was
done by controlling the pressure used at deposition to produce PSLBs by LB-LS.
Asymmetric DOPC PSLBs with the upper leaflet labeled with either 0.60% RhoDOPE or 2% NBD-DOPE were produced by LB-LS at different deposition pressures.
Deposition pressures were selected on the basis of Langmuir isotherms of pure DOPC
over a range of pressures before the collapse of the monolayer; a representative isotherm
is shown in Figure 3.11. The results of FRAP experiments on these PSLBs are listed in
Table 3.8. The data in Table 3.8 indicates that monomer to aggregate population
distributions can be altered as a function of lipid packing. Observed trends in the shifts of
population distributions are the opposite for Rho-DOPE and NBD-DOPE. NBD-DOPE
presents an expected trend where apparent aggregation, represented by the amplitude of
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the slow population, increases with increased lipid packing. This can be rationalized as
the constituents of the lipid film seeking to adopt states that minimize the area occupied.
Rho-DOPE presents the opposite trend. Increased lipid packing led to a decrease in the
slow populations, indicating the aggregate population was decreasing. The results in the
case of Rho-DOPE were unexpected. While no previous studies appear to have examined
the formation of aggregates of Rho labeled phospholipids in films produced utilizing a
Langmuir trough to control lipid packing, a number of studies have considered the
rhodamine derivative and lipid analog bis-(N-ethyl,N-octadecyl) rhodamine perchlorate
both in pure and mixed films. This behavior, where the apparent aggregate population is
reduced, is counter what was observed in these studies.199–202 That the Rho-DOPE
aggregate population decreases as the lipid packing increases can be interpreted as the
aggregate requires more available surface area in the membrane than the area occupied
by sum of its individual constituent monomers.
Lipid packing may explain why the ratio of monomer to aggregate shifted in favor
of the monomer in the case of the UV-vis spectra of 1.8% mole fraction Rho-DOPE in 10
mM phosphate buffer vs. 1 M NaCl 10 mM phosphate buffer; see Figure 3.6. It has been
reported that increasing ionic strength leads to a more compact bilayer and a decrease
surface area occupied per lipid.203 This offers an explanation for why the presence of
NaCl decreased the absorbance of the Rho-DOPE aggregate relative to the monomer, the
lipid membrane was more tightly packed. (Attempts were made to experimentally link
the spectroscopic observations to FRAP data by carrying out FRAP on a VF DOPC
PSLM under 1 M NaCl 10 mM phosphate buffer on cyano-modified glass, but it was not
possible to produce a uniform lipid film.)
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Figure 3.11 Representative Langmuir isotherm of pure DOPC. Area per molecule values in Table 3.8 were determined by collecting
three Langmuir compression isotherms on pure DOPC and generating a fit to the compression region prior to collapse using an
exponential equation. Each of the three fit equations were solved at the pressures of interest to determine the area per molecule of
DOPC at these pressures.
Table 3.8 FRAP Results as a Function of Surface Pressure at Deposition for LB-LS PSLBs with the Upper Leaflet Labeled.
Surface
Area per
Pressure at
D1
D2
DAverage
Recovery
Probe
molecule of
B1 (%)
B2 (%)
2/s)
2/s)
2/s)
Deposition
(µm
(µm
(µm
(%)
DOPC(Å2)
(mN/m)
30
72±1.9
4.4±0.61
0.5±0.13
63±5.2
35±4.9
3.0±0.40
98±1.2
NBD35
69±1.6
4.9±0.85
0.7±0.17
57±3.5
39±3.2
3.1±0.47 96.2±0.85
DOPE
40
66±1.5
3.1±0.33 0.47±0.044
49±2.0
45±2.0
1.9±0.20 93.8±0.81
RhoDOPE

30
35
40

72±1.9
69±1.6
66±1.5

2.0±0.29
3.2±0.29
3.6±0.32

0.22±0.040
0.32±0.042
0.22±0.025

.

134

69.4±0.78
74±2.3
77±2.6

29.1±0.82
24±1.9
23±2.5

1.5±0.22
2.5±0.22
2.9±0.17

98.4±0.28
98.4±0.70
99.4±0.89

n=
6
5
3
5
5
6

In light of this observation about lipid packing, interpretations of the FRAP data
from BLMs and PSLBs doped with Rho-DOPE under the high ionic strength HEPES
buffer become more complicated. In the case of the BLMs the large amplitude of the
slow populations, 50% or greater, could possibly be due to the inherent differences
between the BLM and PSLM geometries. When comparing VF DOPC PSLBs under
phosphate buffer vs HEPES buffer the question can be asked why a greater difference is
not observed in the resultant FRAP values. If the UV-vis measurements in Figure 3.6
indicate that the presence of the aggregate should be notably impacted by the higher ionic
strength of the HEPES buffer one would assume that differences in the population
distributions should be apparent. A possible answer to this question was revealed by the
work done in Chapter 4 and is discussed there.
3.3.7 Structural Insights into the Rho-DOPE Aggregate
Because of the unexpected results from LB-LS DOPC PSLBs doped with RhoDOPE prepared at different surface pressures, in addition to a number of available
structural studies on Rho labeled phospholipids and the Rho dye aggregate,171,194,200–202
additional experiments to probe the structure of the Rho-DOPE aggregate were
performed. Plane polarized TIRF of PSLBs doped with Rho-DOPE and Rho-DHPE was
collected to examine changes in the tilt angle of the Rho fluorophore under a number of
conditions. These conditions included DOPC PSLBs prepared by VF and LB-LS at the
previously considered deposition pressures as well as a gel phase DPPC PSLB produce
by VF above the Tm of DPPC and allowed to cool to room temperature. 0.58% RhoDHPE, as opposed to Rho-DOPE, was used in this PSLB to ensure that the probe would
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also be in the gel phase. Results from these experiments were combined with previously
discussed UV-vis and FRAP on LB-LS PSLB results and the literature.
The analyzed data is listed in Table 3.9 and representative experimental data are
shown in Figure 3.12. While the quantum yields of the monomer and the aggregate are
unknown, H-type aggregates are known to have weaker quantum yields than monomers,
so it is assumed that the measured emission comes predominately from the monomer.189
The absorption dipole of Rho is aligned with the long axis of the three fused aromatic
rings; the data shows that the absorption dipole of the fluorophore is predominately in the
plane of the membrane regardless of the packing condition.194 To be clear, an assumption
is being made that the emission dipole, which is actually what is being measured, is
parallel to the absorption dipole.
Table 3.9 Plane Polarized TIRF Results from PSLBs with Doped with Rho Labeled Lipids.

Condition

Fluid
Phase
VF

Matrix/
Probe
Tilt AngleA 75±2.0°
4
n=

Asymmetric
LB-LS @ 30
mN/m

Asymmetric
LB-LS @ 35
mN/m

Asymmetric
LB-LS @ 40
mN/m

DOPC/0.60% Rho-DOPE
72±5.6°
5

82±7.3°
3

A From the surface normal to the membrane plane.
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78±3.8°
3

Gel Phase
VF
DPPC/0.58%
Rho-DHPE
77±6.7°
4

45000

TE Spectra

40000

TM Spectra

35000

Counts

30000
25000
20000
15000
10000
5000
0
560

580
600
620
Wavelength (nm)

640

Figure 3.12 Representative comparison of TIRF emission spectra for TE and TM
polarized 514 nm excitation of a VF DOPC PSLB doped with 0.60% Rho-DOPE.
While this data only provides information about the average tilt angle of the
absorption dipole of the fluorophore, it can be combined with previous structural studies
to provide greater insight into how the monomer may be positioned in the membrane and
the possible structure of the aggregate. The parallax quenching method has previously
been used to determine that the fluorophore of Rho labeled phospholipids sits at the
interface of the hydrophobic core and the polar portion of the membrane.171 This
information, combined with the plane polarized TIRF data, suggests that the fused
aromatic rings of the fluorophore sit predominately in plane with the plane of the
membrane at the interface. While the plane of the fused aromatic rings could be
perpendicular to the plane of the membrane based on the TIRF data, this configuration
would require a radical repositioning of the phosphate and glycerol backbone of the
probe, relative to the other PC lipids of the membrane.171 Computational studies on the
structure and configuration of PE lipids with the headgroup labeled with Texas Red via
lissamine, the same chemistry used for Rho labeled lipids, in PC membranes proposed a
structure where the phosphate and the lissamine linker are bent like a horseshoe, residing
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in the polar portion of the membrane with the fluorescent moiety of the probe at the
polar/hydrophobic core interface or slightly buried in the core.172,173 The structure,
produced by computational modeling, placed the plane of the fused aromatic rings largely
in plane with the membrane.172,173 While Rho and Texas Red are different fluorophores,
the dyes are structurally very similar, both being derivatives of rhodamine, and have been
shown to have similar interactions with phospholipid membranes.204 As such, structural
studies on Texas Red labeled lipids are informative for Rho labeled lipids. The plane
polarized TIRF data and these structural studies suggest a configuration of the monomer
that is also consistent with the structure of the Rho dye H-type aggregate reported by Gal
et al.194
The structure reported by Gal et al. is one where the three fused rings of the Rho
molecule overlap with the carboxyphenyl rings projecting away from each other on
opposite sides of the aggregate.194 The Rho-DOPE monomer, in a configuration with the
fluorophore sitting in the plane of the membrane at the polar/hydrophobic core interface,
would be amenable to a structure where the two fluorophores could overlap producing a
dimer. Gal et al. reported that the dye aggregate was a dimer, and in the case of Rho
labeled lipids the aggregate is also likely a dimer as steric hindrance from the tails would
likely preclude higher order aggregates.194 Based on the plane polarized TIRF data it can
be assumed that chromophore aggregate likely sits relatively flat in the plane of the
membrane similar to the monomer.
In studies using the lipid analog bis-(N-ethyl,N-octadecyl) rhodamine perchlorate,
in thin films, several possible aggregate structures for the rhodamine chromophore have
been reported,199,200 and they are quite different from the H-type aggregate structure
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described by Gal et al.194 However, the structure proposed by Gal et al. appears to be the
most likely structure of the aggregate of the Rho chromophores of Rho-DOPE.194,199,200
The predominate structure proposed by Auweraer et al. does not have an absorption
spectrum similar to that seen in Figure 3.6.199 Slyadneva et al. proposed multiple
structures corresponding to different packing densities of the film, though the structure
corresponding to an absorption spectrum similar to Figure 3.6 is unlikely as the way that
the fused rings of Rho-DOPE would need to overlap would lead to steric hindrance
between the lipid tails.200 Furthermore, this aggregate structure was only achieved under
the tightest packing conditions in a Langmuir trough, counter to what is observed in the
FRAP data from LB-LS PSLBs.200
The plane polarized TIRF data combined with FRAP data from LB-LS PSLBs
offers insights into the structure of the Rho-DOPE aggregate. FRAP results from LB-LS
PSLBs show that the aggregate is less favored at higher packing densities. Based on the
plane polarized TIRF results, it is unlikely that the monomer or the aggregate
chromophores reposition themselves in response to increased lipid packing. This
suggests that the aggregate occupies more area than its constituent monomers; if the
aggregate structure reduced the total area occupied by probes then it would be favored at
higher packing densities where there is less area per lipid. The aggregate structure by Gal
et al. allows for overlap that reduces the area per probe in terms of the chromophore
moiety which raises the question of how the aggregate occupies more area than its
constituent monomers.194 The other moieties of the aggregate must take up more space
than is saved by the overlap of the chromophores. This could be accomplished by a
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splayed configuration where the tails and/or backbone are positioned such that they are
more in plane with the membrane than in the case of the monomer.
The UV-vis data in Figure 3.6 also offer some insight into the possible structure
of the aggregate. When the spectra of the 1.8% Rho-DOPE vesicles in 1 NaCl 10 mM
phosphate and 10 mM phosphate are compared, a bathochromic shift is observed in the
monomer band, from 575 nm to 580 nm, but there is no bathochromic shift in the
aggregate band which appears to remain centered at 535 nm. This suggests that the
fluorophore of the monomer is available to sample the solvent environment of the vesicle
while the aggregate is not.
Summarizing the points discussed above it is possible to begin to conceptualize a
structure of the Rho-DOPE aggregate. Based on the description of the structure of the
Rho dye aggregate in aqueous solutions by Gal et al., and how the Rho moieties of the
monomers were positioned in the membrane, it is likely that the aggregate also sits
predominately in the plane of the membrane. Furthermore, the aggregate is composed of
the Rho moieties of two monomers that overlap in such a way that the lipid moieties of
the two probes are oriented almost 180° away from one another, likely preventing the
formation of any higher order aggregate than a dimer.194 Based on the FRAP results from
LB-LS PSLBs, it is likely that the lipid tails of the aggregate are in a splayed
configuration, taking up more space than monomers. The observed bathochromic shift in
the monomer absorption band, but not the aggregate band, in Figure 3.6, suggests that the
aggregate chromophore likely sits deeper in the membrane, probably buried in the
hydrophobic core, than the chromophore of the monomer which appears to be able to
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sample the aqueous environment adjacent to the membrane. A depiction of what the
structure of this Rho-DOPE aggregate may resemble is shown in Figure 3.13.

Figure 3.13 Representation of the possible structure of the Rho-DOPE aggregate in the
leaflet of a lipid membrane. Overlapping Rho aggregate is based on the structure
depicted in Gal et al.194 Possible structural contributions from the linker and phosphate
are not shown.172,173 The red of the background represents the polar region of the leaflet,
the blue is the hydrophobic core.

3.4 Conclusions
The previous hypothesis was that the two observed diffusing populations of
probes in FRAP data arose from interactions with the different leaflets of a PSLB with
different environments; the faster diffusing population, in the upper leaflet, was the
majority population because of the columbic repulsion between the negatively charged
Rho labeled probes and the glass. This hypothesis was found to be inadequate due to a
combination of the results from FRAP experiments on VF PSLBs using different lipid
probes, which did not follow the behavior predicted by the previous hypothesis, and
results from FRAP experiments on lipid film formats where there was no opportunity for
differentiation between leaflets. This required the consideration of chemical phenomena
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that could produce two populations of diffusing probes in a single leaflet without the
presence of a substrate.
H-type aggregates of Rho-DOPE in DOPC vesicles were identified by UV-vis
spectroscopy. The increasing population of these aggregates as a function of mole
fraction was correlated to changes in the amplitudes of the fast and the slow diffusing
populations of FRAP on VF DOPC PSLMs. While no previously reported aggregate of
NBD was identified, a change in the spectra of the charge transfer band was correlated to
changes in the population amplitudes of FRAP from VF DOPC PSLMs doped with
NBD-DOPE. In the case of Rho-DOPE the fast diffusing species was assigned to the
monomer and the slow diffusing population was assigned to the presence of the
aggregate. Given the similarity of trends in the NBD-DOPE data to the Rho-DOPE data,
in terms of UV-vis spectra and FRAP results from VF DOPC PSLMs, it was assumed
that similar assignments could be made in the case of NBD-DOPE. However, both the
UV-vis spectra and how the aggregate population, as measured by FRAP, changes in
response to lipid packing in the membrane demonstrate that the nature of both probe
aggregates is different.
Through a combination of UV-vis, FRAP data from LB-LS PSLBs prepared at
different deposition pressures, plane polarized TIRF, and reports in the literature several
aspects and probable aspects of the structure of the Rho-DOPE aggregate were
determined. The probe aggregate appears to occupy more surface area than its
constituent monomers and sits in the lipid membrane such that it does not experience the
aqueous environment, likely in the hydrophobic core. The structure of the aggregate is
likely a dimer with the Rho moieties facing head to head with the three fused aromatic
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rings of the Rho moieties overlapping and the tails in a splayed configuration pointing
away from one another.
The identification of this aggregation behavior and its impact on FRAP recovery
curves will require models used to interpret FRAP data to consider the presence of
multiple diffusing populations. Researchers using the FRAP technique in the future
should establish a standard practice of testing if the probe being utilized forms
aggregates; experiments similar to FRAP on VF PSLMs used to generate the results in
Table 3.7 could be used. This study informs the larger community that utilizes these
probes that there are still fundamental aspects of the most commonly used tools which
remain unknown and could hamper or enhance the use of these tools.
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CHAPTER 4: EFFECT OF THE PRESENCE OF A GLASS SUBSTRATE ON
THE DIFFUSIVE PROPERTIES OF A PSLB AS MEASURED BY FRAP
4.1 Introduction
There has been a discussion in the field of artificial phospholipid films as to if
there is a difference in diffusion between the leaflets of a PSLB due to interactions with
the supporting substrate.75,92,163,177,179,182,205–207 Chapter 3 puts forward the identification
of aggregates as an explanation for why multiple diffusing populations of fluorescent
probes are observed in various lipid film geometries by FRAP. However, in the
experimental work described in Chapter 3, FRAP results from VF PSLBs, before and
after the probes in the upper leaflet were chemically bleached, provided evidence for
differences in the diffusive properties between the leaflets. These results suggest that
additional diffusing populations of probes, beyond the monomers and aggregates, exist.
The focus of this chapter is an investigation into this observed differentiation in diffusion
between the leaflets of VF PSLBs.
Several authors have attempted to address if there is a difference in the diffusion
coefficients of probes in the upper and lower leaflets of PSLBs. Zhang et al., in 2005,
examined the diffusive behavior of Rho labeled probes by FCS.179 Three different PSLB
systems were considered, VF PSLBs produced on glass and a polymer supports, and LBLS PSLBs on glass. To examine individual leaflets, potassium iodide was used to quench
the upper leaflet of the bilayer in the VF studies and asymmetrically labeled PSLBs were
prepared though LB-LS. While there was a small shift towards slower diffusion
coefficients in the lower leaflets, this was within the uncertainty of the measurements and
it was ultimately concluded that there was no statistically significant difference.179
Scomparin et al., in 2009, made a similar set of measurements using fluorescent recovery
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after patterned photobleaching, with tail and head NBD labeled probes, looking
specifically at the effects of the preparation method and substrate.163 Two diffusing
populations, different by an order of magnitude, were observed in the case of LB-LS
PSLBs prepared on mica and VF PSLBs prepared on glass. No apparent differences
between the leaflets were observed in the case of LB-LS PSLBs prepared on glass. For
LB-LS PSLBs prepared on mica substrates, the two diffusing populations of probes were
investigated as a function of which leaflet was labeled; it was concluded that the slower
population was due to the interactions of the lower leaflet with the substrate. No
assignment or explanation was offered in the case of the VF PSLBs prepared on glass.163
Hill and Wang, in a 2014 computation modeling report, studied if probes in different
leaflets of a supported bilayer system would diffuse at different rates.206 They concluded
that there were sufficient coupling forces between a supporting substrate and the lower
leaflet that large differences in diffusion coefficients could occur between the leaflets.
However, this coupling was modeled to essentially become non-existent in the presence
of a 1-2 nm water layer between the substrate and the the bilayer.206 There have been a
number of other reports in the literature that did not focus on this subject in their
investigations, but, either directly or indirectly, commented on it.75,92,177,205,207
While all of these studies were different, there are some key conclusions that can
be made. The studies that use FCS report negligible or no difference in the diffusion of
leaflets with symmetric composition.92,179,205,207 Studies utilizing FRAP techniques or
SMT report multiple probe populations diffusing at different rates, which are in some
cases attributed to the different leaflets.75,163,177,182,207 In all studies reporting on LB-LS
PSLBs, little to no difference in the diffusion of the leaflets was noted.163,179,205 Few
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cases that used FCS considered VF PSLBs.92,179 Visco et al.’s work, in 2014, offered an
opportunity for comparing the results from FRAP experiments of VF PSLBs, presented
in this chapter, to similar experiments carried out using FCS, though a mica substrate was
used.92 Visco et al. used VF PSLBs labeled with NBD-DOPE, coupled with a dithionite
bleaching protocol, to monitor diffusion in the lower leaflet; diffusion in the upper leaflet
was monitored using a different color Atto dye labeled probe introduced to the VF PSLB
after bleaching.92 Visco et al. reported that there was no notable difference in the
diffusion in the upper and lower leaflets before proceeding to introducing asymmetry into
the membrane, the focus of the paper. However, this lack of differentiation between the
leaflets was presumably evaluated based on the diffusion coefficients of the Atto probe vs
the NBD probe, a comparison which may not be valid given observations of the
differences in the diffusion coefficients of NBD-DOPE vs. Rho-DOPE seen in Tables 3.3
and 3.7 in Chapter 3. Unfortunately, the combination of not reporting absolute diffusion
coefficients, but relative ones, and using mica substrates makes it difficult to fully
evaluate this paper in terms of the work presented in this chapter.92 A final commonality
between all reports considered here was the assumption that lipid flip-flop did not occur
at rates sufficiently fast to invalidate the experiments; in some cases this was merely
assumed, in other cases it was actively investigated and addressed.92,163,179,182,205,207
Based on these reports and others, and the experimental protocols used in this chapter,
lipid flip-flop is also assumed not to be significant over the relevant time scales in the
work presented here.94,183,208
This chapter demonstrates, that in the case of VF PSLBs, there is strong evidence
of differentiation between the leaflets and includes the development of a new
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methodology to extract the diffusion coefficients of probe monomers and aggregates
from both leaflets, validation of this methodology, and identification of a key difference
in the diffusion of PSLBs as a function of preparation methodology. The chapter
concludes with discussions of the biophysical relevance of the findings, why
differentiation between leaflets and aggregation of lipid probes may have complicated the
identification of both of these phenomena as causes of multiple diffusing populations of
probes, and attempts made to expand this methodology to Rho labeled probes.
4.2 Materials and Methods
Many of the protocols used in this chapter are the same or similar to those
described in Chapter 3. Rather than repeating the protocols, references to sections of
Chapter 3 are made where appropriate.
4.2.1 Chemicals and Materials
Potassium iodide was from Fisher Scientific Company (Fair Lawn, NJ). Cobalt
(II) chloride was from Strem Chemicals (Newbury Port, MA). All other chemicals,
reagents, and materials used, as well as their sources, in this chapter have previously been
described in Chapters 2 and 3. Buffer preparations were carried out as described in
Chapters 2 and 3.
4.2.2 Lipid Preparation
Lipid preparation was carried out as described in Chapter 3, section 3.2.2.
4.2.3 VF PSLB and PSLM Preparation
VF PSLB/PSLM preparation was carried out as described in Chapter 3; please
refer to sections 3.2.3-5 and 3.2.9. All VF PSLBs results presented in this chapter used
DOPC as the primary lipid.

147

4.2.4 LB-LS PSLB Preparation
LB-LS PSLB preparation was carried out as described in Chapter 3, section 3.2.6.
All LB-LS PSLBs discussed in this chapter used DOPC as the primary lipid and were
doped with 2% NBD-DOPE in the labeled leaflet(s). The deposition pressure used for all
membranes was 35 mN/m.
4.2.5 Dithionite Treatment of LB-LS PSLBs
Dithionite bleaching of LB-LS PSLBs was performed similarly to the dithionite
bleaching experiments described in Chapter 3, sections 3.2.8-9. FRAP cells containing
LB-LS PSLBs were drained to the lowest possible level without exposing the membrane
to air. The dithionite solution (40 mM) was prepared immediately before use by mixing a
premeasured mass of sodium dithionite with a volume of phosphate buffer. One milliliter
of dithionite solution was injected manually using a digital pipet immediately after
acquiring the image that was used as time 0 s, before any bleaching from the dithionite
had occurred. Imaging of the bleaching and resulting loss of epifluorescent signal was
carried out using the same LabVIEW program and experimental setup as the FRAP
experiments on NBD labeled films described in Chapter 3, section 3.2.10, (the laser was
not turned on) unless otherwise noted. Image conversion and preprocessing was carried
out in MatLab in the same manner as described in Chapter 2, section 2.3.1. The resulting
.TXT files were analyzed in a custom written VBA program that took the average of all
pixels in an image and reported it at the calculated time that the image was acquired.
Further data analysis was carried out in MS Excel.
The time required to bleach the upper leaflet of a symmetrically prepared PSLB
with the dithionite solution was determined by measuring the loss of epifluorescent signal
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of symmetrically prepared LB-LS PSLBs as a function of time and fitting the resulting
decay curve to three exponentially decaying populations (n=2). The time needed to
bleach 95% of the fluorescence of the upper leaflet was calculated to be 30-35;
symmetrically labeled PSLBs were subsequently exposed to the dithionite solution for
35 s followed by quick buffer exchange. That PSLBs produced by LB-LS, labeled with
NBD probes, bleach faster via dithionite than those produced by other methods has been
previously observed in the literature.94
4.2.6 FRAP Experiment
The FRAP experiment on PSLBs has been previously described in Chapter 3,
sections 3.2.10 and 3.2.12.
4.2.7 Four Population FRAP Treatment
In cases where the diffusion coefficients of the lower leaflet of a PSLB labeled
with NBD-DOPE were directly measured, a four exponentially recovering population
equation was used to deconvolve the diffusion coefficients of the upper leaflet by fitting
the FRAP curve of a PSLB produced using similar conditions where both leaflets were
labeled. This was done by using Equation 4.1 and constraining the recovery rate
constants and amplitudes of two populations using values that were directly measured
from the lower leaflet. The constrained rate constants were determined by rearranging
Equation 2.1, to solve for 𝜏1⁄2 using the previously solved diffusion coefficients from the
lower leaflet and the ω value for the FRAP curve being fit to the four population
equation. The rate constants were then calculated using Equation 2.2, and used as
constrained parameters for two of the four recovering exponentials, k3 and k4. The
constrained amplitudes, C3 and C4, were the amplitudes from FRAP results from the
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lower leaflet adjusted by the fraction of probes in the lower leaflet; how this was done for
VF PSLBs and for LB-LS PSLBs is described in subsections 4.3.2 and 4.3.3,
respectively. The remaining two population amplitudes (C1 and C2) and rate constants
terms (k1 and k2) of Equation 4.1, representing the diffusing populations of the upper
leaflet, were set as fittable parameters, and determined by using Solver in MS Excel to
optimize the fitting parameters so as to minimize the sum of the squared residuals.
𝐹𝑖𝑡(𝑡) = 1 − ((1 − 𝐶1 + 𝐶2 + 𝐶3 + 𝐶4 ) + 𝐶1 ∗ 𝑒 (−𝑘1∗𝑡) + 𝐶2 ∗ 𝑒 (−𝑘2∗𝑡) + 𝐶3 ∗ 𝑒 (−𝑘3∗𝑡) +
𝐶4 ∗ 𝑒 (−𝑘4∗𝑡) )(4.1)

In the case of VF PSLBs, the FRAP data from the same PSLB, before and after
dithionite treatment, were used for the deconvolutions. Average values from the FRAP
results on the lower leaflet, after dithionite treatment, were used for the refitting of each
of the FRAP curves from before the dithionite treatment. This was not always possible
with LB-LS PSLBs; asymmetric preparations precluded this pairing of FRAP data since
the data were collected on different membranes. FRAP results from all asymmetrically
prepared LB-LS PSLBs, with the lower leaflet labeled, were considered equivalent, and
the average values of the results were used for the deconvolution of the upper leaflet of
all symmetrically prepared LB-LS PSLBs. For LB-LS PSLBs treated with dithionite, the
FRAP data from before and after treatment were handled as described for VF PSLBs.
Flow charts showing the steps for each of these three cases are show in Figure 4.1.
In Chapter 3, the fast diffusion coefficient of Rho-DOPE in lipid films one leaflet
or lacking different environments between the leaflets of a bilayer was assigned to the
probe monomer. Based on the similarities between the FRAP experiments on VF PSLMs
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doped with Rho-DOPE and NBD-DOPE, it is assumed that the fast diffusion coefficient
of NBD-DOPE for a specific leaflet is representative of the monomers in that leaflet.
As with the two exponentially recovering populations, average diffusion
coefficients were reported from these four population fits by using the amplitudes of the
different populations to generate a weighted average. Uncertainty values associated with
average diffusion coefficients, from the four population cases, came from the propagation
of the uncertainties of all populations and diffusion coefficients.
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Collect FRAP data on Untreated
PSLB

Treat PSLB with Dithionite to
Bleach Upper Leaflet

Collect FRAP Data on Treated
PSLB

Analyze FRAP Data from Treated PSLB
with Equs. 2.1, 2.2, and 2.5 to Determine
the Diffusion Coefficients and Amplitudes
of the Two Diffusing Populations in the
Lower Leaflet

Determine the Rate Constants of
Recovery for the Lower Leaflet
in Relation to the Bleach Radius
of the Laser in the Untreated
PSLB using Equs. 2.1 And 2.2

Divide the Population
Amplitudes Determined from the
Lower Leaflet by Two

Incorporate the Values from the
Previous Steps into Equ. 4.1.

Fit the Collected FRAP Data from the
Untreated PSLB with Equ. 4.1 To
Determine the Two Diffusion Coefficients
and Amplitudes of the Upper Leaflet

Figure 4.1 Flow charts describing the deconvolution process for NBD-DOPE doped
PSLBs treated with dithionite solutions. A) Flow chart describing the four population
deconvolution process for a VF PSLB.
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Collect FRAP data on Asymmetric
PSLB with the Upper Leaflet Labeled

Collect FRAP data on Symmetric
PSLB

Collect FRAP data on Asymmetric
PSLB with the Lower Leaflet Labeled

Analyze FRAP Data from Treated
PSLB with Equs. 2.1, 2.2, and 2.5 to
Determine the Two Diffusion
Coefficients of the Upper Leaflet

Determine the Relative Population of
Lipids in the Upper Leaflet of the
Asymmetric PSLB with the Upper
Leaflet Based on the LB TR and an
LS TR of 1

Multiply the Population Amplitudes
of the Lower Leaflet by the Relative
Population of Probes in the Lower
Leaflet

Analyze FRAP Data from Treated
PSLB with Equs. 2.1, 2.2, and 2.5 to
Determine the Diffusion Coefficients
and Amplitudes of the Two Diffusing
Populations in the Lower Leaflet

Determine the Relative Population of
Lipids in the Lower Leaflet Based on
the LB Transfer Ratio (TR) of the
Symmetric PSLB and Assuming a LS
TR of 1

Determine the Rate Constants of
Recovery for the Lower Leaflet in
Relation to the Bleach Radius of the
Laser of the Symmetric PSLB FRAP
Data using Equs. 2.1 And 2.2

Multiply the Population Amplitudes
of the Lower Leaflet by the Relative
Population of Lipids in the Lower
Leaflet

Incorporate the Values from the
Previous Steps into Equ. 4.1.

Fit the Collected FRAP Data from the
Symmetric PSLB with Equ. 4.1 To
Determine the Two Diffusion
Coefficients and Amplitudes of the
Upper Leaflet

Compare Deconvolved Diffusion
Coefficients and Amplitudes of the
Upper Leaflet to the Directly
Measured Upper Leaflet
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Figure 4.1 cont. B) Flow chart describing the four population
deconvolution and comparison process for symmetric and
asymmetric LB-LS PSLBs.

Collect FRAP data on
Symmetric PSLB

Treat PSLB with Dithionite
to Bleach Upper Leaflet

Collect FRAP Data on
Treated PSLB

Determine the Relative Population of
Lipids in the Lower Leaflet Based on
the LB TR of the Symmetric PSLB and
Assuming a LS TR of 1

Analyze FRAP Data from Treated
PSLB with Equs. 2.1, 2.2, and 2.5 to
Determine the Diffusion Coefficients
and Amplitudes of the Two Diffusing
Populations in the Lower Leaflet

Multiply the Population Amplitudes of
the Lower Leaflet by the Relative
Population of Lipids in the Lower
Leaflet

Determine the Rate Constants of
Recovery for the Lower Leaflet in
Relation to the Bleach Radius of the
Laser Using Equs. 2.1 And 2.2.

Incorporate the Values from the
Previous Steps into Equ. 4.1.

Fit the Collected FRAP Data from the Untreated
PSLB with Equ. 4.1 To Determine the Two
Diffusion Coefficients and Amplitudes of the
Upper Leaflet

Compare Values Measured for the Lower
Leaflet, from the Treated PSLB, and the
Deconvolved Values for the Upper Leaflet to
the Asymmetrically Prepared PSLB Values

Figure 4.1 cont. C) Flow chart describing the four population deconvolution and
comparison process for symmetric LB-LS PSLBs treated with dithionite.
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4.3 Results and Discussion
The FRAP experiments on NBD-DOPE labeled VF PSLBs treated with dithionite
produced results that, in addition to providing evidence of two diffusing populations of
probes in a single leaflet, supported the original hypothesis that different diffusing
populations of probes may arise from the different environments encounter by the leaflets
of a PSLB. The NBD fluorophore can be reacted with dithionite to produce a
nonfluorescent product.186 This reaction was used to prepare asymmetric VF PSLBs,
where the upper leaflet was chemically bleached, allowing for FRAP experiments to be
carried out on the lower leaflet. This was done with both PC-NBD and NBD-DOPE, and
allowed comparison between the FRAP results from before and after dithionite treatment.
A notable decrease in the diffusion coefficients was measured after dithionite treatment.
This comparison was considered as strong evidence that the lower leaflet of VF PSLBs
diffused slower than the upper leaflet. To gain insight into the diffusive behavior of the
upper leaflet, which could not be directly measured, a method of deconvolving the
diffusing populations of the upper leaflet from the directly measured lower leaflet was
developed and implemented. This method was validated using LB-LS PSLBs which
allowed for asymmetric labeling of the PSLB and a direct comparison between measured
and deconvolved diffusion coefficients of the upper leaflet. The comparison of the FRAP
and deconvolution results from VF vs. LB-LS PSLBs revealed that only for the VF PSLB
case is there a significant difference in diffusion between the leaflets. The deconvolved
results for VF PSLBs also reveal that the apparent monomers in the upper leaflet diffuse
at a rate similar to that in BLMs and offer an explanation for why probe aggregates may
not have previously been detected.
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4.3.1 Comparison of FRAP Results from Dithionite Treated vs Untreated VF PSLBs
Comparing the FRAP results from PSLBs labeled with NBD probes, revealed that
following dithionite treatment, the remaining probes diffused much slower; see Table 4.1.
While this difference in the diffusion coefficients was observed for both probes, NBDDOPE was used as the principal probe going forward because it was assumed that due to
its negative charge and larger headgroup, lipid flip-flop would occur more slowly than in
the case of neutral PC-NBD.163,183,185 Furthermore, using NBD labeled PE lipids to
examine the lower/inner leaflets of lipid membranes has previously been used in the
literature.92,208,209 The use of NBD-DOPE maintained labeling asymmetry even after the
removal of the dithionite solution. The removal of the dithionite solution and the
reintroduction of phosphate buffer eliminated different aqueous phases as a possible
variable in interpreting the FRAP results from before and after dithionite treatment.
The comparison of two population model FRAP data, from before and after
dithionite treatment on VF DOPC PSLBs labeled with 2% NBD-DOPE, demonstrates a
notable difference in both the average diffusion coefficient and that of the fast population.
The lower leaflet must diffuse significantly slower than the upper leaflet, assuming that
the data from the untreated PSLB represents an ensemble of the upper and lower leaflets.
Thus a more complex model than two apparent diffusing populations due to the presence
of monomers and aggregates is required; a four population model with monomers and
aggregates in both leaflets is considered next.
4.3.2 Four Population Treatment Results from FRAP on NBD-DOPE labeled VF
PSLBs
In an attempt to determine the diffusion coefficients of probes in the upper leaflet,
Equation 4.1 was used to fit the FRAP curves from the VF DOPC PSLBs labeled with
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NBD-DOPE that had been collected prior to treatment with dithionite. The parameters
for two of the populations, representing the probes in the lower leaflet, were fixed to the
average extracted diffusion coefficients and half of the amplitudes from that same PSLB
obtained after the dithionite treatment. The decision to divide the amplitudes in half was
based on the previously validated assumption of an equal distribution of NBD-DOPE
across both leaflets of a PSLB; see Chapter 3 section 3.3.3. Four recovering population
fits to deconvolve the values for the upper leaflet were accepted if the resulting diffusion
coefficients were not faster than those values reported for BLMs and had an adjusted R2
value greater than the resulting adjusted R2 for the two population model fit of the same
FRAP recovery curve. Of the 12 refit FRAP curves for untreated VF PSLBs, 9 were
viable.
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Table 4.1 Two Population FRAP Results from VF DOPC PSLBs with 2% NBD-DOPE or 5% PC-NBD Before and After Dithionite
Treatment.
D1
D2
DAverage
Recovery
PSLBs (n
Probe/Condition
B1 (%)
B2 (%)
2
2
2
(µm /s)
(µm /s)
(µm /s)
(%)
per PSLB)
2% NBD-DOPE/
6±1.3
0.8±0.15
31±6.5
62±6.7
2.5±0.18
93±1.6
4 (3,3,3,3)
Untreated
2% NBD-DOPE/
3.6±0.78
0.6±0.10
43±12
48±9.5
1.9±0.31
91±3.3
4 (3,3,3,2)
Dithionite Treated
5% PC-NBD/
8.0±0.55
0.5±0.10
29±1.8
64±2.2
2.8±0.15
93±1.5
1 (4)
Untreated
5% PC-NBD/
3.5±0.45 0.58±0.061
33±2.2
58±2.2
1.6±0.22
91.0±0.28
1 (3)
Dithionite Treated

Table 4.2 Diffusion Coefficients of the Upper and Lower Leaflets of VF DOPC PSLBs with 2% NBD-DOPE.
Upper Leaflet (Deconvolved)
Lower Leaflet (Directly Measured)
PSLBs (n
PSLBs (n DAverage
D1
D2
D3
D4
(µm2/s)
C1 (%)
C2 (%)
per
C3 (%)
C4 (%)
per
(µm2/s)
(µm2/s)
(µm2/s)
(µm2/s)
PSLB)
PSLB)
18±4.4 10±1.8 1.1±0.33 37±1.8 4 (3,2,2,2) 3.6±0.78 21±5.8 0.6±0.10 24±4.8 4 (3,3,3,2) 4.1±0.77
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Recovery
(%)
93±1.7

Results from the deconvolution of the upper leaflet and the diffusion and
population amplitudes of all four populations of VF DOPC PSLBs doped with 2% NBDDOPE are listed in Table 4.2. The monomer population in the upper leaflet appears to
diffuse at a rate comparable to that observed in BLMs. The population distributions
between the upper and lower leaflet are notably different, reinforcing the observation
made in Chapter 3; population distributions appear to depend on how the lipid film is
prepared.
In Chapter 3, a claim was made that the quantum yields of the monomer and
aggregates of NBD-DOPE are likely similar. This claim was based both on the
experiments to validate the distribution of NBD-DOPE probes between the leaflets,
discussed in Chapter 3, section 3.3.3, and the results presented in Table 4.2. If the
aggregate has different fluorescent properties than the monomer, the experiment to
determine NBD-DOPE distribution between the leaflets would most likely not have
demonstrated an equal distribution given that the four population solve (Table 4.2) shows
different distributions of aggregates in each leaflet. Furthermore, a study that examined
NBD-PE probes in LB monolayers as a function of packing density, which was identified
in Chapter 3 to influence aggregate population amplitudes, showed a linear relationship
between the amount of lipid deposited per unit area and fluorescent signal.93 This
observation further supports the argument that the quantum yield of the monomer and
aggregate are similar if not the same.
4.3.3 Validation of Four Population FRAP Treatment Using LB-LS PSLBs
Because the proposed methodology for deconvolving the upper leaflet of the
PSLB is novel, an experimental system to validate the methodology was sought.
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Symmetric and asymmetric LB-LS DOPC PSLBs labeled with 2% NBD-DOPE were
used for this validation. LB-LS allows for the preparation of the monolayers of a bilayer
independently from one another; it is possible for each monolayer to have a unique
composition.210 This method of preparing bilayers offered a way to directly measure the
diffusion coefficients of a labeled upper or lower leaflet. A symmetric LB-LS PSLB,
with both leaflets labeled, was subjected to FRAP. The resulting FRAP curve underwent
the deconvolution process, with the diffusion values for the lower leaflet informed from
FRAP results on asymmetric LB-LS PSLBs with the lower leaflet labeled. The
deconvolved results were compared to the directly measured diffusion coefficients of
asymmetric LB-LS PSLBs with the upper leaflet labeled. In this way, the mathematical
approach behind the methodology was directly validated.
Because the diffusion coefficients of the upper and lower leaflets were both
directly measured, this also offered an opportunity to test the dithionite bleaching portion
of the methodology. Dithionite treatment was carried out on a symmetrically labeled LBLS PSLB to determine if the diffusion coefficients of the dithionite treated PSLB
matched those directly measured for the lower leaflet labeled PSLB. FRAP data were
collected from before the dithionite treatment, and the recovery curves were also
deconvolved to determine if the results from the asymmetric labeling and the dithionite
treatment approaches were comparable.
The two exponentially recovering population FRAP results are shown in Table
4.3. The deconvolved four population results, are shown in Table 4.4. Unlike VF
PSLBs, the assumption of an equal distribution of probes between the leaflets in a
symmetric LB-LS PSLB cannot be made. In a comparison of the background subtracted
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epifluorescent signal from seven symmetrically labeled LB-LS PSLBs, four asymmetric
LB-LS PSLBs with the upper leaflet labeled, and two asymmetric LB-LS PSLBs with the
lower leaflet labeled, it was determined that the normalized intensities of the upper and
lower leaflet were 42±5.2% and 57±2.9%, respectively. This asymmetry in probe
distribution arises from the fact that the LB transfer ratio is greater than unity, 1.2±0.1.
Considering the LB transfer ratio, and an assumed LS transfer ratio of unity, the lower
leaflet would contain 55±2.5% of the total lipids in the bilayer. The asymmetry in probe
distribution was attributed to the LB deposition based on the comparison of these values.
The population amplitudes of diffusing populations in the lower leaflets tabulated for the
deconvolutions, in Table 4.4, were adjusted by the respective LB transfer ratio of the
individual PSLB being considered in the deconvolution, assuming a LS transfer ratio of
unity. For example, if a PSLB had a LB transfer ratio of 1.3, 57% of the epifluorescent
signal of the PSLB would be assigned to the lower leaflet, and the population amplitudes
for the FRAP results from an asymmetric LB-LS PSLB with the lower leaflet labeled in
Table 4.3 would be multiplied by 0.57 when executing the four population
deconvolution. In the case of the directly measured upper leaflet values in Table 4.4 as a
comparison to the deconvolved values, the population amplitudes were adjusted in a
similar manner.
The results in Table 4.3 demonstrate that while the lower leaflet may diffuse
slightly slower, the fluidity of the upper vs. the lower leaflet of a LB-LS PSLB on a glass
substrate is similar, as has been noted by others.163,179 The similarity of the dithionite
treated values to those of the asymmetric PSLBs suggest that the process of dithionite
treatment does not significantly alter the diffusive properties of the lower leaflet; see
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rows four and six in Table 4.3. The deconvolved values using four recovering population
fits and comparison to the two recovering population results for FRAP on an asymmetric
LB-LS PSLB with a labeled upper leaflet are listed in Table 4.4. The similarity in the
deconvolved values from the upper leaflet of the symmetrically prepared PSLBs to those
of the PSLBs with the labeled upper leaflet appears to validate the use of the four
population model to deconvolve the values of the upper leaflet when paired with data
from the lower leaflet. For example, the diffusion coefficients measured directly from
the LB-LS PSLBs with the upper leaflet labeled (D1=3.5±0.61 µm2/s and D2=0.58±0.091
µm2/s) were not significantly different from the deconvolved values (D1= 4.1±0.99 µm2/s
and D2=0.7±0.22 µm2/s). The uncertainties of the population amplitudes of the
asymmetrically labeled upper and lower leaflet PSLBs and the average diffusion
coefficient in Table 4.4 were generated from the propagation of uncertainties.
4.3.4 Testing the Maintenance of Labeling Asymmetry of NBD-DOPE in LB-LS
PSLBs
Crane at al. reported that asymmetrically labeled PSLBs prepared by LB-LS may
not completely retain labeling asymmetry, specifically in the case of fluid phase PSLBs
labeled with NBD-DPPE in the upper leaflet.94 They measured membrane labeling
asymmetry using fluorescence interference contrast microscopy (FLIC), and found that
labeling asymmetry was completely lost in the case of NBD-DPPE, while 70-80% was
maintained in the case of Rho-DOPE and Rho-DHPE. The labeling asymmetry of neutral
phospholipids in a LB-LS PSLB can be lost in minutes to tens of minutes depending
upon the packing parameters.93 However, the charged nature and larger headgroup of
NBD-DOPE makes it unlikely that lipid flip-flop could scramble the asymmetry of a LBLS PSLB over the time scales of the experiments considered here, which were typically
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completed less than 2 hours after the LS deposition.183 Crane et al. also observed no
evidence of asymmetry loss due to lipid flip-flop over the course of at least a hour, but
suggested that asymmetry was lost during the process of the LS deposition.94 To test this
idea, and determine if it invalidated the validation study, a series of dithionite bleaching
experiments were conducted on asymmetrically and symmetrically labeled LB-LS
PSLBs.
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Table 4.3 Two Population FRAP Results from LB-LS DOPC PSLBs used for Validation of the Four Population Model.
Leaflet(s)
D1
D2
DAverage
Recovery
PSLBs (n
B1 (%)
B2 (%)
Labeled/Condition
(µm2/s)
(µm2/s)
(µm2/s)
(%)
per PSLB)
Both/Untreated
3.2±0.32
0.55±0.067
51±4.1
41±2.7
2.0±0.21
92±1.8
3 (5,4,4)
Upper
3.5±0.61
0.58±0.091
41±5.3
49±3.3
1.9±0.31
90±2.3
4 (5,4,4,3)
Lower
2.8±0.35
0.46±0.071
42±11
45±6.6
1.6±0.40
87±5.4
2 (4,4)
A
Both/Untreated
3.2±0.16
0.57±0.055
49±1.3
42±1.1
2.0±0.11
91±1.1
1 (4)
Dithionite Treated
2.8±0.36
0.44±0.094
45±3.7
46.7±0.68
1.6±0.21
92±3.5
1 (4)
A This subset of both leaflets labeled/untreated PSLB FRAP results is shown because it is the same PSLB that underwent dithionite treatment so these results can
be directly compared to the dithionite treated row immediately below it.

Table 4.4 Diffusion Coefficients of the Upper and Lower Leaflets of LB-LS DOPC PSLBs with 2% NBD-DOPE.A
Upper Leaflet (Deconvolved)

Lower Leaflet (Directly Measured)

PSLBs
PSLBs DAverage Recovery
D3
2/s)
(%)
(n per
C
(%)
D
(µm
C
(%)
(n per (µm2/s)
3
4
4
(µm2/s)
PSLB)
PSLB)
4
3.5±0.61 21±6.1 0.58±0.091 25±4.8
(5,4,4,3)
4.1±0.99 27±6.7 0.7±0.22 22±4.8 3 (5,4,4) 2.8±0.35 21±6.0 0.46±0.071
22±4.4
2 (4,4) 2±1.4
92±1.7
4.3±0.57 28±2.8 0.9±0.18 25±2.3
1 (4)
2.8±0.36 21±1.7 0.44±0.094 21.6±0.31 1 (4) 2.1±0.79 91.7±0.86
D1
(µm2/s)

C1 (%)

D2 (µm2/s)

C2 (%)

A
Row 1; Upper leaflet labeled by LB-LS (amplitudes adjusted by LB transfer ratios), directly measured by FRAP, present for comparison to deconvolved values.
Row 2; Symmetric LB-LS, upper leaflet deconvolved using an asymmetric LB-LS with the lower leaflet labeled (amplitudes adjusted by LB transfer ratios).
Row 3; Symmetric LB-LS upper leaflet deconvolved after dithionite treatment (amplitudes adjusted by LB transfer ratios).
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To address the question of if asymmetry was maintained in LB-LS PSLBs labeled
with NBD-DOPE, specifically in the upper leaflet as had been examined by Crane et
al.,94 a dithionite bleaching experiment was carried out on LB-LS PSLBs with the upper
leaflet labeled (n=4). A representative decay curve and one and two population
exponential decay fits can be observed in Figure 4.2. There is a small enhancement of
the fit in the two population case with a majority fast decaying population and a minority
slow decaying population. The minority population is small enough that minimal
enhancement of the fit is observed with its inclusion. The minority population was
assigned to the slow photobleaching of NBD-DOPE by the lamp. This assignment was
based on the independently measured NBD-DOPE apparent photobleaching rate constant
on the same experimental system, 0.000525±0.0000089 s-1 (n=3), which was in relative
agreement with the average slow decaying rate constant of 0.00058±0.000025 s-1. This is
referred to as an apparent rate constant because the rate constant was determined relative
to the time observed in the camera acquisitions (0.375 s of camera acquisitions per every
5 s of real time). The minority population typically had an amplitude of <2% of the
majority population amplitude, though care had to be taken to ensure that no
contaminating NBD-DOPE probes were present on the back of the substrate following
the completion of the LS deposition or much larger slow bleaching populations could be
observed. The backside of the substrate could be adequately cleaned by repeated
scrubbing with ethanol and DI wetted Kimwipes as described in Chapter 3. The majority
bleaching population was determined to have a rate constant of 0.021±0.0024 s-1 and was
assigned to the bleaching of NBD by dithionite.
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Figure 4.2 Asymmetric LB-LS PSLB with the upper leaflet labeled with NBD-DOPE by
undergoing beaching by dithionite, data, fits, and residuals. A) Normalized decay curve
of an asymmetric LB-LS DOPC PSLB with the upper leaflet labeled with 2% NBDDOPE upon exposure to a 40 mM sodium dithionite solution. One and two exponentially
decaying population fits are shown. It is difficult to perceive the one exponentially
decaying population fit as there is minimal enhancement of the two population fit
compared this fit. B) Residuals of the fits utilized in A).
Fitting the decay curve for the two decaying population case was carried out using
five fitting parameters: three amplitude parameters for the fast decaying population, the
slow decaying population, and the background, and two rate constants for the fast and the
slow decay rates. Initial fits allowed all parameters to be unconstrained. If the amplitude
of the background or the photobleaching decay rates were significantly different from the
independently measured values, in the case of the background more than ±10% or in the
case of the photobleaching rate constant different by more than ±0.0002 s-1, the
background parameter was constrained and the decay curve refit. In only one of the four
datasets was the population for photobleaching eliminated by the optimization of the fit,
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resulting in either a rate constant or a population amplitude of 0. In this case, the rate
constant of photobleaching was also constrained to its independently measured value for
the purpose of generating a two decaying population fit. Fitting parameters were
optimized via Solver in MS Excel to minimize the sum of the squared residuals.
Fitting the decay curve to two bleaching processes, of which the small amplitude
process can confidently be assigned to photobleaching of the probe by the lamp, shows
there is only one major bleaching process due to dithionite in a LB-LS PSLB with the
upper leaflet labeled with NBD-DOPE. These results were then compared to the earlier
dithionite bleaching experiments on symmetric LB-LS PSLBs, which had previously
been used to determine the amount of timing needed to bleach the upper leaflet. A
representative bleaching curve as well as one, two, and three exponentially decaying

Normalized
Residuals

Normalized Signal

population fits and the resultant residuals are shown in Figure 4.3.
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Figure 4.3 Symmetric LB-LS PSLB labeled with NBD-DOPE by undergoing beaching
by dithionite, data, fits, and residuals. A) Normalized bleaching decay signal and 1, 2,
and 3 exponentially decaying population fits of a symmetric LB-LS PSLB. B) Resultant
residuals from fits.
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The fitting of the decay curves for symmetrically labeled LB-LS PSLBs (n=4)
was carried out in a manner similar to what was described for the asymmetrically labeled
PSLBs. The apparent rate constant of photobleaching due to the lamp of a symmetrically
labeled LB-LS DOPC PSLB was independently measured as was the background. Based
on a comparison of the residuals in Figure 4.3B the three exponentially decaying
populations fit best represents the fluorescence decay data with two major populations
and a small minority third population. The apparent photobleaching rate constant for the
symmetric PSLBs was found to be in good agreement with that of the asymmetric
PSLBs, 0.00052±0.000044 s-1 vs. 0.000525±0.0000089 s-1. In all but one case it was
necessary to constrain the background amplitude. In one case it was necessary to
constrain the photobleaching rate constant. The photobleaching rate constant from the
three cases that did not have the rate constant constrained was 0.00049±0.000046 s-1 in
agreement with the independently measured value. The fast and the slow rate constants
assigned to dithionite bleaching were 0.07±0.016 s-1 and 0.0160±0.00075 s-1,
respectively. The normalized amplitudes of the two processes were 30±11% and
70±11%, respectively. The photobleaching amplitude was <4% of the sum of the
amplitudes assigned to dithionite bleaching.
The majority populations were attributed to the bleaching of the upper and lower
leaflets while the minority population was attributed to the photobleaching of NBDDOPE based on the similarity of its rate constant to the independently measured apparent
rate constant. However, the rate constant assigned to the bleaching of the upper leaflet
was several times faster than the rate constant associated with dithionite bleaching of the
asymmetrically labeled PSLB. Because the asymmetric and symmetric bleaching
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experiments were conducted over a year apart, using different batches of lipids, the
dithionite bleaching of symmetric LB-LS PSLBs was repeated using the lipids that were
employed in the asymmetric bleaching experiment. Again the results showed that the fast
decay, assumed to be the process of bleaching the upper leaflet, proceeded several times
faster than the dithionite bleaching rate of the asymmetrically labeled PSLB.
The fluorescent signal from the upper leaflet was less than the lower leaflet
(42±5.9% vs. 57±2.9%). While not significantly different from the fast and slow
bleaching population amplitudes (30±11% vs. 70±11%), the difference in the values and
the large standard deviations of the values raised the question of if the fast bleaching
population could be assigned to the upper leaflet with confidence. It was hypothesized
that timing considerations, such as uncertainty of when the dithionite solution was added
(as this was done by hand) and the slow acquisition rate (0.2 Hz) may be producing data
that allowed for the underestimation of the fast bleaching rate and its amplitude. To
investigate this, symmetrically labeled PSLBs (n=2) were prepared and imaged
continuously at a rate of 1.5 Hz during dithionite bleaching.
The resulting curves could only be fit to two decaying exponentials, even when
constrained with the independently measured background and photobleaching rate
constant from continuous imaging. However, since the contribution of photobleaching of
the probe was minimal in the previously considered symmetrically labeled PSLBs,
2±1.4% of the total decaying amplitude, the contributions from the photobleaching
process were considered to be minimal. Of the two bleaching processes, the fast process
had an amplitude of 37±6.6%, compared to the measured 42±5.2%, discussed previously,
for the upper leaflet. The fast rate constant was measured as 0.24±0.016 s-1. Both of
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these results indicate that the slower acquisition rate produced data that may
underestimate the fast decaying process. Furthermore, the manual injection of the
dithionite solution and mixing considerations could result in less than a second timing
errors that could notably effect the assessment of the decay curve. A 0.5 s error could
result in the loss of 11% of the amplitude of the fast bleaching population. Even with the
continuous imaging of the bleaching, these timing issues could still be significant since
there is not precise control over when the dithionite solution was added. The cycle time
per image is such that depending upon when the dithionite solution was added during the
imaging process, up to 15% of the amplitude of the fast bleaching population could be
unaccounted for. The constraints of the experiment mean that there was a systematic
tendency to measure lower amplitudes for the fast bleaching population relative to the
measured normalized epifluorescent signal of the upper leaflet. Given these constraints,
and that the measured fast bleaching population is approaching the expected amplitude of
the upper leaflet, it seems reasonable to conclude that the fast bleaching process was due
to the bleaching of the upper leaflet of the symmetrically labeled LB-LS PSLB.
The results demonstrate that in an asymmetric LB-LS PSLB, with the upper
leaflet labeled, there is one predominant bleaching process of the NBD-DOPE which is
due to the exposure of the membrane to the dithionite solution. The same experiment on
a symmetrically labeled PSLB demonstrates that there are two populations undergoing
dithionite bleaching. If there were a loss of labeling asymmetry in LB-LS PSLBs there
would likely be two different populations undergoing bleaching at different rates. While
Crane et al.94 reported that labeling asymmetry was lost in a LB-LS PSLB with the upper
leaflet labeled with NBD-DPPE, this appears to not be the case with NBD-DOPE.
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Another method of assigning the bleaching processes would be the comparison of
rate constants. Interestingly, the rate constant for dithionite bleaching in the
asymmetrically labeled PSLBs was different from both the rate constants measured in the
symmetrically labeled PSLBs. The asymmetric LB-LS PSLB had a bleaching rate
constant of 0.02± 0.0024 s-1, whereas the symmetric LB-LS PSLB had bleaching rate
constants of 0.07±0.016 s-1 for the upper leaflet and 0.0160±0.00075 s-1 for the lower
leaflet (these values are for the experiment with the 0.2Hz acquisition). This might be
explained by the presence of the probe in the lower leaflet leading to less efficient
packing of the upper leaflet and enabling easier access of the dithionite to the NBD
fluorophore which is buried in the leaflet near the glycerol backbone.168,175 This could
also be taken as evidence of a coupling interaction between the leaflets given that the
upper leaflet is sensitive to changes in the composition of the lower leaflet.
4.3.5 Comparison of Four Population FRAP Values from VF vs. LB-LS PSLBs
A key finding when comparing the results of the four population treatment of the
VF PSLBs and the validation experiments using LB-LS PSLBs, is that there was a
significant difference in the diffusive behavior of those PSLBs prepared by VF vs. LBLS. The four population results from VF PSLBs strongly suggest that the lower leaflet
has strong coupling interactions with the substrate which are not appreciably translated to
the upper leaflet. At the same time, the results from the LB-LS work suggest that
diffusion in both leaflets appears to be related to deposition pressure. It is unclear what
role coupling interactions between the lower leaflet and the substrate of LB-LS PSLBs
may play based on these results. However, results from the dithionite bleaching
experiments on asymmetrically and symmetrically labeled LB-LS PSLBs could be taken
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as evidence of coupling interactions between the leaflets as conditions in the lower leaflet
clearly affected the properties of the upper leaflet.
Identifying this difference between the PSLBs produced by VF and LB-LS could
be key to resolving the debate regarding differences between the leaflets of a PSLB.
With the exception of Scomparin et al.,163 investigations into differences between the
leaflets tend to treat PSLBs produced by these methods as equivalent.179,206 With the
exception of the results of FCS experiments of VF PSLBs by Zhang et al.,179 the results
behind this comparison mostly fit with what is reported in the literature, but require
knowledge of the four populations to interpret the data. Scomparin et al. noted that the
diffusion of VF PSLBs was different that LB-LS PSLBs prepared on glass, but did not
attribute this to differences between the upper and lower leaflets, as was done in the case
of LB-LS PSLBs on mica substrates, because the distribution of the populations was not
50/50.163 This is similar to the results in Table 4.1 for the untreated VF PSLBs. The
comparison of the results from each of these preparation methods shows that further
investigations of differences between the leaflets of PSLBs should be categorized by
preparation methodology, and that investigations should be specifically undertaken to
understand what different substrate-lower leaflet and leaflet-leaflet coupling interactions
are present as a function of preparation methodology.
Some issues with this interpretation should be noted. There appears to be a
disconnect between results obtained through FCS vs FRAP techniques; there are few
pertinent studies using SMT.75,92,163,177,179,182,205–207 Results from Scomparin et al. for the
most part match with those presented here and can be explained using the four population
model.163 However, Scomparin et al. did not report two populations in the case of
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experiments on LB-LS PSLBs prepared on glass which represents a major difference
from the results reported here. A number of chemical explanations can be offered for this
difference: 1) the host lipid matrices consisted of fully saturated lipids, unlike DOPC, 2)
while some experiments used head labeled NBD probes, the majority of presented results
came from tail labeled NBD probes, 3) while some results were reported with 1% mole
fraction of probe, it appears most reported results came from experiments with 0.1%
mole fraction of probe, and 4) all probes used had saturated tails. Explanations 1 and 4
seem unlikely given results observed with Rho labeled lipids, though given the
experiments in Chapter 3 that demonstrate that the natures of the Rho and NBD probe
aggregates are different, these explanations should not be discounted without direct
testing. In the case of explanation 2, while some VF PSLBs were doped with PC-NBD in
the experiments described here and in Chapter 3, this was a very high mole fraction (5%),
and no LB-LS PSLB experiments were performed with this probe so it is difficult to
know what difference this may cause in population distributions. Explanation 3 may
offer the most logical cause for the lack of observing multiple populations in LB-LS
PSLBs prepared on glass as lower doping concentrations would lead to fewer aggregates
being present. Ultimately, this disconnect could be due to any one or a combination of
these causes; direct comparisons will be needed to understand the difference in observed
results for this case.
4.3.6 Comparison of Upper Leaflet Diffusion Coefficients of VF PSLBs to BLMs
Based on the work done in Chapter 3, it was assumed for NBD-DOPE, the fast
diffusing population represents the probe monomer. The monomer is more representative
of the diffusion of the lipids of the membrane. The deconvolved results from the upper
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leaflet of VF PSLBs, in Table 4.2, demonstrate that the probe monomers appear to be
diffusing in the same regime, though slightly slower, of the diffusion coefficients
reported in the literature and in Chapter 3 for probes in BLMs.105,106,155 This has not
previously been reported and could be indicative of a previously unknown level of
asymmetry between leaflets of VF PSLBs.
4.3.7 Discussion of the Failure to Identify Probe Aggregation Behavior in VF PSLBs
in Light of the Four Population Model
Given that FRAP has been used to measure the diffusion coefficients of
fluorescent lipid probes in artificial lipid membranes for almost 40 years it is surprising
that the presence of aggregates of probes based on a glycerophospholipid structure has
not been previously identified. Identifying both aggregation and lower leaflet-substrate
interactions as separate and coexisting causes of multiple diffusing populations of probes
in the leaflets of VF PSLBs may explain why neither of these phenomena have been
clearly demonstrated before. PSLBs are the most commonly used geometry to examine
various aspects of lipid membranes. At the same time VF is the easiest method to
produce PSLBs compared to LB-LS or LB-VF (where the lower leaflet of a PSLB is
produced by LB followed by VF to produce the upper leaflet).95
FRAP was used to investigate the role of population distributions in VF DOPC
PSLBs as a function of the mole fraction of Rho-DOPE. The two population FRAP
results of these experiments are shown in Table 4.5. No appreciable trend towards
changes in the population distributions was observed. This result was unexpected as
based on similar experiments on VF PSLMs in Chapter 3 (see Table 3.7) this range of
probe concentrations was expected to produce evidence of changes in the distribution of
the fast vs. slow diffusing population amplitudes. This is similar to the case of VF DOPC
174

PSLBs prepared in phosphate vs HEPES buffer discussed in Chapter 3, section 3.3.5. It
was assumed that the higher ionic strength of the HEPES buffer would lead to tighter
packing of the PSLB and decrease the slow diffusing population amplitude, this was not
observed.203 While a method to directly sample and deconvolve the upper or lower
leaflet of a VF PSLB labeled with Rho-DOPE has not been developed, there is no reason
to believe that a similar four population model would not be present in VF PSLBs labeled
with Rho-DOPE. This offers an explanation as to why multiple diffusing populations in
VF PSLBs as a function of probe concertation have not been previously identified; while
some researchers have identified multiple populations of probes, these have been
interpreted as two populations.75,163 If all four populations are aliased as two, the results
shown here suggest that changes in the population distributions of monomers to
aggregates would not be apparent in a two population fitting equation.
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Table 4.5 Two Population FRAP Results from VF DOPC PSLBs as a Function of Rho-DOPE Mole Fraction.
Mole Fraction
Rho-DOPE (%)

D1 (µm2/s)

D2 (µm2/s)

B1 (%)

B2 (%)

DAverage
(µm2/s)

Recovery
(%)

n=

1.2

3.9±0.64

0.6±0.23

67±7.7

35±4.6

3.0±0.83

102±5.4

4

0.60

5.1±0.71

0.6±0.11

66±4.1

31±4.0

3.6±0.62

98.0±0.87

6

0.12

4±1.2

0.4±0.14

65±3.0

31±1.3

2.7±0.33

96±1.9

4
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4.3.8 Attempts to Apply Four Population Treatment to VF PSLBs Labeled with
Rho-DOPE
In regards to Rho labeled lipid probes, attempts were made to identify a method to
quench the upper leaflet of a PSLB to allow for a similar implementation of the four
population methodology used with NBD-DOPE. The two chemical methods examined
were quenching using KI or CoCl2.179,185
Zhang et al. used I-, at 50 mM, to quench the outer/upper leaflet of 1,2-dilauroylsn- glycero-3-phosphocholine vesicles and PSLBs labeled with the Rho probe, 1,2dimyristoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl). In
attempts to reproduce this treatment, using DOPC vesicles and VF DOPC PSLBs labeled
with Rho-DOPE, the I- ion appeared to quickly cross the hydrophobic core and quench
the inner/lower leaflet counter to what was observed by Zhang et al., where a 50/50
quenching in vesicles and PSLBs was observed.179 This experience was similar to the
results of Jonsson et al.177 with Rho labeled probes; 95% of the fluorescence of a VF
PSLB composed of egg yolk phosphatidylcholine was quenched using a KI protocol
similar to the protocol used by Zhang et al.179 These results are likely due to the high
permeability of phospholipid membranes to anions, especially I- which has been noted to
be readily membrane permeable.23 Zhang et al.179 used fully saturated lipids in their
work; this may have prevented or slowed the permeation of the I- ions across the
membrane since these lipid systems have tighter packing parameters.211
The Co2+ cation has previously been used in fluorescence quenching experiments
of lipid bilayers at 500 mM concetration.185 This method has been reportedly used to
quench 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine and Texas Red DHPE
probes in the upper leaflet of PSLBs. Similar experiments for Rho-DOPE doped PSLBs
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were considered and to an extent carried out in the Saavedra Lab.75 This approach was
not pursued here for two reasons. First, it was unclear if so drastically changing the
aqueous phase, from 10 mM phosphate buffer to 500 mM CoCl2 in DI water, would
change the diffusive properties of the PSLB. Second, initial controls on a pair of VF
PSLMs doped with 0.6% Rho-DOPE, one produced on cyano- and the other on
perfluoro-modified glass, with 500 mM CoCl2 solution introduced after fusion, resulted
in 30% of the original fluorescence remaining. Complete quenching had been expected.
Given the argument made in Chapter 3, that the aggregate is not accessible to the aqueous
environment adjacent to the membrane, this observation may be further proof of this
argument. The remaining fluorescence could be due to the buried Rho chromophore
aggregates that are inaccessible for quenching.
In addition to chemical methods, attempts were made to directly fit FRAP curves
of VF PSLBs labeled with Rho-DOPE to the four recovering population equation,
Equation 4.1. This was only successful for very slow diffusing systems such as VF
DPhPC PSLBs, which diffuse 3-5 times slower than VF DOPC PSLBs. In most other
cases, one or two of the amplitudes of the populations were set to 0 by Solver. In cases
where only one population was set to 0, a second population would have an amplitude but
a recovery rate of 0, effectively representing an unrecovered population. Because there
was no constraining information available for this treatment, as was the case for NBDDOPE, the results from VF DPhPC PSLBs are not reported here as it is difficult to
evaluate the results from this approach. As a control, three population fitting equations
were tested; in all FRAP curves considered, Solver either produced nonsensical fitting
values or set one of the populations either to an amplitude or recovery rate of 0.
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4.4 Conclusions
A comparison of the FRAP results of the untreated and dithionite treated VF
DOPC PSLBs, with NBD labeled probes, clearly demonstrates that the diffusive behavior
of the ensemble of both leaflets is different than the diffusive behavior of the directly
sampled lower leaflet. The removal of the dithionite solution after the completion of the
chemical bleaching of the upper leaflet allowed for a direct comparison of the FRAP
results from the same PSLBs before and after treatment. This comparison showed that
the diffusion behavior observed before and after treatment was quite different. This was
taken as evidence that multiple diffusing populations of probes were due to coexisting
monomers and aggregates, as well as differences between the leaflets.
A four recovering population equation was generated to fit the FRAP curves from
before dithionite treatment. The two population FRAP results from the dithionite treated
VF PSLBs, assigned to monomer and aggregate populations in the lower leaflet, were
used to constrain the two recovering populations of the lower leaflet in the four
population equation used to fit the FRAP curves from the untreated PSLB. This process
can be thought of analogously to a back titration, and allowed for the deconvolution of
the remaining two populations which were attributed to the monomers and aggregates in
the upper leaflet of the VF PSLB.
To validate this novel methodology of deconvolving the diffusion coefficients of
the upper leaflet of a PSLB, asymmetrically and symmetrically labeled LB-LS PSLBs
were prepared to allow for direct comparisons of the FRAP results of the labeled upper
leaflet to deconvolved results. The validation demonstrated that the mathematical
approach being employed is sound. This validation study also allowed for examining if
the dithionite treatment altered the diffusive properties of the PSLB. The FRAP results
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suggest that the diffusion coefficients of the lower leaflet are not altered due to dithionite
treatment.
A comparison of the results from the VF vs LB-LS PSLBs reveals significant
differences between the PSLBs produced by the two preparation methods. The
deconvolved upper leaflet of VF PSLBs appears to diffuse much faster than the lower
leaflet, with the diffusion coefficient assigned to the monomer in the upper leaflet
approaching values observed for BLMs. This indicates that there is a strong coupling of
the lower leaflet to the substrate and relatively minimal inter leaflet coupling. This is
likely the case for all fluid phase VF PSLBs based on the studies by Scomparin et al.
results on VF PSLBs.163 The use of fully saturated lipids by Scomparin et al.163 is
relevant as it has been noted that in giant unilamellar vesicles, there can be a high degree
of coupling between leaflets that contain host lipids with one or more fully saturated lipid
tails due to interdigitation; this results in similar diffusion coefficients between the
leaflets.209 At the same time, the results from the LB-LS PSLBs demonstrate that the
diffusion of lipids in upper and lower leaflets is similar.
The findings from Chapter 4, combined with Chapter 3, explain why aggregation
behavior cannot readily be observed in FRAP measurements of VF PSLBs, and why VF
PSLMs were used in Chapter 3. While no direct observations have been made of
differentiation between the leaflets in the case of VF PSLB labeled with Rho probes,
there is no reason to assume that the findings in relation to VF PSLBs labeled with NBDDOPE would not translate. This explains why FRAP results from VF PSLBs labeled
with different mole fractions of Rho-DOPE, fit to a two recovering populations equation,
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do not demonstrate appreciable changes in the population distribution; the four different
diffusing populations are being aliased in the fit as two populations.
Attempts were made to determine how a four population deconvolution could be
applied to Rho-DOPE labeled VF PSLBs. Chemical methodologies to quench the upper
leaflet of Rho-DOPE labeled VF PSLBs were considered, but found inappropriate for
different reasons. Four recovering population fits were applied directly to FRAP
recovery curves of VF PSLBs. Only in slow diffusing PSLBs was this fitting found to
produce sensible results. However, without any constraints or prior knowledge to inform
the fit or results, it is unclear if there is any validity to this approach. Rho-DOPE is a
superior probe compared to NBD-DOPE in terms of photostability and brightness and
was selected for use subsequent FRAP experiments because of these properties.
Unfortunately, the inability to perform a four population deconvolution on Rho-DOPE
labeled VF PSLBs meant FRAP data for these experiments continued to be fit to a two
recovering population equation as the best possible representation of the diffusive
behavior of the PSLB.
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CHAPTER 5: ASSESSING THE PHYSICAL PROPERTIES OF BILAYERS OF
BIS-DENPC (16, 16) AND MIXTURES WITH THE NON-POLYMERIZABLE
LIPID DPHPC
5.1 Introduction
Over the last two decades there has been a growing interest in developing high
throughput IC screening/sensor platforms for drug screening, drug assessment, DNA
sequencing, and possibly evaluating disease states.31,33,62,108–110 While there has been
interest in high-throughput experiments utilizing whole cells expressing the IC of
interest,32,212 most researchers focus on developing artificial lipid membranes with a
controlled composition.33,111–115 These membranes are typically BLMs since there is
solution access to both sides of the membrane in this geometry, allowing for access to
both the intra- and extra-cellular portions of the IC and the measurement of current that
crosses the membrane. Unfortunately, the poor stability of BLMs, due to the weak
noncovalent intermolecular interactions that hold them together, impedes development.
To improve the stability of BLMs, researchers have tried altering the geometry of the
aperture across which the BLM is formed, providing a semi-permeable support for the
membrane, altering the chemical properties of the aperture, and/or making chemical
modifications to the BLM itself.43,44,73,98,99,213–215
For over a decade, the Saavedra Lab has focused on the use of polymerizable
lipids, developed by the O’Brien Lab, to form ultra-stable membranes that can be used
for biosensing applications. Some polymerizable lipids have been used as components
for pulldown assays/biosensors.69,124 Other polymerizable lipids can form polymerized
membranes that maintain the function of incorporated membrane proteins in response to
stimuli.56,216 Several model ICs can maintain activity in membranes composed of these
polymerizable lipids.44,70,73 Efforts have been made build upon these studies to develop a
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platform for IC based biosensing, incorporating polymerizable lipids to form an ultrastable membrane to address concerns about BLM stability.
Recently, special attention has been given to the polymerizable lipid bis-DenPC
(18, 18). It can form crosslinked 2-D polymers via 1,4- polymerization of its dienoyl
moieties by either the use of thermal initiators or exposure to UV light.217,131 Dr.
Benjamin Heitz found bis-DenPC (18, 18) to be the best polymerizable lipid for IC based
sensor applications, as it provides the best combination of membrane stability and low
conductance in a BLM geometry upon polymerization.70 Unfortunately, some multimeric
model ICs cannot function in fully polymerized bis-DenPC (18, 18) BLMs, but including
the nonpolymerizable lipid DPhPC in the BLM can address this.70,73 While this did
decrease the stability of the BLM, the resultant partially polymerized mixed BLM still
had remarkably enhanced stability compared to BLMs prepared from standard
nonpolymerizable lipids.70 It was hypothesized that because there was a major decrease
in the fluidity of the bis-DenPC (18, 18) membrane upon polymerization that the
multimeric model ICs considered could not function because the subunits could no longer
effectively associate via lateral diffusion in the membrane.74,75 Inclusion of DPhPC in the
membrane may have allowed the retention of activity by either maintaining a higher level
of fluidity throughout the membrane, or by creating fluid domains of DPhPC, or both.
The fluidity in membranes of DPhPC and polymerized bis-DenPC (18, 18) was
investigated by FRAP (Appendix B); the results show there is significant fluidity
maintained in these membranes upon polymerization. The presence of domains in these
membranes has not been confirmed, though work on membranes of DPhPC and
polymerized bis-SorbPC shows that domains exist.69 Thus, BLMs composed of
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polymerized bis-DenPC (18, 18) and DPhPC represent an acceptable compromise
between stability and appropriate biophysical properties, such as membrane fluidity, to
maintain function of multimeric model ICs.
Dr. Mark Agasid reported the Tm of bis-DenPC (18, 18), 20.2°C, caused issues
with the preparation and IC functionalization of BLMs because fluid and gel phases may
coexist at room temperature.218 To address this drawback, the new polymerizable lipid
bis-DenPC (16, 16) was synthesized. Given the trends in Tm as a function of the length
of alkyl tails of PC lipids, reducing the length of the alkyl tails of bis-DenPC from 18 to
16 carbons should result in a significantly reduced Tm.72 This chapter is focused on
assessing bis-DenPC (16, 16) as a replacement for bis-DenPC (18, 18) for use in forming
ultra-stable BLMs suitable for IC recordings. Results from this chapter informed
experimental design and interpretation of results from IC recording experiments on the
dimeric model IC, gA, in Chapter 6. This chapter and Chapter 6 together assessed the
utility of polymerized bis-DenPC (16, 16) in BLMs for IC applications.
5.2 Materials and Methods
5.2.1 Chemicals and Materials
1-palmitoyl-2-oleoyl phosphatidylcholine (POPC) and dielaidoyl
phosphatidylcholine (DEPC), purchased from Avanti Polar Lipids (Alabaster, AL), were
used without further preparation. Dr. Hamish Christie produced bis-DenPC (16, 16) in
house by modifying the previous protocols used to synthesize bis-DenPC (18, 18).219
Lipids were suspended in benzene at 10 mg/mL, stored in a -80°C freezer, and used
without further preparation. Figure 5.1 shows the structures of bis-DenPC (18, 18) and
bis-DenPC (16, 16). To minimize polymerization, the lipids were stored in amber vials
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in small aliquots, 0.5-1 mL per vial, and vials were only opened as needed. All other
lipids used, and their sources, are described in previous chapters.

Figure 5.1 Structures of bis-DenPC (18, 18) and bis-DenPC (16, 16).
In some experiments in this chapter, DI water was used instead of a buffer, such
as GUV preparation and FRAP; in these cases, the DI water underwent the
photobleaching and filtering as described for HEPES and phosphate buffers. HEPES and
phosphate buffers were prepared as previously described in Chapters 2 and 3.
For gas phase silanization of pipets for BLM work, 3cyanopropyldimethylchlorosilane was purchased from TCI America Inc. (Portland, OR).
For differential scanning calorimetry (DSC) work, ethylene glycol was purchased from
British Drug Houses VWR Analytical, a subsidiary of VWR (Randor, PA). All other
chemicals, reagents, and their preparations have been described in the previous chapters,
as have their sources.
5.2.2 DSC Measurements of Tm
The DSC protocol used was a modified version of the protocol from Dr. Saliya
Ratnayaka’s dissertation.220 Depositing and drying the lipid in a DSC pan was carried
out under an air snorkel in a yellow light room. This minimized the chances for reaction
due to light in the case of bis-DenPC (16, 16) and reduced chances for contamination of
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the DSC pan and its sample by dust. A solution containing the lipid at 10 mg/mL in
chloroform (or benzene in the case of bis-DenPC (16, 16)) was added slowly drop wise to
the DSC pan 50 µL at a time. The lipid solution was then allowed to dry before adding
more. This process was repeated until 2 mg of the lipid of interest was dried in the pan.
The raised interior edges of the pan were then scraped with a clean syringe needle and the
collected residue was placed in the bottom of the DSC pan. This scraping was done
because only the flat bottom of the DSC pan contained the sample that was analyzed; the
raised edges of the pan were not part of the pan that was analyzed, the edges were
crimped to seal the pan. The DSC pan was then placed under vacuum for 60-80 minutes.
Twenty microliters of a 50/50 (v/v) DI water/ethylene glycol solution were then added
before the pan was sealed. The lipids and solution equilibrated for at least 3 hours after
the pan was sealed before analysis.
The DSC instrument, a TA Instruments (New Castle, DE) 2920 DSC, scanned
from -20°C to 30°C at a 5°C/min ramp with a one minute isothermal step at -20°C. For
each sample three scanning cycles were carried out sequentially. The instrument was
calibrated with a water reference against air. The calibration was then checked by
carrying out a scan with experimental settings on a water sample against air; the
calibration was accepted if the onset temperature and specific heat of the water sample
were within ±5% of the listed values in the software. Lipid samples were run against a
reference of 20 µL of 50/50 DI water/ethylene glycol.
The data were analyzed using the Integrate Peaks function in Universal Analysis
2000, v 3.9A (TA Instruments). The limits of the temperature range for the first order
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transition were manually selected. Only the last two scans were used for data analysis,
though the data from the first scan are shown as well.
5.2.3 UV-vis Measurements of bis-DenPC (16, 16) Vesicles to Track the Extent of
Monomer to Polymer Conversion
UV-vis spectra of vesicles of bis-DenPC (16, 16) were used to track the extent of
monomer to polymer conversion of the lipid, using the remaining absorbance of the
dienoyl band as a reporter for the amount of unreacted dienoyl functional groups still
present. The protocol utilized vesicles produced by sonication at 35°C with a lipid
concentration of 0.5 mg/mL in HEPES buffer. More details on the sonication protocol
can be found in Chapter 3, section 3.2.2. Lipids were dried under Ar (g) before being
placed in a vacuum for four hours to one day. If mixtures of bis-DenPC (16, 16) and
DPhPC were used, they were prepared mole to mole. Following sonication, the vesicle
suspension underwent a 1 to 10 dilution with HEPES buffer.
Four hundred microliters of the diluted vesicle suspension was placed in a Teflon
FRAP cell with a Surfasil (Thermo Scientific, Dubuque, IA) modified glass slide in the
bottom of the cell to minimize vesicle fusion/adsorption.74 The vesicles were exposed to
a low pressure Hg pen lamp (rated 4500 µW/cm2 at 254 nm) (UV pen lamp) mounted 3.5
cm above the bottom surface of the FRAP cell. In some cases, controls, vesicles that
were not exposed to UV light, were placed in FRAP cells for the same amount of time as
vesicles that were exposed to UV light. This was not done in all cases, after it was
established that there was a minimal decrease in the absorbance of the dienoyl band, to
conserve the limited supply of bis-DenPC (16, 16).
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UV-vis spectra were collected using a Spectral Instruments (Tucson, AZ)
spectrometer with the lamp crossover at 460 nm. The instrument was blanked against the
buffer used for the vesicle suspension.
The Surfasil modified glass was produced using the protocol in Dr. Kristina
Orosz’s dissertation.74 Glass microscope slides or coverslips were rinsed with ethanol
before being placed in a Coplin jar containing ethanol. The piece of glass was then
grasped with Teflon tweezers and agitated for 15 s before being withdrawn and dried
with Ar (g). The glass was then placed in a 1% by volume Surfasil in chloroform
solution and agitated for 15 s and then dried with Ar (g). This step was then followed
with similar steps in pure chloroform and methanol. The modified glass was then stored
in air until use. Before use the modified glass was rinsed with ethanol and DI water and
dried with Ar (g).
5.2.4 Pipet Manufacture and Surface Modification
All pipets used in the work presented here and Chapter 6 were produced by fire
polishing and have an inner diameter at the opening of the tip of 15 µm. All pipet tips
were modified to be cyano-modified glass through gas phase silanization. Gas phase
silanization, as opposed to liquid phase silanization, was used to decrease the time needed
to produce pipets and minimize the materials used. Cyano-modified glass pipets were
used to allow results from experiments on bis-DenPC (16, 16) to be comparable to
previous studies on bis-DenPC (18, 18).70,73
The glass pipets were produced using a modified version of the protocol in Dr.
Kofi Bright’s dissertation.221 The pipets were made from borosilicate capillaries (World
Precision Instruments, Novato, CA) with an outer diameter of 1.5 mm and an inner
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diameter of 1.1 mm. The capillaries were cleaned by sonicating them sequentially in DI
water and ethanol for 5 minutes, followed by drying in an oven maintained at 60°C for at
least 2 hours. The pipets were pulled to a thin taper using a P-97 micropipet puller
(Sutter Instruments, Navato, CA) which resulted in two pipets for each capillary. The
tapered pipets were fire polished with a model MF-900 microforge (Narishige, East
Meadow, NY) to produce micro apertures with inner diameters of 15 µm. The size of
the opening was determined based on the gradations in the eyepiece of the microforge
when viewing the pipets from the side through the 35X objective on the forge. Pipets
were typically produced in batches of 20 or more.

Figure 5.2 Vessel for holding pipets during HNO3 treatment. A) View of cap with holes
for holding pipets and jar that reaction takes place in. B) Side view of the cap covered
with Parafilm (Sigma-Aldrich) and a secured pipet. C) Top down view of B). The same
setup, but a different jar and cap, was used for gas phase silanization. The holes in the
cap were made using a 1/16” drill bit.
Gas phase silanization was carried out similar to what is described in Dr. Mark
Agasid’s dissertation.222 The glass pipets were treated internally and externally with 1M
HNO3 for 30 minutes to activate the glass. The HNO3 treatment was carried out in a
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custom built vessel to allow for up to 21 pipets at a time to be treated. Prior to use, the
vessel was rinsed with DI water and ethanol. The vessel is shown in Figure 5.2. The
pipets were filled with HNO3 solution by the application of negative pressure from a
syringe when the pipet was in the HNO3 solution. The filled pipet was then secured to
the cap of the vessel. The vessel was filled with HNO3 solution and the cap was secured
to the vessel with the pipets protruding into the HNO3 solution. After 30 minutes the
pipets were removed from the treatment vessel and rinsed with DI water followed by
ethanol. The pipets were then placed in an oven and dried at 120°C for 1-3 hours; longer
times in this range were used on days with higher humidity. After drying, the pipets were
transferred to a Terra Universal (Anaheim, CA) humidity control box, which was
measured to typically have a relative humidity of 10%. A custom-built silanization
chamber was used to carry out the gas phase silanization of the pipets. The chamber
design was that of the chamber used for the HNO3 treatment. The glass portion of this
silanization vessel was kept in the oven until use to minimize the amount of water
associated with the chamber. The cap of the vessel was rinsed with acetone prior to use.
After removal from the oven the chamber was placed in the atmosphere control box as
quickly as possible. Once the pipets were secured in the cap, any blockage of the back
opening of a pipet by Parafilm was cleared using a thin gauge syringe. The silanization
chamber had 100 µL of 3-cyanopropyldimethylchlorosilane solution added to it prior to
securing the cap. The silanization chamber was placed on a hot plate, and the heat was
set such that the silane solution vaporized. Once vaporization of the silane solution was
noted, the gas phase silanization proceeded for 10 minutes. After 10 minutes, the
silanization chamber was cooled to room temperature before being opened inside the
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atmosphere control box; then pipets were removed, and the chamber and cap were rinsed
with acetone.
Pipets were removed from the cap inside the atmosphere control box, or the entire
cap with the pipets still in it was taken from the atmosphere control box and the pipets
were removed from the cap in a fume hood. Pipets were then rinsed sequentially in
acetonitrile, acetone, DI water, and ethanol. Special attention was given to rinsing the
inside of the pipets; the solution of interest was drawn through the pipet via a syringe.
Approximately 20 plugs of each solution were pulled through the pipet. Following the
ethanol rinse, the pipets air dried overnight before use. Pipets were stored in covered
petri dishes until use.
During silanization and immediately after, pipets and the silane solution were
exposed to a minimum of light. Use of the internal light in the atmosphere control box
was limited. The lights in the fume hood were kept off. This was done to reduce the
chance of photo initiated silane-silane reactions.
To check the quality of the gas phase silanization process, two square pieces of
glass, cut from a microscope slide, were treated with the same protocol as used for the
pipets, and then had their resulting contact angles measured per Chapter 3, section 3.2.4.
A surface contact angle of 72±4.7° was measured in agreement with the previously
reported value for liquid phase modification.97
5.2.5 BLM Formation
BLM formation was carried out in manner similar to what is described in Dr. Kofi
Bright’s and Dr. Mark Agasid’s dissertations.221,222 All work was done in a yellow light
room to reduce the chance of unwanted polymerization of bis-DenPC (16, 16). Red
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LEDs were used if additional illumination was needed. Prior to BLM formation, a
cyano-modified glass pipet was filled with HEPES buffer and attached to the headstage
of a patch clamp amplifier system (EPC-10, HEKA Electronics, Bellmore, NY).
Silver/silver chloride electrodes were used to monitor the resistance across the opening of
the pipet. The electrodes were prepared per Chapter 2, section 2.4.4. The working
electrode was placed inside the pipet when the pipet was connected to the headstage. The
reference electrode was placed in a small vessel, 1 mL in volume, filled with HEPES
buffer, which had a salt bridge attached. The salt bridge was filled with an agarose gel
prepared by making a 2% solution of liquid agarose in HEPES buffer, filling the glass
tube that becomes the salt bridge with the fluid agarose solution, and allowing it to cool
to a gel. The salt bridge and the pipet are brought into contact with a small reservoir of
HEPES buffer (5 mL) in a petri dish, completing the circuit. The entire BLM
experimental setup, the headstage, electrodes, salt bridge, and vessels for buffer, was kept
inside a custom built Faraday cage to reduce noise during data acquisition. The patch
clamp amplifier had a built-in virtual ground which was used to ground the cage and the
optical table the cage sat on. Before any further work, the pipet was brought into contact
with the buffer reservoir to check that the two electrodes were in communication, and
that the resistance between the electrodes was sufficiently low. The operating program
(PatchMaster v2x65, HEKA Elektronik, Germany), as a default, constantly applies a
series of positive and negative 5 mV square waves from which it calculates the real time
resistance between the electrodes. If the electrodes were in communication, and there
were no obstructions in the pipet, a resistance of 80-120 kΩ was typically observed.
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Once it was confirmed that the pipet and the patch clamp system were ready, 0.52 µL of the lipid decane solution was applied to where the tip of the pipet met the surface
of the buffer. The lipids and lipid decane solution were prepared per Chapter 2, section
2.4.4. The lipids were used within a day of being placed in the vacuum system. Lipid
mixtures were prepared in mole to mole ratios. The final concentration of the lipid
decane solution was 12 mM, which is 10 mg/mL for DPhPC in n-decane. The tip was
then repeatedly raised and lowered through the lipid decane solution, which formed a
separate phase on the surface of the buffer. Upon observation of the formation of a high
resistance seal, 1 GΩ, excess lipid decane solution was removed by gently scraping a
plastic pipet tip over the surface of the modified glass pipet tip, taking care not apply too
much force to avoid breaking the modified glass pipet tip.
The formation of this discrete phase was found to be a good indicator of the
quality of the lipid decane solution. An ideal discrete phase had minimal spread and a
relatively high apparent contact angle with the surface of the buffer indicating that a lipid
decane solution would easily produce BLMs. Phases that spread along the surface of the
buffer, broke up into smaller phases, or appeared to dissolve into the buffer over time
typically indicated that a lipid decane solution would not readily form BLMs. The
cause(s) of these differences in the appearance of the phase were not determined, as there
were no clear dependencies on preparation or materials. The appearance of a “bad”
phase meant that it would require multiple attempts to form a membrane, but this could
typically be done on the first or second try with a “good” phase. The phase can be
observed as a difference in the refractive index on the surface of the buffer and can be
readily observed with red LEDs when viewed from the side.
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If difficulty was encountered in forming a membrane, applying a coating of lipid
decane solution on the interior of the pipet prior to dipping and scraping was found to
generally address this difficulty. This was done by backfilling the modified glass pipet
with 0.5-1 µL of lipid decane solution using a 10 µL Hamilton (Reno, NV) glass
syringe. Any excess lipid decane solution forming an obstruction was removed by gently
blowing Ar (g) through the pipet, forcing air through the pipet, and finally backfilling the
pipet with HEPES buffer until buffer solution was observed exiting the tip.
On occasion a new membrane would spontaneously form after a previous
membrane had failed or been broken down; these membranes were used as well.
The formation of a high resistance seal was not, in itself, indicative of BLM
formation. The seal could be indicative of either a membrane or a clog. Identification of
a BLM was made by the breakdown of the membrane. However, seals in excess of 30
GΩ were typically indicative of a clog and not a BLM.
5.2.6 UV Polymerization Conditions for BLMs
UV polymerization of BLMs containing bis-DenPC (16, 16) was carried out by
irradiating the pipet tip, holding the membrane, for 5 minutes with the UV pen lamp held
3.5 cm above pipet tip. The pipet tip was moved as close to the surface of the buffer
solution as possible without exposing the membrane to the air. During the experiments, it
was determined that the EM pulse generated from igniting the lamp could easily break
BLMs on the pipets. This was tested by placing a physical barrier in front of the lamp
and the pipet tip and igniting the lamp at 3.5 cm away from the pipet tip. Despite no UV
light being able to reach the pipet tip BLMs could be routinely made to fail this way.
(However, it was also noticed that prolonged exposure to UV light could also cause
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membranes to fail.) To address this issue, after BLM formation the lamp was placed
more than 0.3 meters from the pipet tip and ignited. The lamp was held at this distance
for one to two minutes while it warmed before being brought into position above the
pipet tip to irradiate the membrane. While much less frequent, shutting the lamp off
could also cause a BLM to fail; therefore, the lamp was routinely moved 0.3 meters or
more away from the pipet tip after the completion of the desired UV exposure time
before being shut off.
There are some aspects of lamp operation that should be explicitly mentioned.
The light from the lamp can cause photo-initiated reactions with the silver/silver chloride
electrodes, and no data should be acquired while the lamp is on. When the lamp is on,
the gain on the patch clamp system should be set to the lowest level. Even when the
lamp is off, it will generate significant noise in the patch clamp system; thus, the lamp
should be disconnected from the power source when not in use. The power source for the
lamp should be kept outside of the Faraday cage and moved as far away from the cage as
possible when not in use. The power source, even when disconnected from the lamp and
the outlet, generates notable amounts of noise and it takes several minutes for its noise
level to decrease even when unplugged.
5.2.7 BLM Conductance and Breakdown Measurements
BLM conductance and breakdown measurements were made using protocols
similar to those described in Dr. Kofi Bright’s and Dr. Benjamin Heitz’s
dissertations.70,221 The experimental setup of the patch clamp system used to make these
measurements has been described above for BLM formation. Several steps taken to
reduce noise in the measurements have previously been described; some additional steps
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are described here. Many of these steps were taken as the optical table and the Faraday
cage were not used exclusively for electrophysiology measurements but also contained
the Saavedra Lab’s single molecule fluorescence microscope system. Aluminum foil was
used to cover any holes/openings in the cage. All extraneous cords for data connections
or power were disconnected and removed from the Faraday cage. All extraneous
powered equipment on the optical table was unplugged. Occasionally the power
strip/surge protector(s), into which equipment needed for the experiment was plugged,
became a notable source(s) of noise. Therefore, all power strips/surge protectors were
moved as far away from the cage as possible.
Conductance measurements were made on all membranes before the membrane
was broken down. Membranes that did not undergo breakdown were assumed to be
plugs, and their conductance measurements were not used. Conductance was measured
after the establishment of a seal by a protocol known as an IV curve. A series of 21
square waves of increasing potential was applied to the membrane starting at -100 mV
and increasing in potential by 10 mV increments until reaching a final potential of 100
mV. Each of these square waves was applied and collected as a separate trace, consisting
of 10 ms hold at 0 V, 50 ms at the potential of interest, and a 10 ms step at 0 V before
beginning the next trace. Data were acquired at a sampling rate of 20 kHz and displayed
as current as a function of time for individual traces (where a complete collection of
traces for an experiment is referred to as a sweep). For an example, see Figure 5.3. Low
gain settings did not result in meaningful data, producing negative conductance values
when analyzed. Gains 0.5 mV/pA were found to be sufficient for producing data that
resulted in positive conductance values. A gain of 2 mV/pA was used for all conductance
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measurements reported. Capacitive currents make it inappropriate to use current data
from the first several milliseconds of the current trace when the square wave is applied.
The average current from 27.5 to 47.5 ms after the application of the potential of interest
was used for data analysis.
Data analysis was carried out in a custom-written MatLab program,
“IV_Curve_readoutv5.m” which determined the average current from each trace and
generated a 1-D matrix which held the average current values in the order collected.
MatLab then reported the value of the slope of the line produced using the average
current as a function of the applied potential. The slope of this line was the conductance
of the membrane, and its inverse was the resistance of the membrane; Figure 5.4 is an
example of this analysis. To determine the specific conductance of the membrane, the
conductance was divided by the area of the aperture of the modified glass pipet across
which the BLM was formed. This calculation assumed a BLM diameter of 15 µm, based
on measurements made during the production of the glass pipets described above. Each
BLM had three to five IV curves carried out on it. The average of these measurements
was used as the value for the conductance of the membrane.
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Figure 5.3 Example data of a trace when collecting an IV curve on a DPhPC BLM;
applied potential was -100 mV. Region highlighted in yellow is the 20 ms that the
average current for the applied potential is determined from. Arrows indicate when the
application of potential began and ceased.
4E-11
y = 3.68E-13x - 1.72E-12
3E-11
R² = 9.99E-01
2E-11
1E-11
0
-75
-50
-25
0
25
-1E-11-100
-2E-11
-3E-11
-4E-11
-5E-11
Applied Potential (mV)

50

75

100

Figure 5.4 Data analysis of a DPhPC BLM IV curve. The slope of the line provides the
conductance of the membrane. Error bars are the standard deviation of the average
current.
Breakdown potential was evaluated using a protocol similar to that used for the
IV curve. The applied potential was increased from 0 V to 2 V by 10 mV steps; the
membrane was held at 0 V for 10 ms, at the potential of interest for 100 ms, and 0 V for
10 ms. Sampling rates of 5 or 10 kHz were used. Breakdown can be characterized by a
rapid and large change in the current through the pipet aperture, indicative of the loss of
the high resistance seal which characterizes BLMs. The observation of breakdown was
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the key criterion used to determine if a membrane was a BLM. Breakdown was defined
as the first trace in the sweep that showed a large current increase over the whole duration
of the applied potential in the trace; see Figure 5.5. In some cases, membranes could
reform during the breakdown protocol; data from these BLMS were not evaluated. If a
membrane did not breakdown, no data from the conductance measurements on that
membrane were analyzed as it was possible that the membrane was actually a clog.
5.2.8 VF PSLB Formation, Polymerization, and FRAP
VF PSLBs and the lipids were prepared per Chapter 3; see sections 3.2.2 and
3.2.5. FRAP was carried out as per Chapter 3; see section 3.2.12. Because probes in
polymerized PSLBs can diffuse significantly slower than in nonpolymerized PSLBs, the
observation time for recovery was extended for up to a hour longer than for
nonpolymerized PSLBs. Typically, 15 minutes or less was used for nonpolymerized
PSLBs. Polymerization of PSLBs containing bis-DenPC (16, 16) was carried out via UV
exposure, similar to that described in Dr. Kristina Orosz’s dissertation.74 The UV pen
lamp was held 7.6 cm above the PSLB in the FRAP cell for one hour. It had previously
been determined that 15 minutes of exposure at this height was sufficient to react 95%
of the dienoyl functional groups in lipid membranes.74 The lamp was directed through a
bandpass filter (325 nm, 140 nm FWHM; U330, Edmund Optics). Use of a filter to
remove high energy UV wavelengths minimizes the photodegradation of polymers in
phospholipid membranes116,223 and may also be useful in preventing the degradation of
the unsaturated polymerizable moieties of bis-DenPC before they are reacted to form
polymers.224 This filter was not used in the BLM work as the configuration of the
equipment for the BLM experiments and the size and shape of the filter precluded its use.
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Figure 5.5 Example of membrane breakdown data from an unpolymerized bis-DenPC (16, 16) BLM. A) 270 mV, B) 280 mV, C) 290
mV, D) 300 mV applied potential. The change in current observed in B) is due to electroporation which is indicative that the
membrane is approaching its breakdown potential.225 The BLM likely underwent breakdown in trace C) but the breakdown in this
case was recorded as occurring at 300 mV applied potential as D) is the first trace that shows consistently maintained maximum
current level.
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The VF PSLB compositions were 0:10, 3:7, 5:5, 7:3, and 10:0 (mole:mole) bisDenPC (16, 16) to DPhPC. Only those PSLBs that contained bis-DenPC (16, 16) were
exposed to polymerization conditions. All lipid mixtures had 5 µL of 1 mg/mL of RhoDOPE solution added before the organic solvents in which the lipids were dissolved were
evaporated, resulting in a mole percentage of 0.6% Rho-DOPE.
5.2.9 GUV Formation, Polymerization, and FRAP
GUV formation was carried out using a modification of the protocol used in Dr.
Kristina Orosz’s dissertation.74 Lipids were prepared, similarly to what is described in
Chapter 3, and doped with a mole percentage of 0.65% Rho-DOPE. Following vacuum
drying, the lipids were resuspended in a 2:1 (v/v) chloroform: methanol solution at 1
mg/mL. Several 10 mL beakers were cleaned in piranha overnight and subsequently
rinsed with DI water, dried with N2 (g), and placed under the air snorkel before use.
Thirty microliters of the lipid solution were added slowly and spread over the bottom of
each beaker. The lipid solution was air dried under the snorkel. The beakers were then
placed in vacuum for four hours to one day.
Following the completion of the second vacuum drying step, the beakers were
removed from the vacuum system and placed under the snorkel. Two milliliters of
photobleached DI water were added to each beaker by pipetting the water slowly onto the
side wall. Taking care to minimize vibrations, the beakers were then sealed with
Parafilm, covered with aluminum foil, and allowed to sit undisturbed overnight. The
resulting GUVs were used within 1-3 days of the addition of the DI water to the lipid
film.
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GUVs were imaged and subjected to FRAP by placing several small droplets
containing GUVs into a polystyrene petri dish [3.5 cm (diameter) X 1 cm (height)] from
VWR. The petri dishes were coated with Cell-Tak (BD Biosciences) as described in Dr.
Varuni Subramaniam’s dissertation.54 Briefly, 5-10 µL of Cell-Tak stock solution was
added to the bottom of the petri dish and physically spread over the bottom of the dish.
The Cell-Tak solution was air dried under the snorkel. The petri dish was sequentially
washed with a 1:1 ethanol: DI water solution and DI water, and then dried with N2(g). A
100 µL pipet was used to extract 20-40 µL of the GUV suspension at a time. To
minimize rupture of the larger GUVs, the pipet tip was cut open roughly ¼ to 1/3 from
the bottom of the tip to allow for a larger opening. Droplets of 5-20 µL of GUV
suspension were placed individually on the petri dish. Approximately 20 of these
droplets could be placed on a dish. The dish sat until the GUVs either 1) settled or 2)
convective currents subsided until there was no apparent motion; 2) appeared to be the
predominant case. The GUVs could become apparently immobile in tens of minutes,
though typically this took one to two hours. Polymerization was carried out by exposing
the GUV containing droplets to the UV pen lamp for 15 minutes with the lamp positioned
3.5 cm above the surface of the petri dish. FRAP experiments were not carried out on the
same GUVs before and after polymerization, but on separate samples of GUVs. The
cover of the petri dish was kept on at all times, except during polymerization. Without
the cover to enclose the dish, the droplets began decreasing in volume due to evaporation
within a hour.
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Figure 5.6 Epifluorescent images of DPhPC GUVs prepared by gentle rehydration in DI
water, doped with Rho-DOPE, and imaged with the 20X objective. A) and B) images of
GUVs of 10s to 100s µm in diameter. C) ROI image of a DPhPC GUV showing a GUV
of appropriate size for FRAP. D) same GUV as C), sometime later, immediately at the
beginning of a FRAP experiment. GUVs used for FRAP were selected on the basis of
appearing unilamellar and not having any interior or exterior structures that could
interfere with the FRAP experiment, similar to what is shown in C) and D).
FRAP on the GUVs was carried out experimentally per Chapter 2 for FRAP on
BLMs, except a 60 x 45 pixel ROI was used. It was determined that GUVs needed to be
> 60 µm in diameter for a successful FRAP experiment using the 20X objective. While
vesicles larger than this could be routinely produced, (see Figure 5.6) very few of these
vesicles survived to be imaged as static structures. It is not clear if they ruptured due to
agitation or surface contact. This was addressed by using a 40X objective (ELWD
40x/0.60 phase2 DM ∞.0-2 WD 3.7-2.7) allowing GUVs with diameters as small as 30
µm to be used. These smaller GUVs were more prevalent and frequently survived to be
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imaged as static structures. It is not known if this was because smaller GUVs were more
stable, or they failed at the same rate as the larger ones but there were simply more of
them. FRAP experiments on the same GUV using both objectives produced comparable
results. Most FRAP experiments on GUVs utilized the 40X objective.
5.2.10 Langmuir Compression Isotherms of bis-DenPC (16, 16)
Langmuir compression isotherms were used to examine the contraction of bisDenPC (16, 16) monolayers upon polymerization. The preparation and operation of the
trough and the preparation of the lipids was similar to what is described in Chapter 3,
section 3.2.6. Bis-DenPC (16, 16) was added to a DI water subphase in a chloroform
solution at a concentration of 0.5-1 mg/mL and allowed to equilibrate for 15 minutes. To
reduce opportunities for unwanted polymerization, red LEDs were used minimally for
illumination. Because the UV pen lamp had unfavorable dimensions for irradiating the
whole trough area a different UV lamp was used. A 254 nm Hg 9” UV pen lamp
(Analytik Jena, Germany) was used for photopolymerization as its dimensions better fit
those of the Langmuir trough. The lamp was held 7.6 cm above the monolayer and UV
exposure was carried out for 15 minutes without the use of the bandpass filter. Prior to
polymerization the monolayer was compressed to an area that resulted in a surface
pressure of 40 mN/m.
5.3 Results and Discussion
Several experiments were carried out on membranes composed of the newly
synthesized polymerizable lipid bis-DenPC (16, 16) and mixtures of bis-DenPC (16, 16)
with DPhPC. Experiments carried out were: DSC to determine the Tm of bis-DenPC (16,
16), UV-vis measurements of the dienoyl absorbance band to track the extent of
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monomer to polymer conversion by photopolymerization, breakdown and conductance
measurements of BLMs, and FRAP of different membrane geometries to determine
fluidity as functions of membrane composition and polymerization. Some of these
experiments were to assess properties of bis-DenPC (16, 16) itself, such as DSC to
determine the Tm of the lipid. Most of the experiments were to assess if bis-DenPC (16,
16) could be used in place of bis-DenPC (18, 18) to form ultra-stable polymerized or
partially polymerized BLMs suitable for IC recordings. All experiments were geared
towards determining properties of interest for the gA experiments that are the focus of
Chapter 6. The experiments demonstrated that the polymerizable lipid bis-DenPC (16,
16) is a suitable replacement for bis-DenPC (18, 18). It has a lower Tm and forms ultrastable BLMs upon polymerization. Membranes composed of polymerized bis-DenPC
(16, 16) and DPhPC are also highly stable, appropriate for IC recording experiments, and
retain significant fluidity.
5.3.1 DSC Results for Tm of bis-DenPC (16, 16)
The DSC scans for bis-DenPC (16, 16) are shown in Figure 5.7A. To bracket the
possible range of Tm values for bis-DenPC (16, 16) and to check the quality of the
protocol, the Tm values of POPC and DEPC were also measured; see Figure 5.7B and
5.7C. To ensure that there were no heat transferring events that could produce a nonideal baseline in the 50/50 DI water/ethylene glycol solution used to suspend the lipids, a
sample of 20 µL of the solution was scanned against an air reference as a control; see
Figure 5.7D. The results of the analysis of the Tm are shown in Figure 5.7 as well.
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Figure 5.7 DSC data and Tm results for A) bis-DenPC (16, 16), B) POPC, and C) DEPC. D) is the DSC data from a 50/50 DI
water/ethylene glycol control to demonstrate that the baseline of the solvent is unaffected over the temperature range considered. In
A), B), and C) the upper number near the 1st order main phase transition point is the Tm determined from the 2nd scan cycle, the lower
number is from the 3rd scan cycle.
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The Tm of bis-DenPC (16, 16) was determined to be 2°C. POPC and DEPC were
determined to have a Tm of -4°C and 11°C, respectively. These values differ slightly
from the manufacturer provided Tm values of -2°C and 12°C, respectively.72 However,
POPC has also been reported to have a Tm of -3.4°C, which is similar to the -3.6°C Tm
reported by the analysis software.226 It has also been previously reported that ethylene
glycol at low concentrations decreases, and at high concentrations increases, the Tm of PC
lipids.227 At the concentration of ethylene glycol used here, the measured Tm of the lipids
may be shifted by as much as 1°C higher of the “true” Tm of the lipid.227
Due to a concern that bis-DenPC (16, 16) may have a Tm 0°C ethylene glycol
was used as an anti-freezing agent. Similarities in the Tm of bis-DenPC (18, 18) and
DMPC, 20.2°C and 23°C, respectively, which both have 13 saturated carbons in their
alkyl tails, led to the concern that the Tm of bis-DenPC (16, 16) may be similar to the Tm
of DLPC, -2°C.72,218 A control experiment, using the same DSC program used for the
lipids, was carried out on 20 µL of the DI water/ethylene glycol solution vs. an air
reference. The results showed no events as a function of temperature that could impact
the analysis of the lipid data.
A key motivation in shortening the bis-DenPC lipid from the original 18 carbons
per tail (bis-DenPC (18, 18)) to 16 carbons per tail (bis-DenPC (16, 16)), was to reduce
the Tm from 20.2°C to a value further removed from room temperature. While Tm is
reported as the minimum of the endothermic first order transition from gel to fluid phase
of a lipid, there are a range of temperatures about this value where the two phases can
coexist. The DSC data and results clearly demonstrate that a bis-DenPC lipid with a
lower Tm was created.
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5.3.2 UV-vis Measurement of Vesicles of bis-DenPC (16, 16) and Mixtures of DPhPC
Exposed to UV Polymerization Conditions to Assess Monomer to Polymer
Conversion
The absorbance of bis-DenPC (16, 16) at 260 nm is due to the dienoyl moieties.
The decrease of absorbance at 260 nm is used to measure the extent of monomer to
polymer conversion in dienoyl lipid studies.70,74,130,131,228 UV-vis measurements to track
conversion were carried out with a modified version of the protocol utilized by Dr.
Kristina Orosz.74 Experiments were carried out using different UV exposure times, and
the presence or absence of the bandpass filter, to determine how much unpolymerized
bis-DenPC (16, 16) remained.
Because of the configuration of the BLM experimental setup, the bandpass filter
is not used during UV polymerization of BLMs. Spectra were collected, as a function of
time, of bis-DenPC (16, 16) vesicles in HEPES buffer exposed to the UV pen lamp,
without the bandpass filter; see Figure 5.8. To determine if decreases of the dienoyl band
occurred in the absence of UV light exposure, replicate vesicle samples were prepared
and left in FRAP cells for the same amount of time but were kept covered and
unexposed.
The spectra in Figure 5.8 show that the decrease of the dienoyl band, centered
around 255-260 nm, is a function of UV exposure similar to previous reports on
analogous polymerizable lipids.70,74 Based on the spectra, it appears monomer
conversion is nearly complete after 15 minutes of exposure. The control samples show a
small decrease in the dienoyl absorbance band as a function of time; this is likely due to
slow vesicle adsorption on the surfaces of the FRAP cell, though the decrease is minimal
at ~5% difference between the 5 minutes and 1 hour control samples. The growth of an
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absorbance band in the UV (<210 nm) as a function of exposure time, however, makes
the conversion difficult to quantitatively assess. This absorbance band is referred to as
the “UV absorbance band” going forward.

Figure 5.8 UV-vis spectra of bis-DenPC (16, 16) vesicles as a function of UV exposure
time without the bandpass filter. A) UV-vis spectra of bis-DenPC (16, 16) vesicles in
HEPES buffer as a function of UV exposure time. B) Control samples were placed in
FRAP cells for the same amount of time without UV exposure before collecting the UVvis spectra of the vesicles. Both A) and B) share the same X-axis.
To understand if the bandpass filter reduced/removed the appearance of the UV
absorbance band due to prolonged UV exposure, a comparison was made with and
without the bandpass filter; see Figure 5.9. The UV absorbance band is greatly reduced
by the filter.
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Figure 5.9 Comparison of UV polymerization of bis-DenPC (16, 16) vesicles over one
hour of exposure with and without the bandpass filter. A) without the bandpass filter and
B) with the bandpass filter. Blue is the 1 hour exposure spectrum. Orange is the no
exposure control spectrum. Both A) and B) share the same X-axis and legend.
To determine if the effects of UV exposure with and without the bandpass filter
were unique to bis-DenPC (16, 16) vesicles, DPhPC vesicles were similarly examined;
see Figure 5.10. The UV-vis spectra in Figure 5.10 indicate that the UV absorbance band
also appeared in DPhPC vesicles without the bandpass filter. To assess what role the
buffer may have played, UV-vis measurements, blanked against DI water, were taken of
HEPES buffer exposed to the UV pen lamp.
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Figure 5.10 UV-vis spectra of DPhPC vesicles after 15 minutes of exposure with and
without the bandpass filter.

210

Absorbance

0.8

No Exposure
15 Minutes
min
1 Hour
h

0.6
0.4
0.2
0
205

230

255

280
305
330
355
380
Wavelength (nm)
Figure 5.11 UV-vis spectra of HEPES buffer blanked against DI water as a function of
UV exposure time.
Figure 5.11 shows that some of the absorbance increase observed in Figure 5.8
comes from the photodegradation of the HEPES buffer. There is not enough of an
increase in absorbance due to photodegradation to account for the whole UV absorbance
band. This indicates some of the change in the spectra is due to photodegradation of the
PC lipids as well. Such photodegradation and a resulting change in the UV-vis spectra
has previously been observed in experiments on vesicles of DMPC.229 These spectra
demonstrate that, in addition to polymerization of the dienoyl moieties, UV exposure
without the bandpass filter alters the membrane and its environment by photodegradation
of the PC lipids and HEPES buffer.
To allow for quantitative interpretation of the decrease of the dienoyl band as a
function of UV exposure time, the experiment in Figure 5.8A was repeated, but with the
bandpass filter placed in front of the UV pen lamp; see Figure 5.12 for the resultant
spectra. The transmittance of the bandpass filter was measured and compared to the
normalized absorbance spectrum of unexposed bis-DenPC (16, 16) vesicles; see Figure
5.13. It was determined, based on the 240-275 nm region of these spectra and
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normalizing for the absorbance of the dienoyl band, that the bandpass filter decreased the
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Figure 5.12 bis-DenPC (16,16) vesicles exposed to UV light as a function of time with
the use of the bandpass filter.
The spectra in Figure 5.12 can be used to quantitatively assess the remaining
dienoyl band following UV exposure. The control spectrum shows λmax of the dienoyl
band is 256 nm. The minimal reductions in the dienoyl band after 15 minutes of
exposure indicate that effectively all bis-DenPC (16, 16) was converted to polymer by 1
hour of exposure. Based on absorbance at 256 nm, in comparison to the control and 1
hour exposure spectra, after 5 minutes of exposure 10% of the dienoyl moieties
remained unreacted. After 15 minutes exposure 3% remained unreacted. However,
given that the dienoyl band of the unexposed vesicles in Figure 5.8B decreased by 5%,
it is possible that all bis-DenPC (16, 16) was fully converted to polymer after 15 minutes
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Figure 5.13 Transmittance of bandpass filter and normalized background subtracted
absorbance of bis-DenPC (16, 16). Background subtraction was carried out by
subtracting the control spectrum and the 1 hour exposure spectrum in Figure 5.12.
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Extrapolating the UV-vis results with the bandpass filter to UV polymerization
without the bandpass filter, if it is assumed that there is a linear relationship between the
remaining unreacted dienoyl moieties and the photon flux, then it is likely that ≤5% of
the bis-DenPC (16, 16) remains unreacted after 5 minutes of UV exposure without the
bandpass filter. This estimate is consistent with 5 minutes exposure spectrum in Figure
5.8A which shows a very small proportion of the initial dienoyl band remains. It is likely
all reaming bis-DenPC (16, 16) was reacted by 15 minutes of UV exposure. These
results are important because 5 minutes of UV exposure was used to photopolymerize the
BLMs discussed later in this chapter and 15 minutes of UV exposure time was used in
Chapter 6.
Similar experiments as described for Figures 5.8 and 5.12 were carried out on
vesicles composed of a 5:5 mixture of bis-DenPC (16, 16) and DPhPC. The spectra of
5:5 vesicles exposed to the UV pen lamp with the bandpass filter are shown in Figure
5.14. Based on the spectra in Figure 5.14 ~10% of the dienoyl moieties remain unreacted
after 5 minutes of UV exposure, similar to the bis-DenPC (16, 16) vesicles in Figure
5.12. At 15 minutes exposure time ~2% of the dienoyl moieties appear to be unreacted,
though this ~2% could be indicative of loss due to adsorption of vesicles to the surfaces
of the FRAP cells. Based on the previous discussion of photon flux, it is likely that ≤5%
of the dienoyl moieties were unreacted after 5 minutes of UV exposure without the
bandpass filter and all bis-DenPC (16, 16) was converted to polymer after 15 minutes of
exposure without the bandpass filter.
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Figure 5.14 UV-vis spectra of 5:5 bis-DenPC (16, 16):DPhPC vesicles as a function of
UV exposure time with the bandpass filter.
5.3.3 Electrical Conductance and Stability of BLMs Composed of bis-DenPC (16,
16) and Mixtures with DPhPC
The results from breakdown and conductance measurements of BLMs composed
of unpolymerized and polymerized mixtures of bis-DenPC (16, 16) and DPhPC are
shown in Table 5.1. The measurements were made across multiple pipets, though some
pipets had membranes formed on them multiple times. Multiple pipets, as opposed to the
same pipet, or a set of the same pipets, were used for each membrane composition
because pipets typically became unusable after polymerization of a membrane despite
cleaning. The pipets were sequentially rinsed with DI water, ethanol, chloroform,
ethanol, and finally DI water to clean them. The cleaning protocol was based on
suggestions from Dr. Mark Agasid and Dr. Xuemin Wang, who both have experience
with BLMs composed of polymerizable lipids.230 Despite cleaning, pipets also typically
became unusable after forming 10 to 20 nonpolymerized membranes.
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Table 5.1 Measured Breakdown Voltage and Specific Conductance Values for BLMs Containing bis-DenPC (16, 16), DPhPC, and
Mixtures.
7:3
7:3
5:5
5:5
3:7
3:7
DPhPC:
DPhPC:
DPhPC:
DPhPC:
DPhPC:
DPhPC:
bisbisBLM
DPhPC
bisbisbisbisbisbisDenPC
DenPC
Composition
DenPC
DenPC
DenPC
DenPC
DenPC
DenPC
(unpoly)
(poly)
(unpoly)
(poly)
(unpoly)
(poly)
(unpoly)
(poly)
Breakdown
510±173
460±165 1230±320 470±146 1300±440 440±132 1240±420 330±164 1670±270
(mV)
n= (for
Breakdown)A

27

17

3

35

4

42

3

25

4

Specific
Conductance
(x 10-2
pS/µm2)B

14±12

29±51

70±89

8.6±6.4

6.7±3.8

21±15

11±5.7

54±62

38±35

n= (for
Specific
Conductance)C

27

20

3

38

4

45

3

29

4

A n is the number of BLMs examined.
B Calculated assuming a circular membrane with a diameter of 15 µm.
C n for Specific Conductance measurements is larger than n for Breakdown measurements in the unpoly cases because conductance measurements made on
BLMs before polymerization of the membrane were included.
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More unpolymerized than polymerized membranes were measured because of
membrane failures encountered in attempting to polymerize membranes, and because of
control experiments to test pipet viability before attempting polymerization. Membranes
often failed from the EM pulses generated by igniting and shutting off the UV pen lamp
during the polymerization process. Additionally, membranes, including DPhPC
membranes, can fail during exposure to UV light. UV exposure appears to increase the
rate of membrane failure versus normal membrane lifetime. However, the ratio of
unpolymerized vs polymerized membranes from Table 5.1 is not the failure rate.
Pipets were tested for reproducibly of forming membranes that could be broken
down before polymerization was attempted. Typically, three membranes were formed
and assessed for conductance and breakdown on a pipet. Then a membrane was formed
on that pipet and exposed to UV light. Accounting for the membranes to test the pipet,
the success rate in forming polymerized BLMs was ~25-50% over the BLM
compositions considered.
Increases in breakdown values in Table 5.1 indicate large enhancements in BLM
electrical stability upon polymerization of bis-DenPC (16, 16) across all compositions
considered. For example, unpolymerized bis-DenPC (16, 16) BLMs breakdown at
330±164 mV; upon polymerization of the BLM, the breakdown potential became
1670±270 mV, an approximately five-fold increase. A similar enhancement is observed
in the mixed DPhPC:bis-DenPC (16, 16) membranes; approximately three times the
potential applied to breakdown the unpolymerized membrane was needed to breakdown
the polymerized membrane. The applied potential at which a BLM undergoes
breakdown is used as a metric of its stability.225,231
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This observation matches with reports on bis-DenPC (18, 18). Bis-DenPC (18,
18) membranes that consist completely or partially of polymerizable lipid gain enhanced
stability upon polymerization as measured by air water transfers and membrane
lifetime.70,73 Previous work carried out on bis-DenPC (18, 18) did not measure
breakdown potential as the experimental setup was only able to apply a maximum
potential of ±1 V.70 However, measurements on other experimental systems demonstrate
a strong correlation between increased breakdown potential and increased membrane
lifetime.221 Thus, it is likely that the lifetime and mechanical stability of BLMs
containing polymerized bis-DenPC (16, 16) were also increased.
UV irradiation of the BLMs was limited to 5 minutes, as opposed to longer times
which would completely polymerize the BLM, because of concern that the BLM would
not be able to breakdown. This concern can be understood in the context of the
breakdown potential of polymerized bis-DenPC (16, 16) BLMs, 1670±270 mV. Any
further increase in BLM electrical stability from a more complete conversion of bisDenPC (16, 16) monomers to polymers would result in BLMs that could not be broken
down at ≤2 V applied potential. This increased stability was observed in the experiments
described in Chapter 6 where UV irradiation time was increased to 15 minutes;
polymerized bis-DenPC (16, 16) BLMs withstood the breakdown protocol.
The specific conductance values shown in Table 5.1 agree with previous
observations of polymerizable lipids. The Table 5.1 values show that the membranes are
appropriate for IC recording work with values in the ones to tens times 10-2 pS/µm2
range, and that little change in the membrane conductance occurs upon
polymerization.70,73 The specific conductance of DPhPC BLMs listed in Table 5.1 is
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similar to previously reported values on cyano-modified glass pipets, which provides
confidence in the measurements.70,73,97,213,221 Furthermore, these same reports carried out
IC recording experiments with gA, the model IC used in Chapter 6, so it is reasonable to
assume these BLMs, based on their specific conductance values, are appropriate for
similar experiments.
The relative uncertainty associated with the specific conductance values is quite
high. This was likely due to measuring the conductance of multiple BLMs formed on
multiple pipets which sometimes varied by up to an order of magnitude. However, large
differences in membrane resistance were observed on membranes formed on the same
pipet on the same day as well.
5.3.4 FRAP Results for PSLBs Composed of bis-DenPC (16, 16) and Mixtures with
DPhPC
The Saavedra Lab has measured the diffusion coefficients of Rho-DOPE and/or
Rho-DHPE in VF PSLBs composed of polymerizable lipids, including bis-DenPC (18,
18).69,74,75 VF bis-DenPC (18, 18) PSLBs polymerized by UV irradiation retain some
fluidity following polymerization, with the average diffusion coefficient of Rho-DOPE
decreasing by a factor of 5.75 Polymerized bis-DenPC (18, 18) can be used to create
ultra-stable BLMs that are appropriate for electrophysiology work. However, for some
model multimeric ICs, gA and alamethicin, the polymerized bis-DenPC (18, 18) BLM
abolished IC activity.70,73 IC activity was maintained in mixed polymerized bis-DenPC
(18, 18) and DPhPC BLMs.70,73 Assuming that the inclusion of DPhPC allowed the BLM
to retain more fluidity following polymerization, these results suggests that the fluidity of
the membrane was key to maintaining IC activity. To directly investigate this
assumption, FRAP measurements were made on VF PSLBs that consisted of mixtures of
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bis-DenPC (18, 18) (both UV polymerized and not) and DPhPC, as well as several other
commercially available nonpolymerizable lipids; see Appendix B. The results
demonstrate that the mixtures maintain a significant amount of fluidity.
To expand these studies to bis-DenPC (16, 16), FRAP experiments were carried
out on VF PSLBs doped with 0.6% mole percent Rho-DOPE composed of bis-DenPC
(16, 16), DPhPC, and mixtures thereof, both before and after polymerization. These
experiments were performed to determine 1) how the fluidity of bis-DenPC (16, 16)
membranes change upon UV polymerization and 2) if a significant amount of membrane
fluidity was retained by including the nonpolymerizable lipid DPhPC. The tabulated
results from these FRAP experiments are listed in Table 5.2. See Figure 5.15 for a direct
comparison of the average diffusion coefficient from each PSLB composition.
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Table 5.2 FRAP Results from VF PSLBs Containing bis-DenPC (16, 16).
D1 (µm2/s)

PSLB Composition

Average Diffusion Coefficient
(µm2/s)

DPhPC
7:3 DPhPC: bis-DenPC (unpoly)
7:3 DPhPC: bis-DenPC (poly)
5:5 DPhPC: bis-DenPC (unpoly)
5:5 DPhPC: bis-DenPC (poly)
3:7 DPhPC: bis-DenPC (unpoly)
3:7 DPhPC: bis-DenPC (poly)
bis-DenPC (unpoly)
bis-DenPC (poly)
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

1.2
DPhPC

1.4

D2 (µm2/s)

B1 (%) B2 (%)

1.7±0.13
0.16±0.023 66±3.7 32±3.4
1.8±0.27
0.16±0.036 71±3.4 26±2.4
1.12±0.090 0.077±0.0067 74±2.1 23±1.8
1.9±0.36
0.21±0.096 68±4.9 30±4.7
1.4±0.50
0.14±0.090
65±10 30±7.9
1.9±0.31
0.19±0.025 69±1.5 29±1.7
0.8±0.14
0.06±0.016 70±1.1 27±1.7
1.7±0.25
0.19±0.035 70±5.5 28±5.1
0.32±0.065 0.044±0.0074 42±3.4 47±1.2

0.87

1.4

1

1.4

DAverage
(µm2/s)
1.2±0.10
1.4±0.19
0.87±0.063
1.4±0.23
1±0.24
1.4±0.21
0.58±0.094
1.3±0.13
0.18±0.028

0.58

Recovery
(%)
98±1.9
97±1.8
97±1.1
98±2.4
95±3.1
98±1.0
96.6±0.54
98±1.6
89±2.3

PSLBs (n per
PSLB)
2 (5,2)
2 (4,3)
1 (5)
2 (4,3)
1 (4)
2 (4,3)
1 (2)
2 (5,3)
1 (4)

1.3

0.18

7:3 DPhPC: 7:3 DPhPC: 5:5 DPhPC: 5:5 DPhPC: 3:7 DPhPC: 3:7 DPhPC: bis-DenPC bis-DenPC
bis-DenPC bis-DenPC bis-DenPC bis-DenPC bis-DenPC bis-DenPC (unpoly)
(poly)
(unpoly)
(poly)
(unpoly)
(poly)
(unpoly)
(poly)

Figure 5.15 Bar plot of the average diffusion coefficient of VF PSLBs composed of DPhPC/bis-DenPC (16, 16) mixtures.
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Table 5.2 and Figure 5.15 demonstrate that the fluidity of bis-DenPC (16, 16) VF
PSLBs greatly decreases upon polymerization in comparison to the unpolymerized
PSLB. The average diffusion coefficient of Rho-DOPE decreases from 1.3 µm2/s to 0.18
µm2/s, a factor of 7. This is much less of a loss of fluidity than is observed in other
polymerizable lipid systems, such as diacetylene lipids and lipids containing a
methacryloyl group on one of the alkyl tails.127,232,233 However, other polymerizable
lipids, such as dioctadecadienoylammonium bromide, demonstrated a similar decrease in
fluidity, 4 fold.123 The similarity in the decrease in diffusion coefficients between bisDenPC (16, 16) and dioctadecadienoylammonium bromide is likely due to the low Xn
observed in the UV polymerization of both lipids. 127,128 In the case of bis-DenPC (18,
18) this was measured as approximately ≤10.234 Given the similarities in the FRAP
results between bis-DenPC (16, 16) here and bis-DenPC (18, 18) in Appendix B, and the
location of the polymerizable moieties in the lipid, this comparison between the two
lipids is likely valid.
There is a large amount of fluidity retained in VF PSLBs that are mixtures of bisDenPC (16, 16) and DPhPC following polymerization; see Table 5.2 and Figure 5.15.
For example, in the 5:5 mixture the average diffusion coefficient decreases from 1.4±0.23
µm2/s to 1±0.24 µm2/s. A larger decrease in the average diffusion coefficient was
observed as the amount of bis-DenPC (16, 16) was increased as in the case of 3:7
DPhPC: bis-DenPC (16, 16), but even then, the average diffusion coefficient was reduced
by less than a factor of 3. The retention of fluidity in membranes consisting of mixtures
of polymerized and nonpolymerizable lipids has also previously been noted in FRAP
experiments utilizing non-dienoyl polymerizable lipids.123,233 This retention of fluidity in
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the mixtures of polymerized bis-DenPC and DPhPC supports the hypothesis that this
fluidity allows for alamethicin and gA to function.70,73 These FRAP results do not
indicate if the retention of IC activity is due to the presence of unpolymerized domains of
DPhPC. However, work on VF PSLBs composed of polymerized bis-SorbPC and
DPhPC suggests that this may be the case.69
A necessary caveat when considering FRAP results from VF PSLBs should be
kept in mind based on Chapters 3 and 4. There are very likely four populations of probes
that are being aliased as two the analysis of FRAP data from this geometry. A
comparison of the monomer diffusion coefficients from the upper and lower leaflets
could be more useful.
5.3.5 Attempts to Carry Out FRAP on Polymerized bis-DenPC (16, 16) BLMs
Knowledge of the fluidity of free standing lipid bilayers incorporating
polymerized bis-DenPC (16, 16) was sought to assist the interpretation of results gA IC
experiments in BLMs carried out in Chapter 6. Carrying out FRAP on a painted BLM
had the potential to provide a set of experimental results that would better reflect the lipid
membrane that the gA was present in. Initial experiments used the microfluidic devices
with painted BLMs similar to those experiments described in Chapter 2, but the devices
had an aperture diameter of 80-100 µm. Unfortunately, when attempting to polymerize
BLMs, in a similar configuration to that described for the modified glass pipets, bisDenPC (16, 16) BLMs regularly failed after ~1 minute of UV exposure. Placing the
lamp further away or pulsing the exposure did not solve this issue.
Epifluorescent imaging of this process, by doping 0.6% Rho-DOPE in to the
lipids, revealed that the BLMs appeared to fail due to a rupture of the membrane. During
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UV exposure, the lipid decane solution and the membrane appeared to contract and form
new bright structures which were associated with the membrane. Shortly after these
structures appeared a tear appeared in the BLM which quickly caused the membrane to
rupture.
It is unclear what the bright structures were, but the observation of contraction of
the lipid decane solution could possibly be due to polymerization induced contraction.
Langmuir trough studies, and epifluorescent images of VF PSLBs before and after UV
polymerization, provide evidence that bis-DenPC (18, 18) contracts upon
polymerization.70,74 Langmuir compression isotherms carried out on bis-DenPC (16, 16)
monolayers, before and after exposure to UV light, suggest membrane contraction occurs
during polymerization; see Figure 5.16.
Based on a comparison of the isotherms before and after subjecting the monolayer
to polymerization conditions, the area per molecule at a pressure of 35 mN/m appears to
have decreased by a factor of 5±1.7 (n=3). A control using the same conditions, but no
UV exposure, revealed that the monolayer contracts by 9%, or a factor of about 1.1,
over the same time. That the area of the Langmuir monolayer could decrease by a factor
of 5 due to polymerization induced contraction is not unrealistic; the bulk volume of
monomers decreases by tens of times the original volume upon polymerization due to
contraction.235,236
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This assessment assumes that the reduction in monolayer area is due to
polymerization induced contraction. Observations from Takeoka et al. suggest that
polymerized bis-DenPC (18, 18) oligomers retain their amphiphilic nature.234 Thus,
polymerized bis-DenPC (16, 16) can reasonably be assumed to remain at the air/water
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Figure 5.16 Langmuir compression isotherms of bis-DenPC monolayers. A) Langmuir
compression isotherm of unpolymerized bis-DenPC (16, 16); collapse occurs at 45
mN/m. B) Langmuir compression isotherm of bis-DenPC (16, 16) before and after
polymerization of the monolayer. Discontinuity in the isotherm is where the monolayer
was compressed to 40 mN/m and then exposed to UV light for 15 minutes before the now
polymerized monolayer was recompressed. Collapse of the polymerized monolayer could
not be achieved due to the physical dimensions of the trough used. C) Control
compression isotherm of unpolymerized bis-DenPC (16, 16) showing the loss of
monolayer area. Discontinuity is due to the 15 minutes without exposure to UV light after
being compressed to 40 mN/m.
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It should be acknowledged though that unsaturated lipids undergo oxidative
reactions due to reactive oxygen species, ozone, and UV radiation. These oxidative
reactions can change the area per lipid occupied in a Langmuir monolayer, and possibly
result in oxidized lipids leaving the monolayer.237–240 However, those reactions
associated with UV exposure have been shown to increase the apparent area per
molecule.239,240 Thus, the apparent area loss of the monolayer may lead to an
underestimation of the contraction due to polymerization.
These results do not reveal how much contraction occurs in a painted BLM
geometry. However, these results provide evidence that contraction due to
polymerization can be significant, and probably led to the failure of the BLMs across the
apertures in the microfluidic devices. It is unclear what combination of factors allow the
successful polymerization of BLMs on the smaller 15 µm ID pipet apertures.
Presumably, the smaller membranes encounter less stress than the larger membranes of
the microfluidic devices.98,99 Perhaps forming the initial tear in the membrane is a
function of membrane area.
5.3.6 FRAP Results for GUVs Composed of bis-DenPC (16, 16) and Mixtures with
DPhPC
Because BLMs formed on the microfluidic devices were not a viable geometry for
FRAP studies an alternative geometry had to be used. Dr. Varuni Subramaniam and Dr.
Kristina Orosz were able to polymerize GUVs composed of bis-DenPC (18, 18) for
various studies.54,74 Epifluorescent imaging of these GUVs suggests the geometry would
likely be amenable to FRAP measurements.54 GUVs have previously been used as a
geometry for a number of different FRAP studies on phospholipid membranes, including
one that incorporated polymerizable lipids.123,152,241,242 Generally the range of the
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diffusion coefficients of lipid probes in GUVs is reported as 3-10 µm2/s, though these
values can be 1 µm2/s for some GUV compositions and >10 µm2/s for others.123,242,243
This range of diffusion coefficients suggests that the Gen 2 FRAP system should be
capable of carrying out FRAP on GUVs; thus this geometry was selected as an alternative
to BLMs.
FRAP results from GUVs demonstrate some similar trends to those for VF
PSLBs; the results are listed in Table 5.3. There was a statistically significant (at the
99.9% confidence level via Student’s t-test) decrease in the fluidity of the bis-DenPC (16,
16) membrane upon polymerization with the fast diffusion coefficient changing from
20±8.7 µm2/s to 6.1±0.93 µm2/s, a factor of 3.3±1.5. Bis-DenPC (16, 16) VF PSLBs had
a greater decrease of their average diffusion coefficient upon polymerization. However,
these results may not be directly comparable. Based on Chapters 2 and 3, the fast
diffusion coefficient in the case of the GUV results can be assumed to be representative
of the Rho-DOPE monomer, while it is likely that the FRAP results from VF PSLBs are
aliasing four diffusing populations of probes as two. A comparison on the Rho-DOPE
monomer diffusion coefficients between the two geometries is not possible. There is no
statistically significant loss of fluidity in the mixed membranes upon polymerization,
with the fast diffusion coefficient changing from 20±8.9 µm2/s to 16±7.7 µm2/s. Because
the GUVs were exposed to the UV lamp without the bandpass filter, DPhPC GUVs were
exposed to polymerization conditions to determine if exposure changed the fluidity of the
membrane. The diffusion coefficients of the monomers before and after exposure,
11±2.8 µm2/s and 19±8.3 µm2/s, respectively. These values are significantly different at
the 95% confidence level via the Student’s t-test, indicating that UV exposure may
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increase the fluidity of DPhPC membranes. However, the large uncertainties of the
measurements make it difficult to assess to what extent the fluidity has quantitatively
changed, with the monomer diffusion coefficient increasing by a factor of 1.7±0.87 when
the uncertainty is propagated. There is evidence of a population distribution change
between the monomers and the aggregates after UV exposure which notably alters the
average diffusion coefficients; this demonstrates why it is best to compare probe
monomer diffusion coefficients.
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Table 5.3 FRAP Results from GUVs Composed of DPhPC, bis-DenPC (16, 16), and a 5:5 Mixture.
GUV Composition

D1
(µm2/s)

DPhPC
11±2.8
DPhPC (Exposed to
19±8.3
Poly. Conditions)
5:5 DPhPC: bis20±8.9
DenPC (unpoly)
5:5 DPhPC: bis16±7.7
DenPC (poly)
bis-DenPC
20±8.7
(unpoly)
bis-DenPC (poly) 6.1±0.93

D2
(µm2/s)

B1 (%)

B2 (%)

Normalized
B1 (%)

Normalized
B2 (%)

DAverage
(µm2/s)

Recovery
(%)

GUVs (n per
GUV)

2±1.1

29±7.1

69±13

29±7.1

71±7.1

4±1.2

96±8.2

3 (3,1,1)

3±1.6

39±10

67±12

37±8.2

63±8.2

8±2.5

106±13

3 (5,2,1)

1.5±0.57

21±9.3

77±13

22±8.8

78±8.7

5±1.8

98±13

4 (7,3,3,3)

1.3±0.50

20±8.0 63±9.8

24±7.6

76±7.6

4±1.3

83±12

4 (3,2,2,2)

0.7±0.52

15±6.3

65±20

18±5.5

82±5.5

4±2.1

80±23

12±1.9 64±3.4

16±2.5

84±2.5

1.1±0.34

76±2.8

0.12±0.087
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7
(4,3,3,3,2,1,1)
3 (1,1,1)

Given that the two recovering population model used in FRAP data analysis of
GUVs produced a fast diffusion coefficient higher than the values typically reported for
FRAP experiments on GUVs, a point of comparison in the literature was sought for
validation purposes. There are a variety of FRAP experiments and data
analysis/modeling equations for GUVs, but one point of comparison was a study that
measured the diffusion coefficient of Rho-DOPE (1% mole percentage) in a DOPC GUV
fit to a single exponentially recovering population as 4.42 ± 0.65 µm2/s.241 The diffusion
coefficient of Rho-DOPE (0.65% mole percentage) obtained from a single
exponentially recovering population equation fit to FRAP data from DPhPC GUVs was
3±1.4 µm2/s (n=5). The comparison of these values appears to validate the use of the
Gen 2 FRAP system on GUVs. For reference, the single population diffusion coefficients
in Table 2.1 show that it should be expected for DPhPC and DOPC free standing
membranes to have similar diffusion coefficients. This comparison from Chapter 2 also
provides some confidence in the measurements.
The relative uncertainty of the FRAP measurements on GUVs was high when
compared to FRAP measurements on other lipid film geometries considered in this and
previous chapters. The diffusive behavior of individual GUVs may vary due to the
highly individual nature of how each GUV formed. When examining the GUVs
produced by the gentle rehydration process, there is a high level of poly dispersity in the
size and types of structures produced. Despite the optical selection of apparently
unilamellar GUVs for FRAP, this initial dispersity leads to questions about how disperse
membrane properties may be vesicle to vesicle. Therefore, multiple GUVs were
measured for each condition, more than the number of membranes that were typically

229

evaluated for supported geometries. Still, statistically the number of GUVs sampled for
each condition, ranging from 3 to 7, was a small population and if dispersity in
membrane properties among the vesicles does exist this may account for some of the
observed uncertainty. However, relatively large uncertainties were present in multiple
FRAP experiments on a single GUV. Furthermore, in many cases, the 40X objective was
used as opposed to the 20X objective. Based on the relationships in Equation 2.2, this
means that the spot size (ω) would decrease by a factor of 2 which decreases the time
needed to reach τ1/2 by a factor of 4. Per Chapter 2, the timing considerations for the 40X
objective pushed the FRAP system to the edge of its capabilities and may be responsible
for some of the uncertainty. However, when examining reports in the literature, the
relative uncertainties for FRAP measurements on GUVs are quite large, ranging from 1555%.152,241,242 Large relative uncertainties may therefore be common for FRAP
experiments on GUVs.
In three cases in Table 5.3, 5:5 DPhPC: bis-DenPC (16, 16) (poly), bis-DenPC
(16, 16) (unpoly), and bis-DenPC (16, 16) (poly), the % recoveries were <100%. To aid
in the comparison of the results, the normalized B1 and B2 populations were also
calculated. In polymerized cases, <100% recovery may be rationalized as there may exist
portions of the membrane that are either truly immobile, or at least appear to be immobile
over the time scale of the experiment. Another possibility is that a key assumption in the
data analysis, that the reference spot is far enough away from the bleach spot that its
fluorescence is unaffected by the bleach, may not be completely valid. The math
described in Chapter 2 for generating the recovery curve should compensate for global
changes in fluorescence. There is a limited and spatially confined amount of Rho-DOPE
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in GUVs. PSLBs, PSLMs, and BLMs can all be assumed to have an effectively infinite
supply of Rho-DOPE resulting in the net loss of fluorescence due to the laser pulse being
minimal. However, in GUVs the bleached probes become evenly distributed throughout
a GUV. As a result, the net fluorescence of the GUV may decrease notably which affects
the reference ROI. There is a method of addressing this possible problem that considers
the fluorescence of the whole GUV and accounts for the decrease in the net fluorescence
due to bleaching pulse of the laser.241 Unfortunately, this method cannot be applied to
the data collected as it requires the whole GUV to be imaged over the course of the
FRAP experiment. This was not possible with the ROI used to achieve a sufficiently fast
acquisition rate to observe the recovery of the bleach spot.
Note that the fast population becomes the minority population, in contrast to what
is observed in Chapter 2 with BLMs and Chapter 3 with PSLMs that were doped with
Rho-DOPE. In both cases it is assumed that there are only two populations of probes,
and therefore, two population FRAP results give some idea of the population distribution
of monomers and aggregates. This result for GUVs, where the population distribution is
inverted compared to the other cases, is not entirely surprising as it was established in
earlier chapters that the lipid film geometry used, and how the film was prepared, effect
the population distribution of monomers to aggregates. Per Chapter 3, the presence of
salts reduced the population of Rho-DOPE aggregates, and the less compressed a lipid
membrane was the more enhanced the aggregate population became. Using DI water in
the gentle rehydration process to form the GUVs may help explain the population
inversion since no salts are present. No literature was found about how packed the lipids
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in a GUV are compared to those of other lipid film geometries, so it is difficult to assess
what role this membrane property may have played.
The diffusion coefficient of the Rho-DOPE monomer in the DPhPC GUVs is
approximately one half of that observed in the DPhPC BLMs in Chapter 2. This
comparison is useful; it has previously been determined by FCS that lipid probes in
solvent free BLMs diffuse approximately two to three times slower than in BLMs with
solvent.162 It can be assumed, given that the probe concentrations in FCS are one to two
orders of magnitude less than what are used in FRAP, that monomers are the
predominant form.152 If it is assumed that a GUV is similar to a solvent free BLM, these
results would make sense. Furthermore, this interpretation can be used as further support
of the arguments made in Chapter 3.
5.4 Conclusions
Several experimental studies to determine various properties of interest for IC
recording experiments were carried out on membranes composed of the polymerizable
lipid bis-DenPC (16, 16) and DPhPC. Membranes composed of bis-DenPC (18, 18) or a
mixture with DPhPC have previously been shown to form ultra-stable BLMs which
would be appropriate for IC-based sensors.44,70,73 The principle challenge in the
development of the field of IC based sensors has been the temporal and mechanical
stability of the membranes that the ICs are incorporated into; polymerized bis-DenPC
(18, 18) has been shown as being able to address this challenge.44,70,73,115 However,
concerns were raised that the near room temperature Tm of bis-DenPC (18, 18), 20.2°C,
was hindering the use of this lipid in BLM formation and IC functionalization. To
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address this concern, the alkyl tails of bis-DenPC were shortened by two carbons,
yielding bis-DenPC (16, 16) with a Tm of 2°C.
The properties of membranes composed of bis-DenPC (16, 16) and mixtures with
DPhPC were assessed relative to the properties of bis-DenPC (18, 18) membranes and
their use in IC measurements. UV-vis absorbance measurements of vesicles exposed to
UV light demonstrated a decrease of the dienoyl band as a function of exposure time,
similar to what was observed with bis-DenPC (18, 18).70,74 These results were used to
inform how much bis-DenPC (16, 16) was reacted at different exposure times in BLMs.
Voltage induced breakdown measurements, before and after polymerization, revealed
that BLMs composed of both pure bis-DenPC (16, 16) and mixtures with DPhPC had
substantially increased electrical stability following polymerization. Conductance
measurements of these membranes revealed that all compositions had specific
conductance values appropriate for IC recordings, and similar to bis-DenPC (18, 18), no
major changes occurred after polymerization.70
Previous IC recording experiments revealed that some multimeric ICs could not
function in fully polymerized bis-DenPC (18, 18) BLMs but could function in mixed
DPhPC/polymerized bis-DenPC (18, 18) BLMs. Further, polymerized bis-DenPC (18,
18) membranes exhibit significantly decreased fluidity.74,75 To explain the loss of IC
activity, it was proposed that the fluidity provided by the inclusion of the
nonpolymerizable DPhPC allowed for the retention of IC activity since subunits could
continue to associate via diffusion in the membrane. Lipid diffusion in DPhPC/bisDenPC (18, 18) membranes was investigated using FRAP on VF PSLBs; these results are
described in Appendix B. This was also investigated for DPhPC/bis-DenPC (16, 16) in
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both VF PSLB and GUV geometries. The use of a GUV geometry allowed for
measurements to be made on a free standing membrane, similar to a BLM. These
measurements revealed that a significant amount of fluidity was retained in the
polymerized mixtures, while at the same time the breakdown measurements indicate that
the polymerized mixed membranes are incredibly stable, presenting an excellent mix of
properties for IC recording experiments.
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CHAPTER 6: BIS-DENPC (16, 16) AND MIXTURES WITH DPHPC ASSESSED
FOR SUITABILITY AS AN ULTRA-STABLE PLATFORM FOR IC BASED
BIOSENSORS USING THE MODEL IC GRAMICIDIN A
6.1 Introduction
As previously discussed in Chapter 5, a major goal of this research is to use
polymerizable lipids to form ultra-stable BLMs that can be used as platforms for IC based
sensors. In addition to testing the physical properties of bis-DenPC (16, 16), the ability
of BLMs composed of bis-DenPC (16, 16), or a mixture with the nonpolymerizable lipid
DPhPC, to support IC activity must be assessed, especially when polymerized. Thus, the
goals of this chapter are to assess if pure or mixed polymerized bis-DenPC (16, 16)
BLMs can support IC activity, gain insight into how BLMs should be prepared with ICs
to facilitate IC activity, and understand the relevant biophysics of these membranes and
preparations regarding IC activity.
α-Hemolysin, alamethicin, and gA have all previously been used as model ICs for
experiments utilizing polymerized membranes containing bis-DenPC (18, 18).44,70,73
While α-hemolysin functioned in BLMs of polymerized bis-DenPC (18, 18), alamethicin
and gA did not.70 This was likely due to the fact that once α-hemolysin associates with
the surface of a phospholipid membrane, and associates with other subunits to assemble
into a pore-forming heptamer, the IC no longer requires membrane fluidity to
function.244,245 Subunits of alamethicin and gA continuously associate and dissociate via
lateral diffusion and thus require membrane fluidity. Adding the nonpolymerizable lipid
DPhPC to BLMs composed of bis-DenPC restores membrane fluidity.
gA was selected as the model IC to be used in this work over alamethicin. While
previous experiments had been carried out with both ICs in bis-DenPC (18, 18) BLMs,
new metrics of interest were desired, such as mean open time and frequency of channel
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forming events, which required more complex analyses than previously performed.
Alamethicin is a more complicated model IC because it forms quaternary structures
composed of three to 11 subunits, and possesses five different conductance states.26–28
Thus, gA was selected as the model IC because of its relative simplicity.
gA is a hydrophobic linear pentadecapeptide. A functional IC consists of a dimer
stabilized by six hydrogen bonds, with one monomer in each leaflet of the bilayer. The
monomers must laterally diffuse to associate and form the membrane-spanning IC.41 gA,
as an IC, can be modeled as a simple two state system, open  close. This greatly
simplifies its treatment and interpretation of its data. With over 40 years of research
carried out on gA, it is possibly one of the best-known ICs. Many aspects of its structure
function relationships have been determined.27,40,41,65 These relationships, combined with
the observational data in the literature, are powerful tools in the interpretation of gA
activity.
6.2 Materials and Methods
6.2.1 Chemical and Materials
gA was purchased from Sigma-Aldrich (St. Louis, MO). All other chemicals and
materials used, their sources, and preparations have been discussed in previous chapters.
6.2.2 Experimental Setup
The manufacture and modification of glass pipets has previously been described
in Chapter 5, section 5.2.4. The preparation of BLMs has previously been described in
Chapter 5, section 5.2.5. Several aspects of the experimental system and steps taken to
reduce noise during electrophysiology experiments have previously been described in
Chapter 5, sections 5.2.5-5.2.7.
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One change was made in the experimental system compared to Chapter 5. A WIZ
model peristaltic pump (ISCO, Lincoln, NE) was included to allow buffer exchange in
the main vessel (a 5 cm diameter petri dish), with which the salt bridge and the pipet tip
were in contact. Integrating the pump was accomplished by placing two capillaries into
1/16” holes drilled into the side wall of the petri dish. The capillaries were held in place
by placing small pieces of Tygon tubing, with an ID the same as the OD of the
capillaries, over the end of the capillary that projected into the petri dish. The pump was
able to accommodate multiple capillaries at a time. Thus, it was ensured that the in-flow
and out-flow flow rates were the same. The pump was set to a flow rate of 2 mL/min,
and the inlet and outlet lines were inserted into the petri dish that formed the vessel such
that a volume of 5 mL was maintained. This volume of HEPES buffer was maintained
in the vessel during all BLM experiments discussed in this chapter.
Like other electrical equipment, the pump was kept outside of the Faraday cage
and unplugged when not in use. This eliminated pump generated noise affecting the
measurements. The act of plugging in the pump generated an EM pulse that occasionally
broke membranes. The inlet and outlet capillaries were run into the cage through a small
hole that also passed the power cord for the UV pen lamp.
6.2.3 Single Channel Recording Data Collection
All gA single channel recording (SCR) data that were used for quantitative
analyses in this chapter were collected at 20 kHz with a 1 kHz digital filter at an applied
potential of -100 mV. Some data were collected at higher applied potentials, but only to
demonstrate that some membrane compositions have relatively small current change
amplitudes associated with gA activity. Data was collected as either 3 or 5 s traces. A
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small minority of the SCR data have a 200 ms gap between traces; how these SCR
datasets were analyzed is discussed below.
6.2.4 BLM Formation, Conditions, and gA Incubation
There were three lipid compositions considered, 10:0, 5:5, and 0:10, DPhPC: bisDenPC (16, 16) (mole to mole). For convenience, the mixture of the two lipids is
abbreviated as 5:5. For each composition, the activity of gA was measured for three
different conditions: unpolymerized (unpoly), incubated with gA prior to polymerization
(gAUV), and incubated after polymerization (UVgA). Polymerization was carried
out as described in Chapter 5, section 5.2.6, but the membrane was exposed to UV light
for 15 minutes instead of five.
Prior to incubation the ability of the pipet to form BLMs was checked similar to
what was described in Chapter 5. The BLM also was checked for the quality of its seal
by running an IV curve at 0 V holding potential, and again at -100 mV holding potential.
This second IV curve revealed if the holding potential had destabilized the BLM. In
general, a change of 26 pA over the IV curve was a usable BLM, a change of 10 pA
was an excellent BLM, and a change of 2 pA was likely a clog. SCR data were
collected for one to two minutes before incubation with gA to ensure the stability of the
membrane and measure the baseline current. Changes in the baseline current amplitude
could be indicative of contaminating gA from previous experiments or instability of the
membrane. Observation of either of these events resulted in the membrane being broken
down and not used. If the changes in the baseline suggested that there was residual gA
contamination, the pipet was cleaned before being used again. Residual contamination
was noted to be a problem. Therefore, a common protocol utilized was a 15 minute
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sonication in ethanol, followed by water, of both the petri dish and the Tygon tubing used
to cap the capillaries. This was done at the beginning of each work day. If there was a
need to clean a pipet due to residual gA contamination, the petri dish was rinsed with DI
water and ethanol. If residual contamination continued, the protocol to clean the petri
dish and the Tygon tubing caps at the beginning of the day was repeated.
Incubation was carried out by introducing 5 µL of 1 ng/mL of gA in ethanol to the
5 mL of HEPES buffer in the petri dish vessel; this concentration regime has previously
been shown to be appropriate for these studies.70 The incubation proceeded for 15
minutes. The solution was mixed by repeated pipetting during the initial injection of the
gA solution, and typically two additional times at three to five minute intervals. SCR
data were collected during the incubation process to track the progress of gA
incorporation. If gA activity was not observed, the BLM was not used. Following the
incubation period, the pump was turned on for five minutes to complete two full volume
exchanges of the petri dish vessel with fresh HEPES buffer. During volume exchange
the applied potential was set to 0 V, and the pipet tip was positioned such that it was not
directly in the path of the flow from the capillaries to minimize the stress on the
membrane.
gA solutions were prepared in polycarbonate 1.5 mL centrifuge tubes starting
from a stock solution of 1 mg/mL of gA in ethanol. The final concertation of 1 ng/mL
was prepared by a series of 1 to 100 dilutions. The stock solution was used for one to
two weeks, and fresh dilutions were prepared daily, similar to the protocol used by Dr.
Mark Agasid.222,246 It was determined that glass vessels should not be used for this
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process as the activity of the gA dilution prepared from the stock solution appeared to
drop precipitously from day to day.
Any pipet that was used for gA work, regardless of the success of the experiment,
was cleaned as described in Chapter 5, section 5.3.3 before use again. Following an
injection of gA, the petri dish was flushed with fresh HEPES buffer, and then rinsed with
DI water and ethanol. At the end of the work day, all used pipets were cleaned and the
petri dish was flushed with 20 mL of HEPES buffer and subsequently with 20 mL DI
water via the pump.
There were some additional quality control checks that were carried out for
polymerized membranes. Following UV exposure, regardless of when incubation
occurred, the conductance of the membrane was measured again to check if the
membrane seal had been maintained. If the membrane was to be incubated after
polymerization, it was checked for stability and residual gA contamination both before
and after polymerization.
The bis-DenPC (16, 16) BLMs that were incubated after polymerization were
handled differently than all other compositions and conditions considered. Almost no gA
activity was observed during standard 15 minutes of incubation. Because of this lack of
activity, incubation was continued for approximately one to three hours. Almost no gA
activity was observed during this extended incubation and the BLMs were further
incubated with a 100-fold increase of the initial gA concentration, and subsequently
observed for tens of minutes to hours longer.
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6.2.5 Data Processing
In addition to the Faraday cage, steps were taken to minimize noise in the SCR
data. The standard deviation (stdev) of the signal of the SCR data (when no
opening/closing events were present) was typically 0.5-0.7 pA, and this varied both as a
function of the quality of the BLM and the equipment that was in operation in the
building at the time. A Fourier transform of the data from a recording of gA in a DPhPC
BLM shows a typical noise spectrum present; see Figure 6.1. Large signals are observed
at 60 Hz intervals; this type of noise is consistent with 120 V AC wall power. A stop
pass filter was implemented for these frequencies. The bandwidth of the stop pass band
was typically 3-5 Hz, though on occasion this was increased to 7 Hz. If noise appeared at
additional frequencies additional stop pass filters were implemented as needed. The use
of the stop pass filter typically decreased the stdev of the signal to 0.3-0.5 pA. Following
the stop pass filter, a low pass filter with a frequency cutoff of 1 kHz was applied, further
decreasing the stdev of the signal to 0.2-0.3 pA. Both filters were run in MatLab using
the FiltFilt function. This function runs the filter both forward and backwards in time and
eliminates phase shifts in the filtered data. This lack of phase shifts provides a higher
fidelity in the filtered data, better defining when opening and closing events occurred;
this was key for mean open time analysis. Both filters were run as 3rd order Butterworth
filters. The Butterworth filter type was used because of its steady frequency response
prior to the cutoff frequency. Median filters are sometimes used to address baseline drift
in SCR data.247 Such filters were not used here as the method in which the conductance
of the gA IC was measured was not as sensitive to baseline drift as other methods, such
as an all points histogram, described below, are.
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There were occasionally high signal environmental noise events, e.g. a door
closing. These events were fast, but because of their high amplitudes they were not
always eliminated by the filters. To address these, a custom written MatLab program,
“grasscutterv4.m,” was used to scan forward and backward in time eliminating any fast
events that represented a current change more than two times the stdev of the filtered
baseline plus the maximum expected value of a gA opening/closing event (threshold).
This maximum value was typically set between 1.5 to 2.5 pA. The grasscutterv4
program worked by considering the average of 17.5 ms of data before and after a given
data point and determined if the value of this point vs. these averages had an absolute
difference greater than the threshold. Outlier data points were then replaced with the
average current value of the 10 ms of data immediately before or after the point of
interest (the average which was closer to the point of interest was used). If multiple
sequential outlier points were identified, the 10 ms before and after this region of points
was used. This protocol was run until all high amplitude environmental noise was
eliminated. A comparison of the raw data, stop pass filtered data, low pass filtered data,
and the data after the use of the grasscutterv4 program is shown in Figure 6.2. In some
cases, it was found that the grasscutterv4 program needed to be run before the filters as
very high frequency high amplitude events could lead the filters to generate artifacts.
This process was necessary for the proper functioning of the 1-D edge detection program
to identify when IC opening/closing events occurred which is discussed in detail in
subsection 6.2.6.1.
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A

B

Figure 6.1 SCR data filtering. A) Unfiltered SCR data from a DPhPC BLM with gA present. B) Fast Fourier transform of A).
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B

C

D

Figure 6.1 cont. C) SCR data from a DPhPC BLM with gA present after the application of the stop pass filter with a 5 Hz stop band
and the 1 kHz lowpass filter. D) Fast Fourier transform of C).
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Figure 6.2 SCR data from a DPhPC BLM after incubation with gA and subsequent
buffer exchange. The figure demonstrates how the various applied filters and
grasscutterv4 change the SCR data prior to analysis. Colors indicate changes to data after
applications of filters and grasscutterv4. Blue is the SCR data before processing. Green is
after the application of the stop pass filter with a 3 Hz stop band. Orange is the SCR data
after the application of the 1 kHz lowpass filter. Teal is after the application of the
grasscutterv4 program. There is almost no orange visible because teal completely
conceals it except at those places where the grasscutterv4 program altered the data.
Where orange is observed is the difference between the filtered data and the data after
changes made by the grasscutterv4 program. Notice that grasscutterv4 removed signals
in excess of 10 pA, these signals cannot be reasonably be attributed to gA.
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6.2.6 Data Analysis
6.2.6.1 Ion Channel Conductance
One of the principal measurements of interest in IC studies is the conductance of
the channel. For gA, there are several factors that can affect its conductance, including
the membrane composition and exposure to UV light.248,249 Conventionally, the
conductance of an IC is determined by creating a histogram of all the data in a SCR that
has a stable baseline; this is known as an all points histogram. While it requires ideal
data with no drift in the baseline, the data can be easily interpreted to determine the
difference between the centers of Gaussian distributions. This difference gives the
current change that occurs between the discrete digital states that occur as a function of
the number of ICs open. An example of this analysis is shown in Figure 6.3A and B.
However, conditions where a BLM was exposed to UV light could disrupt this analysis
method as gA can form non-canonical conducting substates that disrupt the discrete
digital states; see Figure 6.3C and D. Substates of gA are known to both naturally exist
and be induced by photodegradation of gA by UV light.249–252
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A

B

Figure 6.3 All points histogram analysis of SCR data. A) SCR data from a DPhPC BLM after incubation with gA and buffer
exchange. B) All points histogram of A). In B) four states are clearly apparent, indicative of discrete digital states, separation between
states is 1.56-1.6 pA or 15.6-16 pS, indicative of standard gA conductance in a DPhPC BLM.70,221,222
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C

D

Figure 6.3 cont. C) SCR data from a DPhPC UV→gA BLM following buffer exchange. D) All points histogram of C). The discrete
digital current states are no longer apparent, likely because the substate(s) of gA have disrupted the digitization of the current levels.
Spacing between apparent states is not consistent and it is difficult to assign a current difference for gA opening/closing events.
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To obtain quantitative values for the conductance of gA ICs, the method used
before modern computers that allowed an all points histograms to be generated was
employed. This method relies on measuring the amplitude change in the current across
the membrane following an opening/closing event.250 Following the completion of the
filtering protocols, the SCR data underwent a process of event identification to determine
when gA ICs had opened or closed. An example of the event identification is shown in
Figure 6.4. This was done using the Analyze Edges software package in MatLab from
UNC Chapel Hill’s Center for Computer Integrated Systems for Microscopy and
Manipulation, specifically the 1-D edge detector function available at
http://cismm.web.unc.edu/software/ (Sept. 2018). The 1-D edge detection program uses
a relative threshold to identify discrete steps (events) in the data which does not appear to
be a function of the absolute range of the minimum and maximum of the data considered.
Thus, the appropriate settings to detect all events of interest are determined for each
sweep of SCR data. The settings were accepted based on examining one of the more
complex regions of the filtered data and determining if the edge detecting program
identified all gA opening/closing events in this region. Another approach that was used
for SCR data that may have portions of the sweep that were unusable due to extreme
environmental noise or apparent fluctuations in the membrane was to select regions of
data that appeared to be viable and analyze these regions individually. For SCR data
from incubated BLMs that had thousands or more gA events over the course of the
sweep, a subset of the SCR sweep was selected and analyzed. These subsets were
typically one to ten minutes in duration with an excess of 100 events.
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Figure 6.4 Subset of SCR data from Figure 6.3C starting at 64.05 s. Vertical orange lines are where the edge detection program has
identified that an event occurred. Events that are identified as real are labeled with upper case letter designations that will be referred
to in subsequent figures and tables. The five events labeled with lower case letters were instances when the edge detection program
misidentified an event. These misidentified events were excluded from the analysis through a combination of reviewing plots such as
this one and having no apparent step when individually analyzed to determine the amplitude of the current change in the event; an
example of this is shown in Figure 6.6.
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Once the 1-D edge detector settings were accepted, the program reports the
positions of all events of interest. These positions were used to select 25-200 ms of data
from the filtered SCR data pre- and post-event. The position data were also converted to
the time, relative to the beginning of the sweep that an event occurred. The pre- and
post-event SCR data and the relative time in the sweep when the event occurred were
exported from MatLab as .TXT files. The event SCR data may undergo additional
processing during this export such as the application of a 500 Hz 3rd order Butterworth
lowpass filter and/or boxcar averaging. These .TXT files were then read by a custom
written VBA program in a MS Excel workbook. The workbooks analyzed events in
batches of 150. The VBA program determined the sign and amplitude of each event by
fitting a histogram of the pre- and post-event data to two Gaussian curves and computing
the difference between the amplitude of the pre-event and the post-event current. The bin
width in the histograms was 0.02 pA. This histogram was generated by the VBA
program instead of using the built-in histogram function in MS Excel; because the latter
increases computational times by roughly an order of magnitude. The fitting equation is
Equation 6.1 where A is the maximum height of the Gaussian curve, B is the mean of the
Gaussian curve, x is the relative coordinate of the bin of interest, and C is the standard
deviation of the curve; the subscripts of 1 and 2 are for the pre- and post-event Gaussian
curves, respectively. An example of the fitting process is shown in Figure 6.5.
𝑓𝑖𝑡 = 𝐴1 ∗ exp (− (

(𝑥−𝐵1 )2
2∗𝐶12

(𝑥−𝐵2 )2

)) + 𝐴2 ∗ exp(− (
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2∗𝐶22

))

(6.1)
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Figure 6.5 Determining the current difference after a gA IC opening or closing event. A)
Filtered SCR data from a gA closing event in a DPhPC BLM with 25 ms of data before
and after where the 1-D edge detection program has determined the event occurred.
These data were used to generate the histogram in B) (blue dots). The orange dots are the
fit. The bin axis of the histogram is a relative scale that can be converted back into real
current values. A relative scale was used for this work because MS Excel, specifically the
Solver function, could not operate properly with the absolute values of the current. It was
determined from the fit that there was a current difference of 1.79 pA or an IC
conductance of 17.9 pS.
The starting values for the Gaussian curves produced by the fit were selected by
the average values of the first and last 100 points of data (5 ms) which gave estimated B
values and the frequencies of the histogram at these estimated B values were used as
estimated A values. The initial C values used were typically set in the script of the VBA
program as 0.2-0.4 pA. The fit was optimized by Solver which was automatically
executed by the VBA program. Solver optimized the fit by reducing the sum of the
squared residuals as has been described for other data analyses in earlier chapters. As a
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quality control check, the data, and the fit of the data, for each event were manually
checked by reviewing the plots shown in Figure 6.5 for each event.
The data for each event was manually checked because in the process of finding
settings that were acceptable for the 1-D edge detection program and selecting the time
range of the data window a variety of errors could occur. Noise that resulted in a large
derivative was occasionally misidentified as an event; these events were rejected during
the quality control process. An example of noise misidentified as an event is shown in
Figure 6.6. In some cases, multiple unpaired events occurred within the data window; the
unwanted events were manually removed, and a new histogram and fit were generated for
the event of interest. Individual histograms and new entries were created in the MS Excel
workbook if these unwanted events were not present before or after the event of interest.
While rare, multiple events in the same event data window could occur. For example, if
two channel opening events occurred that were very close to one another, the edge

Current (pA)

detection program may have identified this as one event.
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Figure 6.6 Misidentified event by the 1-D edge detection program. Likely the steep
positive current change at 400 ms generated a sufficient derivative that it was passed as a
step by the program. This event comes from the SCR data in Figure 6.4 and was labeled
as “b”.
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The quality of each fit was checked individually because Solver sometimes found
a solution in a local minimum where the resultant fit did not represent the data. For
example, Solver could optimize the parameters in such that there may be no fitting for
one of the Gaussian curves, or an overly broad fitting may be used. This was typically
solved by entering new starting values for the fitting parameters and rerunning Solver. If
issues with the fit persisted additional manipulations could be carried out such as boxcar
averaging the data or constraining the C term of Equation 6.1. While the quality of the fit
for each event was checked individually, if the starting values provided for the fit were
close to correct, the fitting process was completed faster and was likely to return an
accepted set of parameter values.
Once all events in a MS Excel workbook prepared by the VBA program were
checked and accepted, an additional VBA program aggregated the results into an event
table. The event table lists when an event occurred, the sign of the event amplitude
(which indicated the opening or closing of a gA IC), and the amplitude of the event. This
event table was used to determine the total number of opening or closing events per unit
time, for the membrane as well the average, standard deviation, and the mode of channel
conductance. However, the utility of these last three parameters from the event table is
limited as it is apparent from the failure of the all points histogram analysis above that
there are likely multiple conductance states. Thus, these results were used to generate a
histogram of the conductance of the opening/closing events which readily allows for the
evaluation of gA IC conductance data that contains multiple conductance states for a
given case. An example of an event table and a step height histogram generated from the
table is shown in Table 6.1 and Figure 6.7 based on the analysis of the SCR data
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presented in Figure 6.4. A bin width of 1.5 pS was used for these histograms based on
Equation 6.2, where W is bin width, N is the total number of entries and σ is the standard
deviation of the case.253
𝑊 = 3.49 ∗ 𝜎 ∗ 1/𝑁1/3

(6.2)

W was calculated for the most populous case, 5:5 UV→gA, where N=1341 and 𝜎=4.6
pS. To allow for better quantitative comparison of the values in the step height
histograms, the apparent populations within the histograms were fit to Gaussian curves;
these fittings are shown in the histograms (an example of this is shown in Figure 6.7). In
some cases these fits may not appear Gaussian, this is due to the large bin widths being
used relative to the standard deviation of the Gaussian curve(s) and a lack of intervening
data points in the x-axis.
Table 6.1 Event list of current changes and conductance of gA openings/closings in
Figure 6.4.
Event Current Change (pA) Conductance (pS)
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P

2.15
1.91
-0.967
0.911
-1.98
0.835
-0.995
-1.74
-1.55
-0.622
0.818
1.47
-1.4
-2.04
0.832
-0.787

21.5
19.1
9.67
9.11
19.8
8.35
9.95
17.4
15.5
6.22
8.18
14.7
14
20.4
8.32
7.87
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Figure 6.7 Step height conductance histogram of the 16 events listed in Table 6.1 and
Gaussian fits of the apparent populations. In addition to the mean and mode, these
histograms were a principal way that quantitative gA conductance data was evaluated
since the histogram allows for a fuller evaluation of what the conductance of gA was for
a given case, if there were different conductance states present, and what the distribution
of those different states was. In this case there were likely two different conductance
states of gA of which the fits to Gaussian curves are shown. In all but one case the
presence of two apparent conductance states was observed; while the center of these
states may change case to case for simplicity they are referred to in the fittings as the low
and high conductance states.
6.2.6.2 Mean Open Time Analysis
Mean open time analysis was carried out in a manner different from the
conventional method of creating a histogram of single channel dwell times and fitting it
to a decaying exponential curve; rather, it was determined by first determining the
dissociation rate constant of gA and then taking the inverse.250,254 This was done by
creating segments of an idealized series of gA opening/closing events based on SCR data
that could be analyzed by QuB. QuB can determine the dissociation rate constant of gA
in a given segment. The rationale for not using the traditional method of mean open time
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analysis, why QuB was used instead, and the process of preparing SCR data for analysis
by QuB are described below.
Mean open time analysis is conventionally performed by creating a histogram for
the duration of channel open times where only one channel was open and then closed and
then fitting it to a model to extract the mean open time.250,254 A drawback to this
histogram approach is that longer channel open times are frequently unavailable for
analysis. The longer a channel remains open, the more likely it is that a second channel
will open. This was especially problematic as in several of the conditions and BLM
compositions considered, gA channels could remain open for tens of seconds or even
minutes.
Since the gA dimer dissociation can be modeled as a unimolecular reaction, the
inverse of the dissociation rate constant gives the mean open time.254 (This same math is
implemented in reverse in literature for gA ICs to determine the dissociation rate
constant.255) QuB requires users to provide it with a model of how the IC being
considered functions. A simple two state model, open ↔ close, was used for gA. QuB
can determine the association and dissociation rate constants of this model, and the
standard deviations of the rate constants, for multiple channels active simultaneously.
This capability is based on a series of algorithms developed in the 1990s; QuB appears to
be based on the algorithm reported in ref. 257 and improved on using the algorithm in ref.
258.256–258 These algorithms themselves operate on a different principle than the
traditional method of calculating mean open time. Rather than attempting to analyze a
series of dwell times and fit the data to a model, they function using a maximum
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likelihood approach which attempts to identify parameters for a kinetic system that
provide the maximum likelihood of mimicking the observed IC events.259
The event table that the VBA data analysis program produces also lists the preand post-event current amplitudes. This allows for the construction of segments that
describe a continuous series of gA channel opening and closing events. Segment
construction was carried out by matching the post-event current amplitude to the
succeeding pre-event amplitude within a given range; the default was ±0.35 pA. The
program also sums the sign change from each event in a segment to determine how many
channels are open or closed after each event, the event level. For each continuous
segment, the program then reviews the sum of the signs after each event and adjusts this
value so that the highest event level was set as 0, no channels open, and all other event
levels were negative, indicating the number of channels open. The operator must have
knowledge of what the baseline (zero channels open) was and for this baseline to be
present in a segment assigned as the 0 event level; if baseline was not present in a
segment, then that segment was not analyzed. The baseline for a given sweep of SCR
data was determined by a combination of the pre-incubation SCR data, incubation SCR
data, knowledge of how the baseline can change due to buffer exchange and/or UV
exposure, and identifying the most positive current values that occurred in a given SCR.
The operator can manually link or break segments in the program. An example of this
event table and linking segments is shown in Table 6.2. This event table was generated
from the analysis of the identified events in Figure 6.4. The program initially identified
three segments, with breaks between event numbers 7 and 9 (G and H) and between event
numbers 14 and 15 (J and K). However, visual inspection of Figure 6.4 shows that there
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is no reason for these segments to be separated and the segments can be linked by
indicating “L” in the “Manual Segment Check” column at the end of the segment to be
linked to the succeeding segment.
Segments were converted to idealized data in MatLab prior to being loaded into
QuBA v1.4.0.1 (Milescul Lab, University of Missouri) for mean open time analysis. The
data were idealized by using all the “Relative Event Time (s)” and “Re Adjusted Post
Event Level” values for an “Adjusted Segment #” value; see Table 6.2. Idealized SCR
data for a segment, (all events having the same Adjusted Segment #) were generated as
the Re Adjusted Post Event Level * 2 pA for the period of time from Relative Event
Time(n) – Relative Event Time(1) + 50 µs : Relative Event Time(n+1) – Relative Event
Time(1) where n represents an opening/closing event in the segment; data points were
produced in 50 µs intervals in keeping with the SCR sampling frequency. These
idealized data were generated in MatLab and outputted for use in QuB as a carriage
return delimited .TXT file (vertically descending with each line representing a datum);
when the data were loaded into QuB the sampling frequency at which the data were
collected was set as 20 kHz. The resultant data from this idealization for the SCR data in
Figure 6.4 and Adjusted Segment 1 in Table 6.2 are shown in Figure 6.8 for illustrations
purposes.

A

QuB is software, initially developed by the Sachs Lab at SUNY Buffalo, used for analysis of SCR data. It
was available at https://milesculabs.biology.missouri.edu/QuB.html as of October 2018 for free.
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Table 6.2 Event table for SCR data in Figure 6.4 generated by the VBA data analysis program. A
Event Relative
Current Pre-Event Post-Event
Sign
Conductance
Segment
Number Event
Change Amplitude Amplitude
of
(pS)
#
in Seq. Time (s)
(pA)
(pA)
(pA)
Event
1
2
3
4
5
6
7
9
10
14
15
16
18
19
20
21

0.423
0.7336
1.8456
2.82575
4.12115
4.4795
4.6205
5.29565
5.3164
6.51785
6.55545
6.73035
6.96665
7.1386
7.2718
7.2958

21.5
19.1
9.67
9.11
19.8
8.35
9.95
17.4
15.5
6.22
8.18
14.7
14.0
20.4
8.32
7.87

2.15
1.91
-0.967
0.911
-1.98
0.835
-0.995
-1.74
-1.55
-0.622
0.818
1.47
-1.40
-2.04
0.832
-0.787

-16.69
-14.65
-12.70
-13.42
-12.78
-14.73
-13.84
-15.42
-17.17
-18.74
-19.72
-18.59
-17.06
-18.67
-20.73
-20.18

-14.54
-12.75
-13.67
-12.51
-14.76
-13.89
-14.83
-17.16
-18.72
-19.36
-18.90
-17.12
-18.46
-20.71
-19.90
-20.97

1
1
1
1
1
1
1
2
2
2
3
3
3
3
3
3

1
1
-1
1
-1
1
-1
-1
-1
-1
1
1
-1
-1
1
-1

Raw Adjusted
Adjusted
Re
Manual Adjusted
Post
Post
Raw Post Adjusted
Segment Segment
Event
Event
Event Post Event
Check
#
Level
Level
Level
Level
1
-1
1
1
-1
2
0
1
2
0
1
-1
1
1
-1
2
0
1
2
0
1
-1
1
1
-1
2
0
1
2
0
1
-1
L
1
1
-1
-1
-1
1
0
-2
-2
-2
1
-1
-3
-3
-3
L
1
-2
-4
1
-1
1
-1
-3
2
0
1
0
-2
1
-1
1
-1
-3
0
-2
1
-2
-4
1
-1
1
-1
-3
0
-2
1
-2
-4

A In the preceding pages the process of converting segments into a format and subsequently data that could be analyzed to determine mean open times was
described. Several of the columns in this event table are called out by name to describe the process. Special attention should be given to the “Relative Event
Time (s)”, “Adjusted Segment #”, and “Re Adjusted Post Event Level” columns.
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Figure 6.8 Idealized data of “Adjusted Segment #” 1 in Table 6.2 of SCR data in Figure
6.4.
The SCR data must be idealized before being loaded into QuB for mean open
time analysis, because QuB cannot identify gA substates. QuB requires users to provide
it with values for the mean open current and its standard deviation for the IC. QuB often
failed to identify opening/closing events of gA substates. This was because the current
from substates was too low to trigger the threshold for detection. Changing the standard
deviation to try to address this issue was not successful. Thus, idealized data was used so
QuB was able to recognize events. This approach, was considered valid given that
previous studies had determined that naturally occurring gA substates, and substates that
occur by photodegradation due to UV exposure, did not have altered mean open times
compared to the standard conductance state.249,251
Thus, the inverse of the dissociation rate constant determined by QuB, is the mean
open time. The relative standard deviation of the rate constant was multiplied by the
mean open time to generate the standard deviation of the mean open time. Because QuB
can work with multiple segments from different BLMs at once, the dissociation rate
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constant was determined simultaneously for all relevant data across all membranes
considered for a specific case.
6.2.6.3 Channel Opening/Closing Frequency
The frequency of channel opening or closing events was determined by the VBA
data analysis program. The program summed how many negative or positive current
change events occurred in a MS Excel workbook for a BLM. Positive events indicated a
channel closing and negative events indicated a channel opening. These sums were
divided by the time that was observed and analyzed in the workbook. If multiple work
books were used for a BLM the sums and observation times were aggregated. Frequency
results were only determined for BLMs that underwent the standard incubation and buffer
exchange protocol. Frequency results from each BLM were treated equally regardless of
the length of the observation period, though all BLMs analyzed had an observation period
≥58 seconds.
6.2.6.4 Analysis of SCR Data with Gaps between Traces
SCR data for six out of the 35 BLMs analyzed for this chapter were collected with
gaps between the traces, as discussed above. No condition or metric analyzed consisted
solely of such SCR sweeps. When analyzing the SCR sweeps for these BLMs, additional
processing was carried out to account for the gap between traces. Any gA opening or
closing events that occurred during a gap between traces which were identified by the 1D edge detector were excluded from analysis and not included in step height conductance
histograms or calculations of the frequency of channel opening/closing events.
Frequency of events was calculated with respect to observed time. In some cases, SCR
sweeps with gaps were used for mean open time analysis. If an event occurred during a
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gap, the segment was broken at that gap and a new segment was started; the gap event
was removed from the event table. The relative event times of the segment did include
the gap time. This assumes that no paired events occurred in the gap.
6.3 Results and Discussion
There were four primary measurements of interest for each of the nine casesA
considered: 1) gA function, 2) gA conductance, 3) gA mean open time, and 4) gA
opening frequency.
gA function can initially be evaluated by examining the filtered SCR data that the
subsequent quantitative metrics are derived from. Filtered SCR data from two different
BLMs from each case are shown. All SCR data shown come from BLMs that have
undergone the incubation processes described in section 6.2.4. The time scales of many
of the SCR sweeps shown differ, this is due to a combination of attempting to select
sweeps that best demonstrate the behavior of gA for a given case and experimental
conditions/settings at the time the data were collected.
Conductance provides quantitative information on the function of gA in different
membrane compositions and UV exposure conditions and literature data show that both
factors can change the conductance of gA.213,248,249,260 The average, standard deviation,
and mode were calculated from all step height conductance values for each case.
However, the step height conductance histograms for each case, and the Gaussian fits to
the apparent populations, are also included and are more informative as there appear to be
multiple populations for each case. The mean, standard deviation, and relative area of
each fitted Gaussian curve are reported as well.

A Case refers to a combination of a membrane composition and a condition.
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The mean open time of gA can be affected by a factors such as membrane
composition, thickness, and possibly by membrane fluidity via a higher apparent
activation energy barrier for dissociation.16,248,261,262 With knowledge about the fluidity
of the membrane from the FRAP results in Chapter 5, and control experiments in the
DPhPC cases, it is possible to interpret what factors may be responsible for the mean
open time in a given case. Mean open time was determined using SCR data taken both
during incubation and after buffer exchange.
Frequency can be impacted by several factors including: membrane composition
and structure, membrane fluidity, gA potency (number of functional gA subunits that
associated with the BLM during incubation), exposure to UV light, distribution of active
and inactive conformers of gA, and mean open time of the gA channel.41,248,249,260,261,263–
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Some aspects of the measured frequency of gA events can be explained by factors

such as membrane fluidity and mean open time and inferences can be made about the
other factors at play affecting the IC opening frequency. As the number of channel
opening to closing events was closely paired in most cases, the frequency parameter is
reported in terms of channel openings.
6.3.1 gA Activity in DPhPC BLMs
gA was shown to function in all DPhPC cases considered; see Figure 6.9 for
representative SCR data. An example of SCR data for gA in a DPhPC BLM that has not
been exposed to UV light (unpoly) is also shown in the previous Figure 6.3A. An
example of the UV→gA case also is shown in Figure 6.3C.
The mean, standard deviation, and mode of the conductance values measured for
all DPhPC cases are listed in Table 6.3. However, the presence of substates, and the

264

failure of the all points histogram analysis, suggests an analysis based on parameters that
assume a single population for each case is not truly descriptive of the activity of gA for
that case. The literature does state that substates can make up a significant percentage of
channel opening and closing events, approximately 35% in one study and up to 56% in
another, though these studies were not carried out in BLMs composed of PC lipids.251,252
However, substates have also been observed in a number of BLMs composed of PC
lipids, including DPhPC.248,250,263 Therefore, the step height histograms were considered
and shown for all DPhPC cases in Figure 6.10. The fitted Gaussian curves are also shown
in Figure 6.10.
The mean, standard deviation, and relative area of each Gaussian curve fitted to
an apparent population of the step height histogram are listed in Table 6.4. Considering
the step height histograms, in the DPhPC unpoly case there are two apparent populations
of gA conductance states. Fitting two Gaussians curves to the histogram reveals one
population centered 16.1±3.9 pS at and another centered at 7.0±2.3 pS. In the DPhPC
unpoly case, the most common values from the histogram, 18-19.5 pS, and the mode,
18.4 pS, are within the canonical accepted range of 15-25 pS for gA in KCl solutions
measured by previous students.70,221,222 (This range is similar to what is reported in the
literature as well for gA conductance in KCl solutions when the IC is incorporated into
DPhPC BLMs, though lower values have been reported.113,250,255) Considering the area
under the Gaussian curves of the two populations, the population centered at 16.1 pS
contains 75% of the total area, the population centered at 7.0 pS contains 25% of the total
area suggesting that the canonical state is the majority state. A caveat in this fitting is that
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the standard deviation of the substate population had to be constrained to 2.25 pS or
Solver fit the histogram with one overly board Gaussian curve.

Table 6.3 Mean and mode conductance values for all DPhPC cases.
Unpoly UV→gA gA→UV
Case
Mean (pS)
13±5.3
11±5.9
10±4.9
Mode (pS)
18.4
6.6
10
668
1144
896
Events Analyzed
4
6
4
Membranes Analyzed

Table 6.4 Gaussian fitting parameters for all DPhPC cases.
Low Conductance
High Conductance
Photo Induced
State
State
State (DPhPC)
Case
Conductance Pop. Conductance Pop. Conductance Pop.
(pS)
(%)
(pS)
(%)
(pS)
(%)
Unpoly
UV→gA
gA→UV

7.0±2.3
7.4±2.1
6.6±2.1

25
55
33

16.1±3.9
15.2±3.0
16.2±3.8
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75
45
27

10.7±1.3

40

A

B

Figure 6.9 Examples of SCR data of gA activity in DPhPC BLMs: A) unpoly and B ) UV→gA. from a DPhPC gA→UV BLM.
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C

Figure 6.9 cont. Example of SCR data of gA activity in DPhPC BLM: C) gA→UV. The region from approximately 200 to 225 s
appears to have a larger noise profile than the rest of the data. This variation was not due to noise but due to flicker from a gA IC
quickly closing and opening.
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D

Figure 6.9 cont. Example of SCR data of gA activity in DPhPC BLM: D) gA→UV

269

Normalized
Freq.

0.20
0.15
0.10
0.05
0.00

Normalized
Freq.

0.20
0.15
0.10
0.05
0.00

Normalized
Freq.

0.20
0.15
0.10
0.05
0.00

A
Normalized Freq.

Fit

B

1.5
3.0
4.5
6.0
7.5
9.0
10.5
12.0
13.5
15.0
16.5
18.0
19.5
21.0
22.5
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C

Bins (pS, bin width 1.5 pS)
Figure 6.10 Step height conductance histograms and Gaussian fits for DPhPC: A) unpoly, B) UV→gA, and C) gA→UV. A) n=668
events across 4 BLMs. B) n=1144 events across 6 BLMs. C) n= 896 events across 4 BLMs.
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The DPhPC UV→gA case appears to have similar populations as the DPhPC
unpoly case; two populations centered at 7.4±2.1 pS and 15.2±3.0 pS based on the
Gaussian fittings of the histograms. However, the low conductance substate becomes the
majority population, consisting of 55% of the total area under the Gaussian curves, with
the canonical state population now representing 45% of the total area under the curves.
(There is a caveat to the curve fitting used in this case; the standard deviation of the
canonical state was constrained to 3 pS otherwise the Solver utilized an overly broad
Gaussian curve.) The change in the majority population is also reflected in the mode
which is 6.6 pS for this case. This change suggests that, since no gA was present during
the UV exposure, the membrane or the surrounding environment has been changed in
some way that enhances the presence of the substate. This change may be linked to the
changes observed in the UV-vis spectra of DPhPC vesicles and/or HEPES buffer shown
in Chapter 5, Figures 5.10-11, which are indicative that both the lipids in the membrane
and the HEPES buffer are photodegraded by UV exposure without the bandpass filter.229
The DPhPC gA→UV case is comparable to the DPhPC UV→gA case with the
addition of a new photo induced population centered at 10.7±1.3 pS. This new
population resulted in the use of three Gaussian curves to fit the histogram for this case.
Populations mirroring those observed in the UV→gA case were identified at 6.6±2.1 pS
and 16.2±3.8 representing 33% and 27% of the total area under the curves, respectively.
In addition to the conductance values of these populations, if the area under the curves for
only these populations is considered the distribution is 55% and 45%, similar to the
observed population distribution in the UV→gA case. The new population at 10.7±1.3
pS is now the major population with a plurality of the area under the curves, 40%. This is
reinforced by the mode for this case, 10 pS. Tryptophan residues in gA anchor the
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peptide to the hydrophobic/polar interface of the membrane through the indole moiety,
which can be photodegraded by UV light to alter the conductance of the gA
channel.41,249,260,266 Interestingly, it has been shown that altering any one, or a
combination, of the four tryptophan residues on a gA subunit can result in a new and
different channel conductance, so it is surprising that UV exposure appears to give rise to
one predominant new conductance state of gA.41 It can be concluded that the step height
conductance profile of gA in a DPhPC BLM for the gA→UV case is a combination of
apparent changes to the DPhPC membrane or its environment by UV exposure and an
alteration of the gA IC itself, likely through damage of tryptophan residues.
The calculated mean open times of gA for the three DPhPC cases are listed in
Table 6.5. A number of measured values have been reported for the mean open time of
gA in different membrane compositions and geometries as well as buffer compositions
ranging from tens of milliseconds to seconds and in some compositions even
longer.104,213,248–252,255,262,263 The best comparison that can be made is to Bright et al.
which found a mean open time of 1067 ± 387 ms in painted DPhPC BLMs on cyanomodified glass pipets.213 This is significantly less than the time determined here,
3.0±0.20 s, though there are some experimental differences worth noting. Bright’s
experiments were performed at a lower applied potential and on a larger aperture than
were used here; there is literature that suggests both differences could lead to a shorter
mean open time. In the case of the larger aperture, this is because there may be more
tension on the membrane.76,104,262,267 Furthermore, the method used here to analyze and
determine the mean open time allowed for identification of longer events. Bright et al.
used an variant of the conventional histogram fitting analysis discussed above in
subsection 6.2.6.2.213,268
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Based on a Student’s t-test comparison the mean open times of the unpoly and
gA→UV cases (3.0±0.20 s vs. 3.2±0.24 s) while appearing similar, are significantly
different at the 99.9% confidence level. That the mean open time after UV exposure did
not decrease is counter to the data presented in Bright et al.213 This observation is also
different from previous literature that found no change in the mean open time of gA
channels upon UV exposure.249 A possible explanation for this difference with both of
the above reports is both considered many fewer events than were analyzed here for their
gA→UV condition.213,249 There is a significant difference, at the 99.9% confidence level,
in the mean open time of the UV→gA case compared to the other two; if the fluidity of a
DPhPC membrane is increased by UV exposure as the FRAP results in Table 5.3
suggests this could explain the decrease. It is difficult to understand why the mean open
time value of the gA→UV case, 3.2±0.24 s, is not equal to or less than the UV→gA
value given the membrane and its environment have experienced the same UV exposure.
A possible explanation could be there are two factors affecting the mean open time in the
gA→UV case that effectively work against each other.
Table 6.5 Mean Open Times for gA in all DPhPC cases.
Unpoly UV→gA gA→UV
Case
Mean Open Time (s) 3.0±0.20 2.5±0.22 3.2±0.24
473
267
361
Events Analyzed
3
4
6
Membranes Analyzed
The frequency of gA IC opening events are listed in Table 6.6. These frequencies
of channel opening events for all cases are not statistically significantly different.
Table 6.6 Frequency of gA channel opening events in all DPhPC cases.
Case
Channel Opening Freq. (Hz)
Time Monitored (s)
Membranes Analyzed

Unpoly
UV→gA gA→UV
0.24±0.054 0.6±0.35 0.3±0.20
1277.9623
525.145
2439.97
3
3
3
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Considering all four measurements, there are several important observations and
conclusions that can be made. The first is that the UV irradiation conditions do not
inactivate all gA subunits. This is important because it is possible to completely abolish
gA activity with sufficient UV exposure.249,260 Second, upon exposure to polymerization
conditions, DPhPC BLMs, or the environment around the BLM, undergo a change that
shifts the conductance profile of gA to favor the conductance substate centered at ~7 pS
but does not abolish the canonical conductance state centered at 15-16 pS. Irradiating gA
when already incorporated into the BLM results in an additional substate with a narrower
distribution centered at 10.7±1.3 pS indicating that the gA channel has been altered,
likely due to damage to its tryptophan residues.249,260 However, despite evidence of
damage to the gA subunit and some change in the membrane or its environment, these
changes appear to have minimal to no effect on the mean open time or the frequency of
channel openings. This suggests that changes in these values are due to changes in the
membrane itself, not due to changes in the gA subunits.
6.3.2 gA Activity in bis-DenPC (16, 16) BLMs
In bis-DenPC (16, 16) BLMs, gA was found to function in the unpoly and
gA→UV cases, but effectively did not function in the UV→gA case. SCR data for all
three cases are shown in Figure 6.11. That gA can function in polymerized bis-DenPC
(16, 16) BLMs appears to be different from observations with bis-DenPC (18, 18).70
However, in some BLMs examined for this case, no gA activity was observed (two out of
nine total). In the UV→gA case, almost no activity (five events in total) across three
BLMs, over hours of continuous incubation, was observed. An example of the rarity of a
gA opening/closing event in the UV→gA is shown in Figure 6.11C, with an expansion of
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the singular event in the sweep shown in Figure 6.11D. These data for Figure 6.11C were
collected over 2.75 hours of continuous incubation.
Because gA activity was unexpected based on the previous report of gA in
polymerized bis-DenPC (18, 18) BLMs, the BLMs were often subjected to the
breakdown protocol per Chapter 5, section 5.2.7, to test if they were polymerized.70
These BLMs did not breakdown demonstrating that they were polymerized, and more
stable than those examined in Chapter 5.
That gA does not function when it is introduced to the membrane after
polymerization suggests that either the subunits are not able to associate with the
polymerized membrane or they are not able to cross the hydrophobic core to the other
leaflet. Given that gA functions in the gA→UV case, it is unlikely that the properties of
the polymerized membrane prevent gA from functioning. While gramicidin D
(composed of 80% gA) changes the properties of membranes, it is unlikely that the
presence of gA before polymerization altered the BLM such that gA retained its activity
as the peptide must be >1 mole percent of the membrane for alterations to occur.269
Before discussing the characterization of gA activity, a manipulation of the data
analysis in the gA→UV case must be called out. In one of the seven gA→UV BLMs
where gA activity was observed, and one of the three analyzed, there were two periods of
gA IC flicker, similar to what is called out in Figure 6.9C for the DPhPC gA→UV case.
This flicker was observed as a series of a channel closing events paired with an opening
event, typically <300 ms between the two. These events were always paired, with the
same absolute current change for the channel closing and paired opening, and with the
flicker maintaining the same current change amplitude, ~1.2 pA. This pairing of events
and maintaining the same conductance, were taken as evidence that the flicker was due to
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a single aberrant gA IC. Further evidence that this was a single channel was that the
flicker began to occur upon the opening of a new gA IC and ceased when one closed.
Because flicker activity was only observed in one BLM, that it represented a small
amount of time in the overall observation time of that BLM, and such activity had
previously been noted (indicating the flicker was not unique to this case), flicker activity
was deemed as not representative of gA activity in this case. As such it was excluded
from all quantitative analysis.
The mean and mode of the conductance values measured for the bis-DenPC (16,
16) unpoly and gA→UV cases are listed in Table 6.7. Step height conductance
histograms and the fitted Gaussian curves for the unpoly and gA→UV bis-DenPC (16,
16) cases are shown in Figure 6.12, Gaussian curve fitting parameters are listed in Table
6.8. Figure 6.12 reveals that both cases have two apparent populations which were fit to
Gaussian curves. The unpoly case has populations centered at 4.5±1.0 pS and 11.1±4.7
pS, representing 25% and 75% of the area under the fitted curves, respectively. The
gA→UV case has populations centered at 3.4±0.85 pS and 11.8±5.8 pS representing 47%
and 53% of the area under the fitted curves, respectively.
The conductance of several gA ICs in the bis-DenPC (16, 16) BLMs, for both
cases, was surprisingly low given the canonical conductance of gA. To evaluate if the
observation of such low conductance of gA ICs in these BLMs was correct, gA
conductance in an unpoly BLM was evaluated at -250 mV to produce a higher signal in
the form of IC current. See Figure 6.13 for SCR data and Table 6.9 for the analysis of the
data. While the conductance of a gA IC is dependent upon multiple variables, at the
concentration of KCl being used it can be assumed there is a roughly linear relationship
between the applied potential and the IC current over -100 mV to -250 mV.40,250 The IC
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conductance values measured at -250 mV include values similar to those measured at
-100 mV providing confidence in the existence of the low IC conductance values that
were measured at -100 mV.
Table 6.7 Mean and mode conductance values for bis-DenPC (16, 16) unpoly and
gA→UV cases.
Unpoly gA→UV
Case
Mean (pS)
10±6.6 9±8.4
Mode (pS)
4
1.9
791
104
Events Analyzed
7
3
Membranes Analyzed
Table 6.8 Gaussian fitting parameters for bis-DenPC (16, 16) unpoly and gA→UV cases.
Low Conductance
High Conductance
State
State
Case
Conductance Pop. Conductance Pop.
(pS)
(%)
(pS)
(%)
4.5±1.0
37
11.1±4.7
63
Unpoly
3.4±0.85
38
11.8±5.8
62
UV→gA
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A

B

Figure 6.11 Examples of SCR data of gA activity in bis-DenPC (16, 16) BLMs: A) and B) unpoly.
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C

D

Figure 6.11 cont. Example of SCR data of gA activity in bis-DenPC (16, 16) BLMs: C) UV→gA and D) expansion of channel
closing event in C).
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E

Figure 6.11 cont. Example of SCR data of gA activity in bis-DenPC (16, 16) BLMs: E) UV→gA.
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F

G

Figure 6.11 cont. Examples of SCR data of gA activity in bis-DenPC (16, 16) BLMs: F) and G) gA→UV.
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Figure 6.12 Step height conductance histograms and Gaussian fittings for gA in bis-DenPC (16, 16) BLMs: A) unpoly case and B)
gA→UV case. A) n=791 events across 7 BLMs. B) n=104 events across 3 BLMs.

282

Figure 6.13 SCR data of gA activity in an unpoly bis-DenPC (16, 16) BLM collected at -250 mV, accepted events are labeled.
Table 6.9 Event list of current change and conductance of gA IC openings and closings in Figure 6.13.
Events
A
B
C
D
E
F

Current Change (pA)
-1.69
-0.53
-1.73
-0.61
-2.14
0.33
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Conductance (pS)
6.77
2.11
6.92
2.43
8.57
1.33

There are some notable similarities and differences between the conductance of
gA in a comparison of the histograms and fits for the unpoly and gA→UV cases for
DPhPC. Similar to what was observed in the DPhPC cases, upon UV exposure the
population of the low conductance state was enhanced compared to the unpoly case.
However, the step height histogram of the bis-DenPC (16, 16) gA→UV case was fit to
two Gaussian curves while the DPhPC gA→UV case was fit to three. There is no
obvious third photo induced population in the bis-DenPC (16, 16) gA→UV case. This
could be interpreted as the tryptophan residues of gA not photodegrading to produce a
new conductance state. This is possible in a bis-DenPC (16, 16) membrane as there is a
report of unsaturated bonds in PC lipids protecting gA from photodegradation.270
While both bis-DenPC (16, 16) cases considered can occasionally have gA ICs
with canonical conductance values, the appearance of states with such a low conductance
was surprising. It is known that gA activity can be modulated by the lipid composition of
the membrane, though research on lipids with unsaturated bonds, including PC lipids,
shows that the conductance of gA increases in the presence of unsaturated bonds.248,271
One explanation for this difference could be that in the prior experiments, the lipids
contained cis unsaturated bonds that were positioned towards the middle of the alkyl tails,
producing a more disorganized and thinner membrane that was also more
compressible.16,248 Unpolymerized bis-DenPC (16, 16) has four trans unsaturated bonds
(two per tail) near the glycerol backbone which may be relatively rigid due to possible
conjugation via a resonance structure involving the ester and a charge separated state; see
Figure 6.14 for these structures. This rigidity could potentially impact the ability of gA
to change the local structure of the membrane needed to overcome the negative
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hydrophobic mismatch of the dimer.16,41,264–266 Similar or greater rigidity may exist in the
polymerized lipid membrane. A similar observation of reduced membrane protein
function has previously been noted in the case of rhodopsin in bis-DenPC (18, 18)
membranes. A similar explanation was proposed, that the rigidity of the unpolymerized
and polymerized lipid prevented the membrane from overcoming the hydrophobic
mismatch, though in this case it was positive mismatch.54,74,216

↔
Figure 6.14 Proposed resonance structures of the dienoyl moiety.
Another possible explanation for the low conductance is that bis-DenPC (16, 16)
likely produces a thicker membrane than DPhPC. DPhPC produces thinner bilayers than
fluid phase DPPC, both of which have 16 carbons in their alkyl tails.146 Since the bond
angles of the sp2 carbons are greater than the sp3 carbons of DPPC, it is possible that bisDenPC (16, 16) may produce bilayers thicker than fluid phase DPPC. Furthermore,
given the structure of bis-DenPC (16, 16) it is unlikely that a membrane thins following
polymerization. Decreasing the thickness of the bilayer has been correlated to increasing
the conductance of incorporated gA; it seems possible that the reverse is occurring
here.248 The decrease in conductance may come from stretching motions that the ion
channel is modeled to undergo to allow it to remain anchored to the hydrophobic/polar
interface of the lipid membrane when gA cannot adequately deform the local membrane
to overcome the negative hydrophobic mismatch.266
In the bis-DenPC (16, 16) gA→UV case, it was not possible to calculate a mean
open time, because in most of SCR sweeps, a very small number of channel opening
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events occurred, and most were not observed to close, resulting in a trend of increasingly
negative current. This trend is further discussed regarding the frequency of channel
opening events below. The SCR data shown in Figure 6.11C came closest to returning to
the baseline, making it possible to measure a mean open time, though it appears to have
been at least one channel closing event away from ever reaching baseline. Based on
Figure 6.11C the mean open time of gA in the gA→UV case is estimated to be at least
one minute and probably longer. This long apparent mean open time is difficult to
explain. Mean open times for gA are enhanced by a decrease in membrane thickness,
decrease in membrane tension, and the presence of cis unsaturated bonds at the center of
the alkyl tails of lipids.16,248,262 It is unlikely that any of these factors are at play here.
Furthermore, studies show DEPC membranes, which contains trans double bonds, do not
stabilize the open channel dimer conformation of gA, suggesting that the remaining trans
double bond after the 1,4-polymerization of bis-DenPC (16, 16) may work against the
stability of the IC dimer.131,264,265 However, there may be a fluidity-based explanation for
the apparent long mean open times. A computational modeling study, that was later
found to be in agreement with dual single molecule fluorescence/electrophysiology
measurements of gA,272 described the mechanism of gA dimer dissociation in great
detail.261 Rotation of the monomers can disrupt two of the six hydrogen bonds that
stabilize the IC dimer leading to dissociation, although there is a high electrostatic barrier
to this pathway.261 Alternative pathways involve an axial or a lateral displacement of one
of the monomers coupled with rotation, with the lateral displacement pathway being
highly energetically favored.261 This provides a fluidity-based explanation for the long
mean open time. Assuming the FRAP measurements of Rho-DOPE in Chapter 5 can be
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related to membrane viscosity, the decreased fluidity of the polymerized membrane
effectively creates a higher energy barrier for a dissociation pathway involving a lateral
displacement.144
The mean open time of gA in the unpoly case was determined to be 28±3.7 s
based on the analysis of 115 events across five membranes. While shorter than the
estimated mean open time of the bis-DenPC (16, 16) gA→UV case, this value is
significantly larger than what is observed in the DPhPC cases. Rationalizing this long
mean open time is very difficult as a fluidity-based explanation cannot be used here;
unpolymerized bis-DenPC (16, 16) membranes were shown to have comparable fluidity
to DPhPC membranes in Chapter 5. One possible explanation is that based on the
Langmuir isotherm of bis-DenPC (16, 16) in Figure 5.16A and previous isotherms
collected of DPhPC in the Saavedra Lab, bis-DenPC (16, 16) is likely more tightly
packed than DPhPC.70 Given that rotation of the monomers must occur in addition to
lateral displacement, it is possible that the tighter packing restricts the rotation of the
monomers, creating a higher energy barrier for dissociation.261 However, it is also
possible that because the structure of bis-DenPC (16, 16) is so different from other PC
lipids that have been examined for their effect on gA activity, the relevant biophysical
relationships may not presently be known.
The results from the frequency of channel openings for the unpoly and gAUV
cases are listed in Table 6.10. The uncertainties of the frequency results are too large to
allow for a quantitative discussion. A graphical representation of all frequency results is
included in Figure 6.17, towards the end of the chapter, which may allow for a better
assessment of the results. For the purposes of discriminating between frequency results
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an “apparent trend” occurs when the mean frequency values of two cases are separated by
an order of magnitude or more.
Table 6.10 Frequency of gA channel opening events in bis-DenPC (16, 16) unpoly and
gA→UV.
Case
Channel Opening Freq. (Hz)
Time Monitored (s)
Membranes Analyzed

Unpoly
gA→UV
0.08±0.077 0.007±0.0084
3980.5
25890
4
3

The frequency of channel openings is reduced by an order of magnitude upon
polymerization. This difference, and the difference in the measured and estimated mean
open times, can be attributed to the changes in membrane fluidity following
polymerization. The decrease in membrane fluidity following polymerization, was in the
range of a factor of 3 to 7 (see Chapter 5, sections 5.3.4 and 5.3.6). This decreased
fluidity should lead to fewer events per unit time where two gA subunits could encounter
each other via lateral diffusion.
The ratio of opening to closing events in the gA→UV case is notable. In most
BLMs, analyzed for event frequency, the number of opening to closing events were
comparable; the ratio of opening to closing events was typically 0.85 -1.15. In the case of
bis-DenPC gA→UV, the average ratio of the three membranes considered was 2.3±1.1.
This lack of paired closing events is likely due to the reasons discussed for the long mean
open time of this case, there is a higher energy barrier to dimer dissociation.
In comparing the bis-DenPC (16, 16) and DPhPC unpoly cases, there does appear
to be a difference in the frequency of channel opening events, 0.08±0.077 Hz vs.
0.24±0.054 Hz. Given that the fluidity of the two membranes is similar (Chapter 5,
sections 5.3.4 and 5.3.6) the difference in frequencies is likely due to the longer mean
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open time in the bis-DenPC (16, 16) unpoly case. If it is assumed that roughly equal
numbers of functional monomer subunits are present in the BLMs for each case, the
longer mean open time results in more subunits existing as dimers in the bis-DenPC (16,
16) BLM compared to the DPhPC BLM. Because more subunits are present as dimers
for longer times, there are fewer monomer subunits per unit time available to form new
dimers thus reducing the frequency of channel opening events.
6.3.3 gA Activity in 5:5 mixture of DPhPC: bis-DenPC (16, 16) BLMs
gA was found to function in all cases for BLMs composed of the 5:5 mixture of
bis-DenPC (16, 16) and DPhPC. Examples of representative SCR data are shown in
Figure 6.15. Each of these cases has notably different gA activity. The mean, standard
deviation, and mode of the conductance values measured for the individual events of all
5:5 cases are listed in Table 6.11. Again, the step height histograms and the fitted
Gaussian curves are of more use; these are shown in Figure 6.16. In the unpoly case,
there are two apparent populations centered at 4.6±1.6 pS and 9.0±1.5 pS, representing
37% and 63% of the area under the curves, respectively, with no measured gA IC events
having canonical conductance values. This conductance profile does not match either of
the pure lipid unpoly cases. This suggests that gA functions in a homogenous phase that
of DPhPC and bis-DenPC (16, 16), which gives rise to an environment with unique
conductance states. In the UV→gA case, the gA conductance profile undergoes a major
shift towards higher conductance states which is reflected in the mode which goes from
8.2 pS in the unpoly case to 14.7 pS in the UV→gA case. There are two apparent
populations for this case centered at 6.6±3.3 pS and 14.6±2.3 pS, representing 38% and
62% of the area under the curves, respectively. The conductance profile of this case is
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like that observed for the DPhPC unpoly case. A much different change in the
conductance profile is observed for the gA→UV case. The mode of the case is 2.9 pS,
decreasing from the unpoly case. The histogram was fit to two apparent populations
centered at 4.1±1.2 pS and 11.0±3.1 pS and having a relative population distribution of
49% to 51%, respectively. For comparison, the two fitted populations for the bis-DenPC
(16, 16) gA→UV case are 3.4±0.85 pS and 11.8±5.8 pS, representing 47% and 53% of
the area under the fitted curves, respectively. This suggests that gA is in an environment
like that of the bis-DenPC (16, 16) gA→UV case.
Table 6.11 Mean and mode conductance values in 5:5 mixtures of DPhPC and bisDenPC (16, 16).
Unpoly UV→gA gA→UV
Case
Mean (pS)
7±2.5
11±4.6
7±4.6
Mode (pS)
8.2
14.7
2.9
505
1341
329
Events Analyzed
4
4
3
Membranes Analyzed
Table 6.12 Gaussian fitting parameters in 5:5 mixtures of DPhPC and bis-DenPC (16,
16).
Low Conductance
High Conductance
State
State
Case
Conductance Pop. Conductance Pop.
(pS)
(%)
(pS)
(%)
4.6±1.6
37
9.0±1.5
63
Unpoly
6.6±3.3
38
14.6±2.3
62
UV→gA
4.1±1.2
49
11.0±3.1
51
gA→UV
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A

B

Figure 6.15 Examples of SCR data for gA activity in 5:5 BLMs: A) and B) unpoly.

291

C

D

Figure 6.15 cont. Examples of SCR data for gA activity in 5:5 BLMs: C) and D) UV→gA.
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E

F

Figure 6.15 cont. Examples of SCR data for gA activity in 5:5 BLMs: E) and F) gA→UV.
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Figure 6.16 Step height conductance histograms and Gaussian fits for 5:5 BLMs: A) unpoly, B) UV→gA, and C) gA→UV. A)
n=505 events across 4 BLMs. B) n=1341 events across 4 BLMs. C) n= 329 events across 3 BLMs.
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The mean open times of gA for all three 5:5 cases are significantly different from
one another and are shown in Table 6.13. The unpoly 5:5 mean open time, 4.7±0.44 s, is
intermediate between the two other unpoly cases, which makes sense if the unpoly 5:5
mixture is a homogenous phase composed of bis-DenPC (16, 16) and DPhPC.
Presumably, the presence of the bis-DenPC (16, 16) leads the gA IC to remain open
longer than it would in pure DPhPC. The mean open time of the 5:5 gA→UV case,
77±10 s, suggests gA is in an environment similar to polymerized bis-DenPC (16, 16).
The change in the mean open time of the UV→gA case, 9.6±0.82 s, compared to the
unpoly case, 4.7±0.44 s, shows that gA experiences a new environment that can be
attributed to the presence of reacted bis-DenPC (16, 16). Furthermore, when considering
mean open times from the DPhPC cases and the 5:5 gA→UV case, gA is not
encountering the same environment suggesting that the environment is not pure DPhPC.
Table 6.13 Mean Open Times for gA in 5:5 mixtures of DPhPC and bis-DenPC (16, 16).
Unpoly UV→gA gA→UV
Case
77±10
Mean Open Time (s) 4.7±0.44 9.6±0.82
205
273
113
Events Analyzed
3
4
3
Membranes Analyzed
The frequency of gA IC opening events for each of the three 5:5 cases are listed in
Table 6.14. The uncertainties are such that it is difficult to make quantitative
comparisons. Still, there are some apparent trends that may be clearer in the presentation
shown in Figure 6.17. In general, it appears that gA forms channels less frequently in the
gA→UV case than in the unpoly case, whereas the opposite trend is apparent in the
UV→gA case. This is interesting as the fluidity of 5:5 membranes, measured before and
after polymerization by FRAP, was not significantly different, ruling out fluidity as an
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explanation. Furthermore, given the mean open time and channel opening frequency
results for the DPhPC cases, alterations to gA can likely be ruled out as a cause for these
apparent trends as well. Thus, these apparent trends suggest that structural changes in the
membrane have occurred and that, similar to the mean open time values above, gA likely
experiences a different environment depending on whether the BLM was incubated
before or after polymerization.
Table 6.14 Frequency of gA channel opening events in 5:5 mixtures of DPhPC and bisDenPC (16, 16).
Case
Channel Opening Freq. (Hz)
Time Monitored (s)
Membranes Analyzed

Unpoly
UV→gA gA→UV
0.4±0.50 2±2.3
0.04±0.033
1261
803
2323.33
4
3
3

One of these apparent trends, that gA may more readily form open ICs in the
UV→gA case, is similar to observations made with alamethicin and gA in polymerized
mixed bis-DenPC (18, 18) and DPhPC BLMs.70 This was part of the evidence that led to
the purposed existence of a heterogenous membrane composed on nanoscale domains of
polymerized and nonpolymerizable lipid. The presence of such domains has been
observed in mixed polymerized bis-SorbPC and DPhPC membranes by AFM, and
nanodomain formation may occur in the mixed membranes considered here.69
6.3.4 Analysis of gA Activity Across all Cases
Considering the results in the above subsection, in addition to information
presented in the discussion of gA activity in DPhPC and bis-DenPC (16, 16) BLMs, and
some results from Chapter 5, it is possible to propose a model involving separate
polymerized and nonpolymerized phases that explains the behavior of gA in polymerized
5:5 BLMs. While none of the experiments conducted here directly investigated if these
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domains may exist, several of the results infer the presence of domains and others can be
explained by accepting a model of gA function in mixed membranes that involves
different polymerization induced phases.
To aid in the consideration of the results and trends of the IC conductance, mean
open times, and channel opening frequencies, Tables 6.15-17 as well as Figure 6.17 are
included below. Table 6.15 contains the parameters of the Gaussian fits of the step
height histograms. Tables 6.16 and 6.17 are the consolidated mean open times and
frequencies of channel openings, respectively. The uncertainties of the channel opening
frequencies are large enough to make quantitative interpretation of the results difficult in
several cases. Figure 6.17 is a log scale visualization of the results for each case so that
possible trends can be more readily perceived.
Table 6.15 Consolidated conductance states determined by Gaussian fits for all cases.
Low Conductance High Conductance
Photo Induced
State
State
State (DPhPC)
Composition Condition
Conductance Pop. Conductance Pop. Conductance Pop.
(pS)
(%)
(pS)
(%)
(pS)
(%)
DPhPC

bis-DenPC
(16, 16)

5:5

Unpoly
UV→gA
gA→UV
Unpoly
UV→gA
gA→UV
Unpoly
UV→gA
gA→UV

7.0±2.3
7.4±2.1
6.6±2.1
4.5±1.0
3.4±0.85
4.6±1.6
6.6±3.3
4.1±1.2

25
55
33
25
47
37
38
49

16.1±3.9
15.2±3.0
16.2±3.8
11.1±4.7

75
45
27
75

11.8±5.8
9.0±1.5
14.6±2.3
11.0±3.1

53
63
62
51

Table 6.16 Consolidated mean open time results for all cases.
Mean Open Time (s)

DPhPC

5:5

bis-DenPC (16, 16)

Unpoly
UV → gA
gA → UV

3.0±0.20 4.7±0.44
2.5±0.22 9.6±0.82
3.2±0.24 77±10
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28±3.7
na
~>1 minute

10.7±1.3
-

40
-

Table 6.17 Consolidated channel opening frequency results for all cases.
Frequency of Channel
Openings (Hz)
Unpoly
UV → gA
gA → UV

DPhPC

5:5

bis-DenPC (16, 16)

0.24±0.054
0.6±0.35
0.3±0.20

0.4±0.50
2±2.3
0.04±0.033

0.08±0.077
na
0.007±0.0084

bis-DenPC (16, 16) gA → UV
5:5 gA → UV
5:5 unpoly
DPhPC gA → UV

0.001

bis-DenPC (16, 16) unpoly
5:5 UV → gA
DPhPC UV → gA
DPhPC unpoly

0.01

0.1

1

Channel Opening Frequency (Hz, Displayed on a log scale)
Figure 6.17 Display of the range of measured channel opening frequencies for the
different cases where gA functioned. The results are displayed on a log scale with each
dot for a given case representing the frequency measured on a single BLM.
The DPhPC cases are important control experiments providing results that allow
elimination of several possible factors when proposing a model for gA activity in the 5:5
BLMs. While there can be changes to the conductance of gA due to irradiation of the
membrane with or without gA already present, values such as mean open times and
channel opening frequencies do not appear to be strongly affected. Furthermore, while
the irradiation of the membrane can result in the appearance of a new conductance state,
it does not appear to abolish existing conductance states.

298

10

The bis-DenPC (16, 16) cases provide several important pieces of information.
gA can function in a polymerized membrane, but it must be present in the membrane
before polymerization. gA cannot associate with an already polymerized membrane and
form an IC that can function. Furthermore, the decrease in channel opening frequency
upon polymerization can be attributed to the reduced fluidity of the polymerized
membrane as can the apparent long mean open times.
Considering the 5:5 results, the first observation that can be made is that the
gA→UV and UV→gA conductance profiles greatly resemble the gA→UV bis-DenPC
(16, 16) case, and the DPhPC unpoly case, respectively. This similarity suggests that the
lipid environment in which gA is functioning is similar in these cases. The increase in
the mean open time, and the apparent trend of decreasing channel opening frequency in
5:5 gA→UV case, further supports that gA is in an environment similar to a polymerized
bis-DenPC (16, 16) membrane. This can be rationalized as follows: During the
polymerization process, gA preferentially partitions into the polymerized bis-DenPC (16,
16) phase, likely remains within this phase, and does not enter the DPhPC phase over the
timescale of observation. This explanation is possible as gA has been modeled to have a
preference for association with some lipids over others in PC membranes.16 Furthermore,
upon cooling of membranes which form separate gel and fluid phases gA can
preferentially partition into one phase, though this was the fluid phase in the study
mentioned.273 In the 5:5 UV→gA case, it appears that gA is unable to enter the
polymerized bis-DenPC (16, 16) phase, consistent with the bis-DenPC (16, 16) UV→gA
results. Rather, it enters a DPhPC-rich phase. This restriction in accessible membrane
area to gA means that at the same measured membrane fluidity the probability of two
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subunits meeting via lateral diffusion to form a dimer is increased. This can be
interpreted as an increase in the concentration of gA in the membrane (if it is assumed
that the same quantity of functional subunits of gA associate with the BLM as in the
DPhPC cases) since the total area available to the peptide has decreased. This would
account for the apparent trend that the frequency of channel forming events is higher in
the UV→gA case than the unpoly case. A schematic representation of both cases
discussed above is shown in Figure 6.18. However, the mean open times are different
between the DPhPC UV→gA and 5:5 UV→gA cases. Furthermore, while similar, the
conductance profile of the 5:5 UV→gA case compared to the DPhPC unpoly and
UV→gA cases appears to be different, with the populations of the 5:5 UV→gA case
centered on slightly lower conductance values. Therefore, it is likely that the gA is not
present in a pure DPhPC phase, but a phase that contains some quantity of oligomers of
polymerized bis-DenPC (16, 16).
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A

B

UV Exposure

Figure 6.18 Schematic representations of the proposed molecular level explanations for
the activity of gA in polymerized 5:5 membranes. A) The membranes are represented as
a cartoon based on the AFM image shown in Figure 1.5B of a mixed polymerized
membrane of 5:5 polymerized bis-SorbPC:DPhPC where the dark regions of the AFM
and therefore the cartoon are the polymerized phase/domains and the light regions are the
nonpolymerized phase/domains. B) Schematic representation of the 5:5 gAUV case.
The membrane is incubated with gA prior to photopolymerization. The gA locates in the
polymerized phase during the polymerization process and is unable to leave this phase
while it continues to function within the polymerized phase.
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18 Ccnt.

C

51
Figure 6.18 cont. C) Schematic representation of the 5:5 UVgA case. When the
polymerized membrane in incubated with gA it is unable to functionally associate with
the polymerized domains of the membrane; the gA functionally associates with the
unpolymerized phase. The gA subunits are unable to enter the polymerized phase and
diffused in the nonpolymerized phase which has maintained its fluidity. This
combination of retained fluidity and diminished available area within which the gA
subunits can diffuse leads to a greater frequency of channel forming events as it is
comparable to an increased concentration of the gA in the membrane. To convey this
increased concentration a schematic of a completely fluid membrane of the same size and
number of subunits of gA is shown for reference as the lower left hand panel.
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6.4 Conclusions
gA was used as a model IC to assess the suitability of using membranes composed
of polymerized bis-DenPC (16, 16), or mixtures with DPhPC, as platforms for IC based
biosensors. The results suggest that gA can function in polymerized membranes of both
compositions, but the activity of gA is dependent both upon the membrane composition
and what state the membrane is in when it is incubated.
Using gA as a model, sufficient fluidity is retained in polymerized bis-DenPC (16,
16) BLMs for dimeric ion channels that must associate via lateral diffusion to function.
However, the frequency of association and dissociation may be radically changed due to
the decreased membrane fluidity. But, if gA is a guide, the IC must be associated with
the membrane before polymerization, as ICs may not be able to properly insert/associate
with the membrane once it is polymerized. Furthermore, many membrane proteins utilize
tryptophan residues, in a similar manner to gA, as anchors to the hydrophobic/polar
interface of the membrane.41 It appears that the unsaturated bonds in bis-DenPC (16, 16)
may protect these residues from photodegradation during UV polymerization of the
membrane.270
BLMs consisting of the 5:5 mixture of polymerized bis-DenPC (16, 16) and
DPhPC create an environment similar to DPhPC that ICs can be introduced to. The
micron scale fluidity of these membranes has been measured as being similar or slightly
less than unpolymerized membranes of bis-DenPC (16, 16), DPhPC, and the
unpolymerized 5:5 mix of the two. However, the polymerized membrane appears to have
some unique structural properties. The apparent trend of increased gA IC forming events
suggest that the gA monomers are in a spatially restricted area that they can explore.
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This means that the polymerized 5:5 membrane may not only be suitable for introducing
ICs into a DPhPC like phase in an ultra-stable membrane, but it may be possible to have a
much higher effective packing of a membrane protein than would typically be possible
for a given incubation protocol. It should be noted that while the environment in the 5:5
UV→gA case is DPhPC like, it is most likely not pure DPhPC given the longer mean
open time experienced in this case than any of the DPhPC cases. Still, results from this
case make a 5:5 polymerized membrane incubated with the IC of interest after
polymerization an attractive target for potential use as a platform in rugged IC based
biosensors.
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CHAPTER 7: SUMMARY AND FUTURE DIRECTIONS
7.1 Summary
The work in this dissertation focused on phospholipid membranes both in terms of
basic science questions and applications relevant to measurement science. The work
presented here can be divided into two categories:
1) Identifying previously unknown properties of common phospholipid probes used for
FRAP experiments and relating these properties to how they affect the interpretation of
FRAP data.
2) Evaluating the use of the newly synthesized polymerizable lipid bis-DenPC (16, 16) to
create ultra-stable membranes with properties appropriate for supporting the function of
the model dimeric IC gA, toward the long term goal of using these membranes in ICbased sensors.
The following subsections are arranged by chapter and discuss the major
accomplishments/findings of each chapter.
7.1.1 Chapter 2
Chapter 2 involved the redesign and automation of the Saavedra Lab’s FRAP
system to carry out FRAP on freestanding lipid membranes. Probes in free standing
membranes can diffuse an order of magnitude faster than those in the supported
membrane geometries previously examined. The major accomplishments and findings of
this chapter were the following:


A FRAP system capable of making measurements on BLMs doped with RhoDOPE was developed. Later this system was used to make measurements on
another free standing membrane geometry, GUVs, in Chapter 5.
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The diffusion coefficients of Rho-DOPE in DOPC and DPhPC BLMs were in the
range of expected values compared to reported data in the literature, validating the
FRAP system.105,106



The analysis of FRAP data from BLMs demonstrated two apparent diffusing
populations of probes. These results led to a re-evaluation of a previous theory as
to why multiple apparent diffusing populations of probes were present which was
the impetus for the work done in Chapters 3 and 4.274

7.1.2 Chapter 3
Chapter 3 involved the investigation into the cause(s) of multiple diffusing
populations of phospholipid probes in artificial bilayers. The major findings of this
chapter were the following:


FRAP experiments on different membrane geometries, membrane compositions,
and phospholipid probes identified that the probes were the key variable in the
apparent population distributions.



Multiple populations were present in several types of membrane geometries.
This finding precluded explanations relying on differences in the local probe
environment in the upper and lower leaflets of a bilayer.



H-type aggregates of Rho-DOPE in lipid membranes were identified in bilayer
vesicles.194 The presence of aggregates as a function of Rho-DOPE mole
fraction was correlated to changes in the population distributions observed in
FRAP of PSLMs.



The above finding, the unchanging diffusion coefficient of the fast population in
FRAP of PLSMs as the mole fraction of Rho-DOPE was increased, and a
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matching of the fast diffusion coefficient of Rho-DOPE in a DPhPC BLM to that
obtained by SMT led to the assignment of the fast diffusing population to the
probe monomer and the slow diffusing population to the presence of the probe
aggregate.


NBD-DOPE was observed to have two apparent populations of probes in FRAP
experiments on lipid membranes doped with this probe. The population
distribution changed as a function of the mole fraction of NBD-DOPE in
PSLMs. This behavior was attributed to the presence of aggregates.



No previously identified NBD aggregates were detected spectroscopically.192
However, a change in the UV-vis charge transfer band as a function of mole
fraction of NBD-DOPE was observed and suggested a possible mechanism of
aggregation.195



FRAP of asymmetric LB-LS PSLBs, with the upper leaflet labeled, assuming
that the amplitude of the slow population is a proxy for the concentration of the
aggregate population, revealed that:
o NBD-DOPE has an expected behavior where increased packing
enhanced the aggregate population.
o Rho-DOPE displayed the opposite behavior.
o Each probe likely aggregates through a different mechanism.



Rho-DOPE aggregation decreased as a function of NaCl concentration. This
decrease was likely due to increased ionic strength leading to tighter packing of
the phospholipids.203
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The aggregate population of both probes appears to be a function of the
membrane geometry and how the membrane was formed.
To gain an understanding of the possible structure of the Rho-DOPE H-type

aggregate, data from plane polarized TIRF, UV-vis, and FRAP carried out on LB-LS
PSLBs were combined with the literature. This led to the conclusion that the aggregate
likely had the following structural characteristics:


It is likely a dimer,



It sits deeper in the membrane (possibly in the hydrophobic core) than the
monomer,



It occupies more surface area in a membrane than the sum of its constituent
monomers,



The plane of the fused aromatic rings of the chromophore aggregate likely is
mostly parallel to the plane of the membrane,



The two monomers that compose the dimer likely have the three fused aromatic
rings of the Rho moieties overlapping each other face to face, with their tail
moieties positioned relatively opposite of each other and pointing away from one
another in a splayed configuration.
In conclusion, a previously unknown phenomenon, aggregation of Rho labeled,

and probable aggregation of NBD labeled, phospholipid probes in PC membranes at the
concentrations used for FRAP experiments, was identified. The presence of these
aggregates notably affects FRAP recovery curves due to the presence of two diffusing
species of probes in a leaflet. The faster of these two diffusing populations in geometries
with only one labeled leaflet, or where there is no difference between the leaflets, and its
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diffusion coefficient can be assigned to the monomer, while the slower population is due
to the presence of the aggregate. FRAP as a technique is likely to continue to be used to
measure membrane fluidity for years to come. Understanding there are multiple
diffusing populations of probes and using an appropriate model for interpreting FRAP
data is necessary for the continued use to the technique and the accurate interpretation of
its data.
7.1.3 Chapter 4
One of the studies in Chapter 3 demonstrated that there was a difference in the
diffusion of the probes in the upper and lower leaflets of VF PSLBs. This was identified
by comparing the FRAP results of a NBD-DOPE labeled VF PSLB before and after
exposure to a sodium dithionite solution which was used to bleach the probes in the upper
leaflet. These results were the impetus for Chapter 4 which led to the following findings:


A new methodology was developed to deconvolve the diffusion coefficients of
the upper leaflet of a PSLB from the FRAP data of the unbleached PSLB using
FRAP data acquired on the same PSLB after dithionite bleaching.



This approach showed that the diffusion coefficient of the presumed monomer in
the upper leaflet of VF PSLBs was in a regime similar to that of BLMs.



The deconvolution methodology was validated using asymmetrically and
symmetrically labeled LB-LS PSLBs. Asymmetry in the PSLB was
accomplished both through preparing the different leaflets independently, with or
without NBD-DOPE, and through dithionite treatment of symmetric LB-LS
PSLBs. The results from FRAP experiments on these PSLBs revealed the
following:
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o The deconvolution methodology was validated by predicting the diffusion
coefficients of the upper leaflet of symmetric LB-LS PSLBs compared to
the independently measured diffusion coefficients of an asymmetric LBLS PSLB with the upper leaflet labeled.
o Unlike VF PSLBs, there is appreciable difference in the diffusion
coefficients of the probes between the leaflets of LB-LS PSLBs.
o Comparisons of dithionite-treated symmetric LB-LS PSLBs to asymmetric
LB-LS PSLBs with the lower leaflet labeled demonstrated that the
dithionite treatment does not alter the diffusion coefficients of the probes
in the lower leaflet.
A potential issue with the validation study was that a previous report claimed that
labeling asymmetry in LB-LS PSLBs, with a similar NBD phospholipid probe, was not
maintained during the LS deposition.94 To assess if labeling asymmetry had been
maintained, asymmetric and symmetric LB-LS PSLBs doped with NBD-DOPE were
treated with a dithionite solution. The kinetics of the bleaching reaction were tracked by
measuring the change in epifluorescence of the PSLB as a function of time. A multicomponent exponentially decaying equation was used fit the data. The amplitudes of the
different decaying populations suggested that labeling asymmetry of the PSLBs had been
maintained.
In conclusion, the presence four diffusing populations of NBD-DOPE probes
were identified in VF PSLBs, monomers and aggregates in each leaflet with the probes in
the lower leaflet diffusing slower due to leaflet-substrate interactions. A method of
deconvolving the diffusion coefficients of all four populations of NBD-DOPE probes in a
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VF PSLB was developed and validated. In the process of this validation it was learned
that this phenomenon does not occur in LB-LS PSLBs. While a similar methodology
could not be developed for Rho-DOPE, there is no reason to believe that this
phenomenon is unique to NBD-DOPE. The combination of differentiation between the
leaflets and the presence of monomers and aggregates in each leaflet is possibly why
neither of these phenomena have previously been identified in FRAP studies of VF
PSLBs. This phenomenon should be accounted for in the interpretation of data from all
techniques used to evaluate the diffusion coefficients of fluorescent lipid probes in VF
PSLBs.
7.1.4 Chapter 5
Chapter 5 reports studies of several properties of the newly synthesized
polymerizable lipid bis-DenPC (16, 16). The objective was to obtain information on bisDenPC (16, 16) and mixtures with DPhPC relevant towards the use of bis-DenPC (16,
16) to create ultra-stable BLMs for use in IC based sensors. Properties assessed were the
Tm of bis-DenPC (16, 16), time required to polymerize bis-DenPC (16, 16) in pure or
mixed membranes, membrane stability, membrane conductance, and membrane fluidity
before and after polymerization.


The Tm of bis-DenPC (16, 16) was found to be 2°C compared to 20.2°C for bisDenPC (18, 18).218



The time required to polymerize a pure or mixed membrane under the conditions
that were used for BLMs was found to be comparable to previous reports on bisDenPC (18, 18).70,74 After five minutes of UV exposure ≤5% of the initial
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dienoyl absorbance remained; complete polymerization of the membrane appears
to have been achieved at 15 minutes.


BLM stability was assessed via breakdown potential after five minutes of UV
exposure. A large stability enhancement occurred after polymerization for both
pure and mixed membranes. The breakdown potential for a bis-DenPC (16, 16)
BLM increased from 330 mV to 1670 mV upon polymerization; a 3 fold
increase in breakdown potential was observed for all mixtures following
polymerization.



The conductance of all BLM compositions before and after polymerization was
appropriate for IC recording experiments.
The fluidity of pure and mixed membranes of bis-DenPC (16, 16) before and after

polymerization was assessed in VF PSLB and GUV geometries by FRAP. Results from
VF PSLB measurements were useful for comparison to published data on bis-DenPC (18,
18). Measurements on GUVs provided data on freestanding membranes which are a
model for BLMs. The following findings came from these studies:


The average diffusion coefficient of Rho-DOPE decreased by a factor of ~7 after
polymerization in pure bis-DenPC (16, 16) PSLBs, with more membrane fluidity
being retained as the mole fraction of DPhPC was increased. However, based on
the work in Chapters 3 and 4, it is unclear if the average diffusion coefficient is an
accurate measure of membrane fluidity as the four populations of diffusing probes
likely present are aliased as two in the data analysis.



The diffusion coefficient of the Rho-DOPE monomer decreases by a factor of ~3
upon polymerization of pure bis-DenPC (16, 16) GUVs.
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In conclusion, bis-DenPC (16, 16) appears to be a suitable substitute for bisDenPC (18, 18) for creating ultra-stable BLMs suitable for IC studies while having a
significantly decreased Tm. FRAP studies demonstrate that a significant amount of
membrane fluidity is maintained in partially polymerized membranes consisting of
polymerized bis-DenPC (16, 16) and DPhPC, while breakdown studies demonstrated that
these mixed membranes have significantly enhanced stability compared to their
nonpolymerized counterparts.
7.1.5 Chapter 6
Chapter 6 focused on assessing the activity of gA in 10:0, 5:5, and 0:10
DPhPC:bis-DenPC (16, 16) BLMs before and after polymerization through SCR
measurements. gA was used as a model IC because it requires membrane fluidity to
maintain its IC function.


gA continued to function in polymerized bis-DenPC (16, 16) BLMs if the BLM
was incubated prior to UV exposure. However, the mean open time greatly
increased and the frequency of channel openings was reduced compared to the
unpolymerized case. Both of these changes are attributed to the change in
membrane fluidity upon polymerization.



In the 5:5 case, if the BLM was incubated with gA before polymerization, the IC
functioned as if it were in a membrane of polymerized bis-DenPC (16, 16).



If the 5:5 BLM was incubated with gA after polymerization, gA had a similar IC
conductance to gA in a DPhPC BLM, but a mean open time that was longer than
the unpolymerized 5:5 BLM or any of the DPhPC cases considered. This
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suggests that the gA was located in a phase that contains low Xn bis-DenPC (16,
16) oligomers.
Considering these results, it appears that there is sufficient fluidity in the
polymerized bis-DenPC (16, 16) for a small fraction of maintained gA activity.
However, 5:5 BLMs incubated after polymerization appear to provide the environment
most similar to DPhPC BLMs for gA function. This membrane composition and
preparation is an excellent candidate for maintaining multimeric IC activity: the
conductance of the gA IC is similar to that observed in DPhPC BLMs and the preparation
does not require the IC to be exposed to UV light which could damage the IC impacting
its function.
7.2 Future Directions
Possible future projects based on the work described here are divided into two
categories: A) fluorescent lipid probe aggregates and diffusion measurements of these
probes and B) using bis-DenPC (16, 16) to form membranes suitable to IC based sensors
but resistant to subsequently undesired pore forming peptides.
7.2.1 Multiple Populations of Fluorescent Probes in FRAP
The identified H-type aggregate of Rho-DOPE has a number of properties that
should be further assessed. Determining the molar absorptivity, quantum yield, and
emission spectra of the aggregate in lipid membranes as a function of such properties as
mole fraction, salt concentration, and lipid packing density should be undertaken. As one
of the most commonly used lipid probes these values would be of great use both for the
better interpretation of fluorescence data from labeled membranes and to allow for more
accurate interpretations of FRAP data. Understanding these properties of the aggregate
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may allow for the implementation of constraints in a four population fit of FRAP data
from a VF PSLB. More importantly, the presence of these aggregates potentially cause
issues with the interpretation of quantitative fluorescence data from membranes labeled
with these probes. Knowledge of these properties would allow researchers to either
operate under conditions where aggregation would be negligible or begin to account for
the aggregation in the interpretation of data.
Solution based measurements of these properties should consist of both studies on
vesicles produced from sonication and freeze/thaw/extrusion, as the preparation of the
vesicles was a difference between the two previous studies that sought to identify the
presence of the aggregates in membranes and the work done here.176,193 The
methodology employed in these measurements could be similar to what was used in Gal
et al.194 A dilute solution of Rho was used to determine the absorption spectrum of Rho
without the presence of the aggregate which subsequently allowed the aggregate
spectrum to be isolated and examined.194
In addition to vesicles, these experiments should be extended to supported lipid
membrane geometries through the use of plane polarized ATR and TIRF
techniques.174,184,275 These measurements are important because results in Chapter 3
demonstrated that the population of aggregates can change as a function of membrane
geometry. Thus, measurements on vesicles may not directly translate to the supported
membrane geometries widely used in the field. Beyond informing the wider field,
measurements of these properties will allow for a more detailed interpretation of the
FRAP data collected for this dissertation. For example, if the molar absorptivity of the
monomer and aggregate are known and plane polarized ATR is used to determine the
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concentration of monomer and aggregate present in a VF PSLM then a direct correlation
can be developed between the FRAP population amplitudes and the spectroscopically
measured populations. This will also provide the needed data to test if the equations
being used to fit the data to a model of two recovering populations are as accurate as
possible. In this way the interpretation of FRAP results can be further refined.
FRAP results in Chapter 3 as a function of lipid packing in LB-LS PSLBs and
UV-vis spectra examining the effect of NaCl concentration demonstrate that the RhoDOPE aggregate is sensitive to the packing of the lipid membrane, decreasing in
concentration as a function of packing. If the spectroscopic properties discussed above
were collected and correlations with FRAP results were established the Rho-DOPE
aggregate could be used as a lateral pressure sensor in lipid membranes. The population
of the aggregate could be quantified either through spectroscopic signals such as
absorbance spectra or fluorescence emission or FRAP measurements. This could allow
for a linkage to be made between LB-LS PSLBs and Montal/Mueller BLMs, were the
packing of the membrane is known, and VF membranes, painted BLMs, and possibly
cellular membranes where such information is not readily available.
One failure in Chapter 4 was the inability to deconvolve the diffusion of RhoDOPE probe populations in the leaflets of a VF PSLB because a method of carrying out
FRAP exclusively on the probes in the lower leaflet was not developed. Because of the
superior photophysical properties of Rho labeled phospholipids compared to NBD
labeled phospholipids and the wide use of Rho labeled phospholipids, the development of
an experimental protocol to determine the diffusion coefficients for all four populations
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of probes remains a major goal. There are a number of potential strategies that could be
employed for this process.
Incubating an unlabeled VF PSLB with Rho-DOPE offers a potential strategy.
Initially, the majority of the probes will be located in the upper leaflet after incubation,
but eventually lipid flip-flop will redistribute the probes to both leaflets.92,181,183 FRAP
would be carried out before and after significant lipid flip-flop occurred and the
deconvolution process could then be applied to determine the diffusion coefficients of
probes in the lower leaflet, though only the rate constants of recovery for the upper leaflet
could be constrained. The kinetics of the Rho-DOPE incubation process and flip-flop
could be assessed either through A) measuring the epifluorescence of the PSLB at
different time points or B) measuring the epifluorescence of the PSLB in the presence of
Co+2 as a quencher at different time points. A) is similar to the approach employed by
Homan et al. to evaluate the kinetics of lipid probe labeling and flip-flop in vesicels.183
While it was not evaluated in this dissertation, the H-type aggregate of Rho-DOPE should
have a weaker quantum yield than the monomer.189 Initially, the epifluorescence signal
of the PSLB can be used to track incorporation, assuming that Rho-DOPE incorporation
is completed quickly relative to the time scale of lipid flip-flop. Once incorporation of
the probe is completed at a concertation that ensures a notable aggregate population is
present, the epifluorescence of the PSLB can be used to track the lipid flip-flop of RhoDOPE as the signal should increase as flip-flop proceeds. This is because the population
of monomers relevant to the formation of aggregates is the population of probes in the
leaflet, not the whole bilayer. When the fluorescent signal reaches a maximum lipid
redistribution between the leaflets will be complete and the vesicle can be assumed to be
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symmetrically labeled.183 B) would use the Co2+ to quench the upper leaflet of the
PSLB.185 While experiments in Chapter 4 revealed that Co2+ does not completely quench
a PSLM, it could be used to evaluate at different time points after incubation how much
Rho-DOPE after incubation is available for quenching. Assuming Co2+ does not cross to
the lower leaflet of the PSLB, the epifluorescent signal should increase as lipid flip-flop
occurs and more Rho-DOPE moves to the lower leaflet. Differences in the quantum
yields of the monomers vs. aggregates could complicate the interpretation of this data.
However, knowledge of the absorbance spectra, emission spectra, and quantum yields of
the Rho-DOPE monomers and aggregates from the experiments discussed at the
beginning of this subsection would greatly assist in the interpretation of these kinetic
data.
Another strategy that could be pursued to achieve a deconvolution is preparing
VF PSLBs from GUVs. When GUVs rupture and fuse to glass substrates, the outer
leaflet becomes the lower leaflet of the resulting PSLB.91 Thus asymmetrically and
symmetrically labeled GUVs could be prepared through processes similar to what are
describe by Homan et al.183 These PSLBs could then have FRAP carried out on them and
the diffusion coefficients of the probes in the upper leaflet could be deconvolved using
the same math employed for NBD-DOPE studies.
Asymmetric and symmetric GUVs could be prepared by first incubating an
unlabeled GUV with Rho-DOPE. GUVs immediately after incubation could be
considered to have their outer leaflet asymmetrically labeled and fused. The process of
lipid flip-fop can be tracked by fluorescent signal, similar to what is described for option
A) for an unlabeled VF PSLB. When the fluorescent signal reaches a maximum, lipid
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redistribution between the leaflets will be complete and the vesicle can be assumed to be
symmetrically labeled.183
7.2.2 Investigating the Mechanism of Polymerized bis-DenPC (16, 16) Membranes to
Resisting Functional Incorporation of Pore Forming Peptides
The ability of polymerized membranes of pure bis-DenPC (16, 16) to support gA
IC activity, but effectively prevent the functional association of gA peptides with the
membrane to form ICs after polymerization was a previously unknown phenomenon.
The ability to support IC activity, even at reduced levels, while preventing the functional
association of additional peptides to from new ICs may offer unique advantages for the
development of IC based sensors tasked to function in environments where pore forming
peptides may be present. It may also have wider utility in creating biocompatible
membranes that maintain the activity of some membrane proteins while presenting a
surface that is resistant to the functional incorporation of peptides in solution. Given the
similar observations of polymerized bis-DenPC (18, 18) BLMs resistance to incubation
with α-hemolysin and alamethicin this property is likely not unique to gA.70,73 This
property of polymerized bis-DenPC (16, 16) BLMs can be investigated by understanding
why gA does not from functional ICs.
Based on the gA in bis-DenPC (16, 16) SCR experiments in Chapter 6, the
polymerized membrane is capable of supporting gA IC activity, though at a reduced level
which can be attributed to the reduction in membrane fluidity. The question then is what
prevents the functional association of the peptide with a polymerized membrane. There
are likely a variety of mechanisms by which functional gA can be incorporated in a BLM
given the solvent history and concentration dependence associated with its activity and
that activity can be recovered from inactive conformers by heating or sonicating lipid
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membranes incorporating gA.27,263,276,277 It is unlikely that gA inserts into the membrane
as a dimer due to the high energy barrier that would be encountered.278 A model has been
proposed, based on experimental data, that individual peptides associate with the
membrane, dimerize, and then insert as a nonfunctional conformer into the membrane.279
This folded dimer at some time later must convert to the appropriate conformations for
the monomers; such a process which has previously been noted.276,277 It is difficult to
reconcile this model with other reports that it is difficult for functional gA subunits to
cross the hydrophobic core to the other leaflet due to the unfavorable environment for the
tryptophan residues of the peptide.280,281 Still, these reports do point to three distinct
possibilities for why gA is unable to functionally associate with an already polymerized
membrane 1) gA monomers cannot associate with the surface of the membrane, 2)
monomers can associate with the surface of the membrane, but are unable to insert into
the hydrophobic core, and 3) gA can associate with the membrane and enter the
hydrophobic core, but monomers cannot effectively cross the hydrophobic core. Each of
these possibilities can be tested experimentally.
Possibility 1) would be tested first. This could be done by incubating LUVs of
DPhPC and bis-DenPC (16, 16) produced by freeze/thaw/extrusion with gA. Similar to
the work done in Chapter 6, three incubation conditions for each LUV composition
would be considered, unpoly, UV→gA, and gA→UV. After incubation unassociated gA
could be removed by dialysis or size exclusion chromatography. The fluorescence for the
tryptophan residues could be used to determine if and how much gA was associated with
polymerized LUVs that were incubated following polymerization. If at this step
possibility 1) was confirmed additional experiments would seek to understand why gA
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could no longer associate with the membrane given that the PC headgroups had not been
chemically altered by the polymerization. One change that may have occurred to the
headgroups would be that they may now be more tightly packed. The packing of the
membrane could be evaluated using LB trough experiments similar to what was carried
out in Chapter 5, section 5.3.5. Prodan emission could also be used to probe the packing
of the vesicles.133 This is a possible explanation that should be considered given that
lipid headgroup structure and packing has previously been correlated to the ability of
alamethicin peptides to associate with lipid membranes.282
Possibilities 2) and 3) are both open to investigation if the fluorescence
experiment demonstrates the presence of tryptophan and thus gA associated with the
LUVs. The fluorescence spectra may inform as to if possibility 2) or 3) are correct as the
tryptophan emission spectra is indicative of the environment that gA is located in and its
conformation.283,284 FRAP of GUVs incubated with labeled gA can also be carried out to
provide insight into how the peptides are associated with the membrane. Biotinylated
gramicidin is commercially available and can subsequently be labeled with fluorescently
labeled streptavidin. Fluorescently labeled gramicidin has also been previously
reported.285 (The properties of any labeled gramicidin would need to be evaluated
through additional SCR experiments to ensure that the label had not significantly altered
the activity of the peptide.) If the peptide associates with the membrane before inserting
into the hydrophobic core, and gA is able to associate with the polymerized membrane
but not insert into the core, the peptide will likely diffuse faster than the functional
gA→UV case; similar behavior has been observed with alamethicin.63,279 To minimize
the differences between the BLM SCR experiments and FRAP on GUVs a previously
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reported mechanoformation technique could be employed to produce GUVs in HEPES
buffer.84
If the tryptophan fluorescence and FRAP experiments both suggest that
possibility 3) is likely it is possible to directly test this possibility. This can be done by
FRET using the tryptophan residues as donors. An acceptor molecule could be
encapsulated in the LUVs and removed from the bulk solution via dialysis or size
exclusion chromatography prior to incubation. If less FRET activity is observed in the
UV→gA than gA→UV incubation conditions for bis-DenPC (16, 16) vesicles this can be
taken as evidence that gA monomers are not able to readily cross the hydrophobic core of
the polymerized membrane.
There are a wide variety of acceptors that have been investigated for FRET with
tryptophan residues.286,287 FRET, using the tryptophan residues of gA as donors, has
been used experimentally with gA incorporated in lipid membranes.272,288 N-(1naphthyl)ethylenediamine would be a good candidate for these experiments given its
properties as a FRET acceptor for tryptophan, its solubility in aqueous solutions, and that
it can be used as a label without disrupting its ability to be an acceptor.286 Care will need
to be taken in the selection of an acceptor that it is not lipophilic or it may be present in
the outer leaflet of the vesicle even after removing the acceptor from the bulk solution.204
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APPENDIX A
This Appendix contains FRAP results from the Gen 1 FRAP system on VF
PSLBs composed of various commercially available PC lipids doped with Rho-DOPE.
The VF PSLBs were prepared as described in Chapter 3, section 3.2.5. All membranes
composed of mixtures of lipids were prepared mass to mass, not mole to mole. The Gen
1 FRAP system was operated and the data analyzed as discussed in Chapter 3, section
3.2.11 and Dr. Kristina Orosz’s dissertation.74 These results are included in support of
the work done in Chapter 3 and are shown in Table A.1. These results demonstrate that
there is no apparent dependency on PSLB lipid composition in terms of affecting the
population distribution of the fast and slow diffusing populations of probes. Furthermore,
the fits achieved with two exponentially recovering populations are better than the single
populations fits as evaluated by the adjusted R2 values. Changes in the lipid composition
of the membrane do impact the measured diffusion coefficients of Rho-DOPE.
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Table A.1 Data from FRAP of VF PSLBs of Different Matrix Compositions.
Mole
Fraction
Exponential
DAverage
Recovery
Lipid(s)
of Rho- n=
Adjusted R2
Model
(µm2/s)
(%)
DOPE
(%)A
Single
0.85±0.055
94±3.2
0.89±0.023
DPhPCB
0.65
4
Double
2.2±0.28
99±1.8
0.94±0.014
5:5
Single
1.1±0.20 96.90±0.097 0.920±0.0076
DPhPC:DMPC
0.57
3
Double
3.9±0.38
99.2±0.15 0.972±0.0015
(w/w)B
Single
1.9±0.10
99±4.2
0.92±0.014
DMPCB
0.52
3
Double
5.2±0.50
100±2.7
0.968±0.0090
Single
1.2±0.30
101±9.6
0.90±0.025
DPhPC
0.65
3
Double
2.1±0.13
103±8.3
0.95±0.014
5:5
Single
1.2±0.10
93±1.9
0.94±0.014
DPhPC:DEPC
0.62
4
Double
3.3±0.29
97±1.2
0.988±0.0020
(w/w)
Single
1.5±0.15
95±2.3
0.935±0.0052
DEPC
0.60
4
Double
3.6±0.44
98±1.9
0.984±0.0049
5:5
Single
1±0.22
95±1.6
0.945±0.0025
DPhPC:DOPC
0.62
4
Double
2.3±0.40
98.6±0.84 0.985±0.0042
(w/w)
Single
1.99±0.067
97±1.6
0.948±0.0019
DOPC
0.60
3
Double
5.0±0.57
99±1.1
0.986±0.0032

D1
(µm2/s)

D2
(µm2/s)

B1
(%)

B2
(%)

3.0±0.35 0.35±0.028 69±2.7
-

35±2.8
-

5.3±0.35 0.57±0.049 71±4.2

28±4.2

6.7±0.77 0.9±0.10 74±3.6 26.2±0.96
2.6±0.40 0.26±0.084 82±11
20±8.6
4.5±0.42 0.50±0.095 68±4.0

28±3.9

4.8±0.71
-

72±3.9
-

26±2.8
-

3.2±0.43 0.44±0.059 67±3.3

32±3.7

6.8±0.94

30±2.7

0.5±0.10
-

1±0.14

69±3.6

A The mole fraction of Rho-DOPE used varied slightly between the different lipid compositions due to limitations of the syringes used for the lipid preparation.
B Sonication was carried out at 40° C and fusion and FRAP measurements were carried out at 26-28° C.
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APPENDIX B
This Appendix contains results from FRAP experiments on VF PSLBs, doped
with 0.6% Rho-DOPE, composed of nonpolymerizable commercially available PC
lipids and bis-DenPC (18, 18). Dr. Hamish Christie produced bis-DenPC (18, 18) in
house using the previously established synthesis protocols.219 The VF PSLBs were
prepared as described in Chapter 3 in phosphate buffer, section 3.2.5. PSLBs were
polymerized using the same protocol described in Chapter 5, section 5.2.8. All
membranes composed of mixtures of lipids were prepared mass to mass, not mole to
mole. The Gen 1 FRAP system was operated and the data analyzed as discussed in
Chapter 3, section 3.2.11 and Dr. Kristina Orosz’s dissertation.74 Significant fluidity was
retained in partially polymerized PSLBs; see Figure B.1 which contains the average
diffusion coefficients of Rho-DOPE in these PSLBs. These results support the hypothesis
that membrane fluidity needed to be retained for multimeric IC activity.70,73
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Figure B.1 Average diffusion coefficients of partially polymerized PSLBs containing
polymerized bis-DenPC (18, 18) and nonpolymerizable lipids. A) Average diffusion
coefficients measured by FRAP of mixed bis-DenPC (18, 18) and DOPC VF PSLBs. B)
Average diffusion coefficients measured by FRAP of mixed bis-DenPC (18, 18) and
DPhPC VF PSLBs. All mixtures were prepared mass to mass, not mole to mole.
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