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ABSTRACT

AN INVESTIGATION OF THE BARRIER PROPERTIES AND pH DEPENDENT
PERMEABILITY OF SCAFFOLDED VESICLES

Shannon Conlon
University of Guelph

Advisor:
Jacek Lipkowski

Nutraceutical	
  carriers	
  rely	
  on	
  multiple	
  features,	
  including	
  permeability	
  and	
  
biocompatibility,	
  in	
  order	
  to	
  function	
  properly.	
  	
  The	
  scaffolded	
  vesicle,	
  which	
  was	
  
recently	
  proposed,	
  has	
  been	
  able	
  to	
  incorporate	
  these	
  features.	
  The	
  scaffolded	
  
vesicle	
  was	
  composed	
  of	
  a	
  hydrogel	
  core	
  and	
  a	
  lipid	
  membrane	
  coating.	
  The	
  
composition	
  of	
  the	
  coating	
  can	
  be	
  altered	
  for	
  specific	
  functions.	
  The	
  focus	
  of	
  this	
  
project	
  was	
  to	
  incorporate	
  charged	
  lipids	
  to	
  investigate	
  the	
  pH	
  dependent	
  
permeability	
  of	
  the	
  scaffolded	
  vesicle.	
  
	
  

The	
  incorporation	
  of	
  various	
  amounts	
  of	
  myristic	
  acid	
  resulted	
  in	
  a	
  variation	
  

in	
  permeability	
  below	
  the	
  pKa,	
  but	
  little	
  change	
  above	
  the	
  pKa.	
  The	
  incorporation	
  of	
  
4-‐hexylaniline,	
  increased	
  permeability	
  at	
  all	
  compositions	
  investigated.	
  When	
  4-‐
tetradecylaniline	
  was	
  incorporated	
  at	
  various	
  amounts,	
  the	
  permeability	
  was	
  
constant	
  below	
  the	
  pKa,	
  while	
  permeability	
  decreased	
  with	
  increased	
  amount	
  above	
  
the	
  pKa	
  value.
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Chapter 1: Introduction

1.1 Preface
Targeted drug delivery systems can be utilized in order to release drugs at specific
locations in the body. One such drug delivery system currently under investigation is
known as the scaffolded vesicle (1). The scaffolded vesicle employs a hydrogel bead with
a lipid coating. This allows for high retention as well as the flexibility of interchanging
lipids to design the carrier for specific release (2). The retention of drugs through the
stomach in oral drug delivery is an issue because many degrade in the acid environment
of the stomach. A carrier that is able to encapsulate a drug and resist break down in the
stomach would be beneficial for the delivery to locations further along in the
gastrointestinal (GI) tract (3,4). One method of tailoring the scaffolded vesicle coating in
order for high retention in the stomach, while allowing for release further in the GI tract
(higher pH levels) is the incorporation of a charged lipid (2). Charged lipids have been
shown to have an effect on the stability of bilayers and the retention of molecules in
liposomal systems, which have similarities with the scaffolded vesicle system. The work
in this thesis will be focused on the incorporation of a number of charged lipids and their
effect on the retention of the scaffolded vesicle (1).

1.2 Objectives
The short term objective is to incorporate a lipid with a charged head group into
the coating of scaffolded vesicles that will cause a change in the retention when the pH is
varied. The molar percent of the charged lipid will be varied to determine the lowest
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permeability. The pH of the external solution will also be varied to determine the
difference in retention when the lipid is charged versus when it is neutral. The long term
objective is a pH dependent scaffolded vesicle system that could be implemented in the
nutraceutical and pharmaceutical industries. A system with high retention at low pH
levels would allow the drug to pass through the stomach without degrading, and the
release at higher pH level would allow for release at a location further along in the GI
tract. This could be implemented in a variety of drug delivery applications including that
of colon targeted release, which would give greater efficacy in the treatment of colonaffected diseases such as colitis.

1.3 Research strategy
The research strategy for this thesis is the preparation and investigation of
scaffolded vesicles with a pH dependent lipid incorporated into the coating. The
scaffolded vesicles will be prepared using a variety of different lipids in order to examine
the effect of the lipid composition on the retention. The scaffolded vesicle retention will
then be investigated through the use of fluorescence spectroscopy. The release of a
fluorescent molecule into the supernatant solution will allow for the determination of the
time scale of retention in the scaffolded vesicle systems. The systems will be examined
above and below the pKa value of the charged lipids incorporated. This will give insight
as to the difference in effect that charged and uncharged head groups have on the stability
of the bilayer and therefore the retention of the scaffolded vesicle system.
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1.4 Thesis Hypothesis
The hypothesis of this thesis is that the incorporation of charged lipids into the
scaffolded vesicle coating will have an effect on the permeability of the system. The
molar percent incorporated into the lipid coating will affect how the lipids will behave in
the bilayer and the retention of the scaffolded vesicle. The charged lipids will also behave
differently above and below their pKa value, based on whether the head groups are
charged or neutral.

1.5 Scope of Thesis
Chapter 1 of this thesis outlines the focus of the thesis as well as the objectives
and hypothesis. Chapter 2 provides a literature review of the current research and will
give a current state of knowledge on the development of drug delivery systems. Chapter 3
will focus on the theory behind the science and method of investigation in this thesis.
Chapter 4 will give an explanation of the materials and methods that are utilized in this
thesis. Chapter 5 will provide the results acquired in this thesis, as well as a discussion on
the implications of these results. Chapter 6 will give a summary of the work completed
and the future direction of the project.

1.6 References
1. Grossutti, M., Seenath, R., Conlon, S., Leitch, J. J., Li, J., Lipkowski, J. Langmuir.
(2014) 30:10862-10870.
2. Cui, Z-K., Bouisse, A., Cottenya, N., Lafleur, M. Langmuir. (2012) 28:13668-13674.
3. Langer, R. Nature Reviews. (1998) 392:5-10.
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4. Sastry, S. V., Nyshadham, J. R., Fix, J. A. The Primary Science Teaching Trust.
(2000) 3, 4:138-145.
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Chapter 2: Literature Review

2.1 Vesicles
The development of artificially prepared vesicles began in the 1960s, with
swollen phospholipid lamellae. Over the past five decades, vesicle design has been
researched extensively. Vesicles have been tailored to produce specific characteristics,
including: homogeneous size, long lasting circulation, targeting capabilities, and
triggered release (1,2).

2.1.1 Preparation of Vesicles
The type and size of vesicles can be very different based on their required
properties. The simplest type of vesicles to produce are multilamellar vesicles (MLVs),
since they have been shown to form spontaneously when hydrated in excess aqueous salt
solution. Frequently, gentle shaking has been used in the hydration of lipids to form
MLVs, in order to increase the rates of hydration and uptake of contents into the MLVs
(2). In order to produce a more uniform and reproducible size distribution of MLVs, the
extrusion technique can be employed to make MLVs (3).
Small unilamellar vesicles (SUVs) can be produced with an input of energy into
the system. Papahadjopoulos found in 1967 that sonication for extended periods of time
produced SUVs with a variety of phospholipids (4). As an alternative to sonication,
injection can be used to produce SUVs. By injecting an ethanolic solution of
phospholipids into water, SUVs can be produced that are indistinguishable from those
produced through sonication (5).
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Large unilamellar vesicles (LUVs) can be formed through a number of methods.
One such method is the combination of an aqueous solution with a mixture of organic
solvent and phospholipids, followed by the removal of the organic solvent under reduced
pressure. This allows for the entrapment of the aqueous solution within the LUVs (6).
Another method is the fusion of small vesicles, which is induced by the presence of Ca2+
or other divalent ions to form LUVs. The fusion can only be induced when the
phospholipids are above their phase transition temperature (7-9).

2.1.2 Vesicle Permeability and Charge
One of the focuses in the development of phospholipid vesicles was high retention
and minimal leakage. The components of the bilayer in the design of the vesicle were a
large factor in the impermeability of the aggregate. Incorporation of cholesterol into
phospholipid bilayers was shown by Corvera et al. in 1992 to have a significant effect on
the permeability of the bilayer (10). When mixed with phosphatidylcholines, it was found
that low concentrations of cholesterol increased the permeability of the bilayer, while
high concentrations of cholesterol actually decreased the permeability of the bilayer. The
permeability of the vesicle decreased as the concentration of cholesterol was increased
higher than 20 mol% (10).

2.1.3 Vesicles as Drug Carriers for Drug Delivery
The pharmaceutical industry is constantly searching for improved and innovative
drug delivery systems. The goals for these drug delivery systems are lower toxicity and
higher efficacy in treatment of patients. The amount of drug that reaches the target cells

	
  

9	
  

will be proportional to the amount required for a patient to intake. High doses of many
drugs can produce harmful side effects and can be detrimental to a patient’s health. A
lower amount of drug taken by the patient can lessen the risk of side effects. The
development of better drug delivery systems can increase the probability of the drug
reaching its target, and therefore increase efficacy. For example, in the treatment of
diseases such as cancer, where the drugs required are harmful to all cells, a more
effective delivery system could drastically increase the difference between benefit and
harm to the patient caused by the drug (11).
Many methods of drug delivery have issues with biodistribution and temporal
distribution upon intake (12). Vesicles have come under serious investigation in the last
twenty years by the pharmaceutical industry to enhance drug performance and combat
these problems. The vesicles studied are spheres of one or more bilayers surrounding and
encapsulating an aqueous interior. Vesicles can vary in size, number of lamellae, lipid
and interior aqueous phase composition (13). Some benefits of implementing vesicles in
drug delivery systems are their biocompatibility, biodegradability, low toxicity and
immunogenicity. Vesicles can also be tailored to optimize features for specific target
locations. Small vesicles have longer retention time in biological systems, and can also
increase the volume of biodistribution. However, a large vesicle will increase the content
to lipid ratio (12).

2.1.3.1 Loading Capacity of Vesicles
The loading capacity of vesicles is a major contributor to their effectiveness as a
drug delivery system. Hydrophilic drugs are loaded into the interior aqueous phase of the
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vesicles; where as hydrophobic drugs are loaded into the hydrophobic interior of the
bilayer shell (14-15). Studies have shown that the loading capacity can be altered in
vesicles by varying the lipid content of the bilayer. In a study by Crommelin, it was
shown that negative lipid bilayers have a different loading capacity of Doxorubicin (a
hydrophobic drug) than positive lipid bilayers (14). This study demonstrated the
flexibility in tuning the vesicle drug carrier for a specified purpose.
Research performed on vesicles has identified many factors that affect the
retention of contents. Varying the lipid composition of the bilayer can alter vesicle
stability and content retention (12). The inclusion of charged lipids, or cholesterol can
increase the fluidity of the bilayers and improve stability of the vesicles. The stability can
also be greatly affected by external environment factors such as pH and ionic strength
(11-12).
In research performed on the incorporation of lipophilic drugs into the bilayer of
vesicles, Mohammed et al. (15) used ibuprofen as a model for loading efficiency.
Ibuprofen was entrapped in MLVs that were prepared from egg phosphatidylcholine (PC)
and cholesterol. The amount of entrapped ibuprofen was measured using ultraviolet (UV)
spectroscopy. The UV spectroscopy was used to measure the amount of ibuprofen in the
supernatant liquid, in order to determine the amount that had been incorporated into the
MLVs. In this study, the amount of cholesterol in the egg PC bilayer composition was
varied from 0%-50% mol%. Pure egg PC vesicles and vesicles containing 20%
cholesterol, had similar loading concentrations of ibuprofen, 10.1% and 10.7%,
respectively. When the amount of cholesterol was increased to 33% and 50%, the
concentration of ibuprofen decreased significantly, to 5.5% and 3.1%, respectively (15).
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Mohammed et al. looked at the effect that acyl chain length had on the loading
capacity of the MLVs. The liposomes were synthesized using 16 µmol of one of the
following: dimyristoyl phosphatidylcholine (DMPC), distearoyl phosphatidylcholine
(DSPC) or dilignoceroyl phosphatidylcholine (C24PC), with 4 µmol cholesterol. The
concentration of ibuprofen loaded increased as the length of acyl chain in the lipid bilayer
increased. They suggested that this could be due to the larger hydrophobic area in the
bilayer, when a longer acyl chain is used in the MLV synthesis (15).

2.1.3.2 Targeted Drug Delivery
The retention of the contents of liposomes is very important for long circulation
time. In order for high retention liposomes to be effective drug carriers, they must be able
to release their contents as well. This provoked the investigation into triggered release.
The trigger for liposomes can be conditions, such as pH or enzymes that are specific to a
certain location. Other types of trigger mechanisms could be external stimuli, such as
heat, ultrasound and radiation, which have all been investigated as stimuli for drug carrier
release (16). A trigger would decrease the time required for the release and increase the
probability of uptake of the drug at a target location.

2.1.3.2.1 Cell Targeting by Ligand-Receptor Interaction
Analogously to ibuprofen discussed by Mohammed (15), cell-targeting
compounds will also preferentially partition into the lipid phase of vesicles. The toxicity
of anticancer drugs can be very high, and can be very dangerous to the patient when it
interacts with healthy cells. To lower the affects of anticancer drugs on healthy cells,
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numerous studies have been performed in targeted drug delivery. Ligand or antibody
targeted drugs allow for the accumulation of liposomes at the site where the drug is
required (17).
In a study performed in 2008 by Song et al., liposomes were synthesized to be
able to target a receptor that is over-expressed in cancer cells (18). The liposomes were
prepared by extrusion, following by the insertion of ligand conjugated PEG molecules
into the liposomes. The ligand that was conjugated to the liposomes was GE11, which
binds to an epidermal growth factor receptor (EGFR), which is known to over-express in
cancerous cells (19). The conjugated liposomes were shown to bind competitively with
EGFR and deliver genes to the cancer cells with increased EFGR expression. Through
the use of fluorescence imaging, Song was able to determine the binding of GE11
conjugated liposomes to cancer cells, both in vivo and in vitro (18).

2.1.3.2.2 Cell Targeting by Ultrasound
Another method of triggered release is the irradiation of liposomes with
ultrasound. Liposomes were synthesized using phospholipids and cholesterol, and were
made thermosensitive through the addition of a polymer (20). The research showed that
irradiation of liposomes with ultrasound for just 120 seconds, resulted in the release of
60% of the contents. This was due to the increase in temperature that the irradiation
caused. The ultrasound-triggered, thermosensitive liposomes have the potential to be
effective carriers in the field of anticancer drug delivery. The ability to locally trigger
liposomal content release would be highly beneficial for the increased uptake of drugs
into cancerous cells (21).
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2.1.3.2.3 Cell Targeting by pH levels
Oral administration is an extensively utilized method of drug delivery. However,
there are many obstacles that must be overcome in order for it to be an efficient method
of delivery. The breakdown or denaturation of molecules in the stomach at low pH can
prevent the drugs from reaching their target site. The low pH of the stomach can also
cause rapid break down and release of drugs; this would prevent any sustained release of
drugs over an extended period of time (11, 22). In order to account for the acidic pH of
the stomach, liposomes have been developed that have high retention at low pH levels.
This would avert the breakdown or premature release of drugs in the stomach. One
design, which allows for the retention of contents at low pH, is a mixed bilayer of a
charged lipid and a sterol. The charge on the head group, as well as the ratio between
components, produced liposomes that had high retention below the pKa value, and rapid
release of contents above the pKa value of the charged lipid (23).
After passing through the acidic environment of the stomach, the absorption of
drugs in the gastrointestinal tract is very different for different molecules. The targeting
of specific sites, especially further along the gastrointestinal tract, can be difficult because
the drug must stay stabilized until reaching the targeted point of absorption. Colon
targeting can be very useful in the treatment of certain diseases, such as Crohn’s, and
ulcerative colitis (24).
The Lafleur group has done extensive research into the development of liposomes
that use pH as an environmental trigger. Their focus has been on highly stable vesicles
with long lifetimes that also have rapid release of their contents when exposed to specific
pH levels in solution. In 2010 they demonstrated the capability of producing

	
  

14	
  

nonphospholipid LUVs that were pH sensitive. Based on past research, it has been shown
that cholesterol and palmitic acid mixtures can form stable, highly impermeable LUVs
(25, 26). The LUVs in this research were mixtures of palmitic acid and cholesterol, or
palmitic acid and cholesterol sulfate. The stock liposomes were synthesized using
freezing and thawing cycles, with vortexing in between each cycle. The LUVs were then
produced

using

extrusion.

For

the

liposomes

containing

cholesterol,

a

fluorophore/quencher system was contained in the liposomes, while for the cholesterol
sulfate

liposomes,

calcein

was

contained

inside

the

liposomes.

When

the

fluorophore/quencher was released, the fluorophore was able to fluoresce in the external
solution. Calcein was used because it is self-quenching at high concentrations (within the
liposome), but when released, the concentration decreased and fluorescence was
observed. Both of these systems allowed for the detection of the fluorescence intensity of
the probes after leakage from the LUVs. The intensity was used to determine the
retention of the liposomes. To determine leakage from the liposomes, a percent intensity
was determined. The percent intensity was found by the addition of Triton X-100 after
the experiment. Triton X-100 released any calcein still trapped in the liposome, through
the complete disruption of the bilayer. Once the maximum intensity was found, the
percent intensity at any point in the experiment was determined (26).
In the case of the cholesterol and palmitic acid, the LUVs were highly stable at
high pH values, but almost completely leaked when the pH was lowered below 5, after 24
hours. The release was triggered by the protonation of the palmitic acid molecules. When
palmitic acid and cholesterol sulfate LUVs were examined, they behaved in the opposite
manner. The palmitic acid/cholesterol sulfate LUVs were stable at pH values lower than
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8.5, but when the pH was raised above 8.5, the content was released almost completely
over 24 hours. This was due to the deprotonation of the palmitic acid. The Lafleur group
demonstrated the possibility of synthesizing a highly impermeable vesicle that was also
pH sensitive (26).
In a more recent publication, the Lafleur group took their pH sensitive system one
step further in terms of the time requirements needed to release the contents from the
LUVs. They produced vesicles that consisted of stearylamine (SA) and cholesterol
mixtures. They first used differential scanning calorimetry (DSC) and infrared (IR)
spectroscopy in order to determine if SA and cholesterol would form a fluid lamellar
phase. The DSC showed a sharp temperature phase transition peak with LUVs of pure
SA and 9:1 ratio of SA:cholesterol. However, when the mole ratio was 1:1, there was no
visible phase transition peak in the range of temperatures investigated. IR spectroscopy
was used to determine the conformation of the hydrocarbon chains of the SA. When the
concentration of cholesterol was little to none, there was a band shift that represented the
transition from a highly ordered to highly disordered chain conformation. At higher
concentrations of cholesterol, that band shift disappeared and instead remained at the
average for the temperature range investigated. This was because of the disordering effect
that cholesterol had below the phase transition temperature of lipids, and the ordering
effect it has above the transition temperature (23). The cholesterol kept the lipid bilayers
in the gel phase at all temperatures. They used the protonation/deprotonation of the amine
in order to trigger release of the vesicles content. Below the stearylamine pKa value,
when it was protonated and charged, there was minimal leakage from the LUVs.
However, when the pH was raised, and the stearylamine was deprotonated and
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uncharged, the contents of the LUVs were released. At a pH≥11, the content was
completely released within one hour. This was an improvement on their previous work,
where the content would take 24 hours for significant leakage to occur (26, 27). The aim
for triggered drug release would be rapid release of the drug once the desired pH
environment has been reached.

2.2 Bilayers and Biomimetic Membranes
Membrane bilayers are barriers that separate internal cellular compartments from
extracellular environments. They are comprised of lipids, carbohydrates and proteins.
These components create a selectively permeable divider between two different aqueous
environments. Membrane bilayers are made up of two amphiphilic phospholipid
monolayers, with their hydrophobic portions facing inwards. The components of the
bilayers can also vary from one cell type to another based on its function (28).
Furthermore, the inner and outer monolayers can also vary from one another in
composition. The cell membrane may be considered as a two dimensional fluid that has a
dynamic structure in which molecules diffuse in the plane of the monolayers, unless
locally anchored in a selected place (28).
Bilayers have been under investigation for many decades. Researchers have
studied their structure, fluidity, interactions with proteins and other molecules, and
permeability, among other features and functions. The vast complexities of the natural
membrane bilayer made the creation of a simpler mimetic system vital for understanding
the roles that individual components play. The development of these biomimetic model
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membranes have allowed for a deeper understanding, and further the development of
bilayers designed to perform specific functions (29).
A multitude of different model membranes have been developed over the years
including: Black Lipid Membranes (BLMs), Langmuir-Blodgett layers, tethered and
untethered bilayers, as well as vesicles and liposomes (30). Model membranes have been
used to examine both membrane structure and function. The surface-supported model
membranes allow for the employment of surface-sensitive techniques such as atomic
force microscopy (AFM), surface plasmon resonance (SPR), and nuclear magnetic
resonance (NMR) (29, 31). These methods were able to characterize both structural and
dynamic properties of the membranes, including their complex interactions with proteins,
which is a critical function in cell membranes of all kinds (29).
The incorporation of proteins into supported bilayers allowed for the gathering of
information on cell membrane-protein interactions and on biological processes (29). The
stability of the membrane on a surface means that it would both remain planar when a
protein is integrated and also be resilient under surface-probing techniques (31).
However, because the bilayer membrane would be in direct contact with the solid
support, or tethered through a lipopolymer (29) there would be less freedom of movement
for lipids within the bilayer. The restriction of lipid movement could cause the model
membrane to vary from ideal biological conditions in which the lipids would be relatively
free floating in the bilayer (32, 33). To reduce the impact of the surface on the mobility of
the molecules, polymer cushions and hydrogels have been implemented in model
membrane development. This would create a larger aqueous layer between the porous,
hydrated support and the bilayer (29, 33). As an alternative to polymer supported
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bilayers, large unilamellar vesicles could also be useful as an alternative model
membrane system due to the ease of preparation and unobstructed fluidity (12, 32).

2.2.1 Black Lipid Membranes
The study of phospholipid bilayers in a planar context began in 1960, when
Mueller et al. designed the first BLM. A single lipid bilayer was formed over a hole in a
barrier separating two compartments containing aqueous solutions. The barrier between
the two solutions was made of a hydrophobic material, usually Teflon or polyethylene.
The system received its name because it appeared as black interference when light was
reflected at a large angle of incidence (34). By placing a reference electrode in each of
the two solutions, they were able to examine the transverse electrical properties of the
bilayer (35). The BLM has been utilized to investigate a number of biological processes;
among the most important being the formation of ion channels when molecules such as
proteins or peptides are inserted into the membrane. The stability of this bilayer is quite
limited, so other methods were introduced in order to better examine the workings of
biological membranes.

2.2.2 Supported Lipid Bilayer
Supported lipid bilayers were designed following BLMs. A supported lipid
bilayer (SLB) was found to be much more stable than the fragile BLMs. The bilayer was
deposited on a hard, flat substrate. The ideal substrate is hydrophilic, smooth and clean.
Frequently used substrates are fused silica, gold or mica. The bilayer is situated on the
surface with a 10 Å to 20 Å thick cushion of water (36). SLBs are advantageous over

	
  

19	
  

BLMs because they are more stable and they allow for the use of surface sensitive
techniques (37).

2.2.2.1 Langmuir-Blodgett/Langmuir-Schaffer Technique for Supported Lipid
Bilayer Preparation
There are two main techniques for the deposition of a bilayer on a substrate. The
first technique is the Langmuir-Blodgett/Langmuir-Schaffer (LB/LS), which is a two-part
procedure. Lipids are deposited on the Langmuir trough, at a pressure high enough to
form a monolayer on the surface and a substrate rests below the water-air interface. In the
first step (LB), the substrate is pulled slowly upwards through the monolayer into the air.
This deposits a single monolayer of lipids on the surface of the substrate. In the following
step (LS), the substrate surface is oriented parallel to the water and is lowered towards the
surface until contact. The hydrophobic tails facing the air interact with the lipids on the
substrate. When the substrate is removed from the surface, the interactions between the
lipid tailgroups of the monolayer on the substrate and the monolayer at the air/water
interface are strong enough to pull the monolayer off the interface, creating a bilayer on
the surface (36, 38, 39).
Once the Langmuir-Blodgett/Langmuir-Schaffer technique has been used to
create bilayers for biological membrane studies, the question then arose of the ability of
this technique to produce symmetrical bilayers using two different processes for the
deposition of the internal and external leaflets. Lui et al. made a bilayer of distearoyl
phosphatidylcholine (DSPC), by depositing it on a silica substrate, using the LB/LS
technique. To examine the inner and outer lipids separately, the bilayer was made with

	
  

20	
  

selectively deuterated DSPC lipids. The acyl chain structures were determined through
the use of polarized sum frequency vibrational spectroscopy (SFVS). The two leaflets’
lipid structures were obtained by producing an asymmetrical bilayer, and then making
another with the opposite leaflet as the exterior leaflet. The lipids of the interior and
exterior leaflets both exhibited features of containing a small amount of gauche
conformations (38). There was no significant change in amount of gauche defects
between the two leaflets. The orientation of the lipids was also examined. The tilt angles
were measured for the acyl chain, the terminal methyl group of the chain, and the choline
headgroup, for both the inner and outer leaflets. They found that the measurements for
each component were in agreement between the outer and inner leaflet, indicating that the
lipids in both leaflets had the same conformation. This showed that the silica substrate
has minimal to no effect on the orientation of the lipids in the bilayer, and even though
the two monolayers used different method of depositions, that does not affect their
conformation in the bilayer (38).
2.2.2.2 Vesicle Rupture as a Technique for Supported Lipid Bilayer Preparation
The second method of bilayer deposition on a substrate is from vesicles. The
vesicles are prepared in solution. The vesicles can vary in composition and ionic strength.
The vesicles then adsorb to the surface of the substrate. Once adsorbed the vesicles can
rupture and fuse, forming a uniform bilayer across the substrate (8). The vesicles can be
produced using techniques such as sonication or extrusion (13). The behaviour of the
vesicles on the surface is dependent on a number of factors including; pH, surface
chemistry, vesicle size and temperature (36, 40). The advantage of the vesicle rupture
method in SLB preparation is that it is simple and highly reproducible.
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In research performed by Reviakine et al. (8) he studied the mechanisms that are
involved in vesicle adsorption and rupture on a substrate. He used atomic force
microscopy (AFM) to study the formation of bilayers on a mica surface. They used
varying sizes of zwitterionic, phospholipid vesicles, prepared by either sonication or
extrusion. The size of the vesicles produced influenced their behaviour on the surface.
Small vesicles (41-50 nm) adsorbed to the surface, but remained intact, while larger
vesicles (70-80 nm) ruptured on the surface and formed discs of planar bilayers. These
vesicles followed the size distribution of vesicles produced by extrusion through a 50 nm
pore radius. However, when vesicles were produced by extrusion through a 100 nm pore
radius, there were no intact vesicles adsorbed to the surface. All vesicles had ruptured and
formed discs on the surface (8).
Reviakine also discussed the sequence of events involved in the formation of
SLBs on a mica surface. In order for a vesicle to adsorb onto a surface, the adhesion
energy, which is favourable, must outcompete the bending energy, which is
unfavourable. Based on the equation below, the vesicle must have a minimum radius in
order to adsorb onto a surface. Where Ra is the minimum radius for adsorption, W is the
effective contact potential, and k is the bending modulus of the membrane (8).

2k
𝑅 > 𝑅! =
𝑊

!
!

(2.1)

In order for a vesicle to rupture once adsorbed to the surface, the formation of a
disk of bilayer at a surface must be more energetically favourable, than the state of a
bound vesicle. Based on the equations for the free energies of a ruptured disk and a
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bound disk, the radius of rupture (Rr) can be determined for any given vesicle. Rr is
dependent on the line tension (Σ) along the circumference of the disk, and g is a
numerical constant (8).

𝑅! = 2𝛴 − 𝑔 2kW

! !

/𝑊

(2.2)

Based on equation 2.2, it is known that individual vesicles will rupture if R≥Rr,
but will remain whole and bound when R<Rr. When there are numerous vesicles on a
surface, they could, under certain circumstances, fuse together. Fused vesicles, may
rupture, if the new larger vesicle’s radius exceeds the rupture radius. It is theoretically
favourable for bound vesicles to fuse on a surface, which will lead to rupture and the
formation of disks.
When a vesicle ruptures, the disk it forms is a single bilayer bound to the surface.
These bilayers can coalesce to create almost complete coverage on a surface. The disks
can also bind to adsorbed vesicles. The exposed hydrophobic portion of the bilayer at its
edges causes it to favour an association to vesicles to minimize its exposure to the
aqueous environment (8). This association would further increase the probability of
vesicle rupture.
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Figure 2.1: For vesicle adsorption on the surface, the radius (R) must be larger than the
adsorption radius (Ra), but will only rupture if the vesicle radius is larger than the rupture
radius (Rr). These values can be determined for vesicles based on the free energies of
free, bound and ruptured vesicles, as shown by Reviakine. Adapted from Reviakine, 2000
(8).
Reviakine discussed the radii required for adsorption and rupture on a substrate,
but the mechanisms of how the vesicles go from solution to SLBs, was still unclear. This
led to a study by Weirich et al. (41). The study used temperature-controlled time-resolved
fluorescence microscopy to follow to process of SLB formation from vesicles. Weirich
deposited DMPC vesicles onto a borosilicate glass substrate, which was similar to the
deposition onto silica, which had been performed in the past (41, 42). The deposition of
vesicles had been shown earlier to have the mass and thickness of a single bilayer (42).
Through fluorescence microscopy, a number of features were discovered about the
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process of deposition and fusion of vesicles on the surface. The vesicles rearranged on
the surface before rupturing. Vesicles had a higher affinity for the SLB edges than for
glass. However, they had a lower affinity for SLB surface than for glass. The formation
of a SLB, resulted in the desorption of vesicles. The SLB edges were catalysts for the
rupture of vesicles on the surface, and isolated vesicle rupture was rarely seen (41).

2.3 Supramolecular Biovectors as Drug Carriers
There have been many studies and advances in vesicles as drug carriers, but they
have characteristics that make them difficult to market as a feasible implementable
system in the pharmaceutical industry. Their small size results in limited loading capacity
as well as the potential of being trapped by the reticuloendothelial system (43). These
drawbacks have provoked scientists to look at preexisting delivery system in organisms
for the solution. The result has been the development of the supramolecular biovector
(SMBV). This delivery system is based on low density lipoproteins (LDL). LDLs consist
of a cholesterol core, surrounded by a monolayer of phospholipids, with a protein
embedded (43). The protein allows for specific receptor mediated endocytosis. The
cholesterol core limits the loading to strictly lipophilic molecules, where as in most cases
of drug delivery the molecule loaded is hydrophilic. The SMBV was designed based on
the characteristics that LDLs exhibit in biological systems. SMBVs use a phospholipid
coating, in which proteins can be embedded. The cholesterol core however, was replaced
with a cross-linked polysaccharide core, in order to be able to load hydrophilic drugs. The
polysaccharide core can vary in size from 10 nm to microns in diameter (43).
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2.3.1 SMBV Methods of Preparation
In the work by Peyrot et al. (43), they were able to design a rational procedure for
the synthesis of SMBVs. The polysaccharide core was made of dextran, which was
hydrated in NaOH, and epichlorhydrin was added to cross-link the dextran. The dextran
nanoparticles were extruded through a French press in order to provide a specific size
range. The first layer of lipids was attached to the polysaccharide core, by mixing fatty
acids with the dextran particles in a solution of dichloromethane. Peyrot used a number of
fatty acids, where hydrocarbons ranged from 8 to 16 carbons in length. The final step was
to add the second layer of lipids, specifically phospholipids. The dextran particles, which
were now lipophilic, were mixed with phospholipids, and then stirred for 30 minutes,
followed by extrusion through a French press. There were two different phospholipids
tested as the exterior layer, DMPC (dimyristoylphosphatidylcholine) and DPPC
(dipalmitoylphosphatidylcholine), which have carbon chain lengths of 14 and 16
respectively. This research showed a novel system that could be implemented in the drug
delivery of anticancer drugs, oral delivery and immunotherapy (43).

2.3.2 Design of SMBV core, Influence on Coating
Further investigations have been done on different types of SMBVs by light
scattering, electron microscopy, fluorescence energy transfer, and fluorescence
microscopy. The structure of SMBVs was investigated by Santos et al. (44). The
polysaccharide core was prepared in a similar method to Peyrot, but employed
maltodextrin as the polysaccharide. To make the core, the maltodextran was crosslinked
with phosphate (negatively charged) or epichlorhydrin (no net charge). The size
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distribution of the polysaccharide cores was determined with dynamic light scattering.
The light scattering experiment illustrated a symmetrical distribution around 45 nm as the
radius of the core (44). The cores were either left as “light” BV, or acylated by mixing
with palmitoyl chloride three consecutive times. After formation, the light BVs were
mixed with the desired phospholipids, and the acylated BVs were coated by
phospholipidation (44).

Figure 2.2: Schematic of the formation of supramolecular biovectors (SMBVs) as
studied by Santos. (A) Polysaccharide core of maltodextrin. (B) Acylated maltodextrin
with fatty acids. (C) Non-acylated polysaccharide core with a coating of phospholipids.
(D) Acylated polysaccharide core with a monolayer of phospholipids. Adapted from
Santos, 1997 (44).
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It was reported that when the polysaccharide core was charged, it was more
stable. When it was neutral, the cores tended to associate and entangle. However, in the
presence of lipids, this was avoided. The charge or lack there of, did not affect the lipid
association with the polysaccharide core surface (44). Ionic strength was shown to have
an affect on the charge density in the polysaccharide core. The increase in ionic strength
led to the increase in the particle density. This could have had a potential influence in the
loading of drugs into the core for delivery (44).

2.3.3 Interaction of Core and Lipid Coating
In work performed by De Miguel et al. (45), the interactions of a lipid bilayer
with a cationic polysaccharide core were examined. The polysaccharide core was
maltodextrin crosslinked with epichlorohydrin, and made cationic by the addition of
ammonium functions. The SMBV was made with a 70:30 w/w of DPPC and cholesterol
as the phospholipid layer (45). They used zeta potential measurements to determine the
effect of the lipid layer on the core (45). The polysaccharide cores had a large positive
zeta potential (18.9 mV), while liposomes had a negative zeta potential (-4.9 mV). They
found that the polysaccharide cores with liposomes maintained a high positive zeta
potential (15.4 mV), while the SMBVs’ zeta potential reached very close to zero (2.9
mV). This showed that the lipids in the SMBV system had a shielding effect on the
polysaccharide core. The lipids in the SMBV system also went through phase transitions,
which were indicative of a lipid bilayer. These studies suggested that the lipids were in a
bilayer structure at the surface (45).
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2.3.4 Charge Influence on Core/Lipid Interactions
External charges have been seen to have an influence on the lipid orientation in
the bilayer. In a study where polysaccharide cores were coated by bilayers, the charge on
the polysaccharide core was investigated in order to determine its effect on the bilayer
surrounding it. The DPPC bilayer were fluorescently labeled with 1,6-diphenyl-1,3,5hexatriene (DPH), in order to measure the phase transition temperature (Tm) of the
bilayer when associated with the polysaccharide core. The transition temperature when
the bilayer was associated with a neutral polysaccharide core was only slightly different
than that of the lipids in a liposome system. When the bilayer was associated with a
negative core, the Tm of the bilayer increased. However, when the bilayer was associated
with a positive core, the Tm decreased slightly. This indicated that the lipids were in a
bilayer conformation and that polysaccharides and their charge can have an effect on the
stability of the bilayer (46).

2.4 Lanthanide/Ligand Complexation
The fluorescence of Tb3+ will be used in this thesis to study scaffolded
membranes permeability. Therefore, this section will review the literature pertaining to
the fluorescence of this ion. Lanthanides such as terbium (Tb3+), are able to complex with
up to three pyridine-2,6-dicarboxylate (DPA) molecules in solution. Terbium is a
fluorescing molecule, however it is not detectable at low concentrations (47). This
becomes an issue if the experiment requires the detection of small concentrations of Tb3+.
However, when Tb3+ is coordinated with DPA, the intensity of fluorescence is increased
by up to 104 (48, 49). To determine the photophysical properties of the Tb/DPA complex,
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Jones and Vullev conducted fluorescence experiments. One experiment was to determine
the emission of Tb3+ when complexed with n DPA molecules, where n=1,2,3. DPA, when
excited between 260 nm and 280 nm, can cause more than a three-fold enhancement in
terbium fluorescence emission. The high intensity terbium emission bands are situated at
488 nm, 542 nm, 585 nm, and 645 nm. It was shown that as the number of ligands
increased, the measured emission quantum yield also increased, which was consistent
with the theory of DPA out-competing hydroxyl groups in terbium complexation. This
decreased the possible non-radiative pathways that complexed water molecules provided
(47, 49).

2.4.1 Lanthanide/Ligand Application in Drug Delivery Studies
The Tb/DPA complex has been used to study vesicle systems (50). A number of
experiments were performed to determine the effect of Ca2+ on vesicle fusion, by
monitoring the Tb/DPA emissions (51, 52). They produced one population of SUVs with
TbCl3 inside, and another population with DPA inside. They were able to determine
whether vesicles fused based on the intensity of the Tb3+ fluorescence emission. In order
for there to be no fluorescence in the case of both vesicles leaking, but not fusing
together, ethylenediaminetetraacetic acid (EDTA) was added to the supernatant liquid.
EDTA will interact with DPA, upon release from the vesicle, preventing it complexing
with Tb3+ if only leakage occurs (51). DPA and Tb3+ would only be able to complex if
the vesicles fused together, so the DPA did not have contact with the solution outside the
vesicles (51, 52).
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Another study that implemented the Tb/DPA complex fluorescence was a study
performed by Kort et al. in which the release of DPA from endospores was monitored.
The release of DPA from endospores was used to determine the heat resistivity of
endospores based on temperature and incubation time. DPA would release from the
endospores when the spores became heat inactivated (53). The concentration of DPA
released was monitored through Tb/DPA complexation and subsequent fluorescence. The
increase in fluorescence meant DPA had been released into solution and was able to
complex with the Tb3+, causing enhanced fluorescence (53).

2.5 Hydrogels as Core for SMBVs
Hydrogels have been selected as a means for drug delivery and have had research
performed on their capabilities for controlled drug release. Hydrogels provide
biocompatibility, adjustable swelling capacity hydration, and a tunable rate of release.
Hydrogels can be synthesized from a wide assortment of polymers in order to tailor to
different situations. The tailoring of these compounds can include optimized swelling and
rates of release, as well as the drug loading capacity. There are two methods for the
loading of molecules into hydrogels; one is through the mixing of the hydrogel and the
loading molecule, allowing for the mixing and polymerization of the two. The second is
through the swelling of the hydrogel in a drug containing solution, followed by
desiccation, with the drug loaded inside. The second method is preferable in many cases
because polymerization between the drug and the hydrogel could cause changes in the
properties of the drug, as well as resistance to depolymerization (54). The release of the

	
  

31	
  

drugs from the hydrogels usually requires the influx of water into the polymer matrix and
simultaneous efflux of drug molecules (55).
Hydrogel polymers can be synthesized out of glucose. Glucose can be
polymerized into branched dextran strands that crosslink to form a matrix. The dextran
matrix has the ability to swell when immersed in solution. They are hydrophilic and
contain no ionic groups. The partial charge ionic properties of dextran hydrogel beads
come from the hydroxyl groups. Dextran hydrogel beads are extremely versatile in their
size and the degree of crosslinking in their matrices (56).

2.5.1 Study of Scaffolded Vesicles with Hydrogel Core
Seenath recently implemented the use of the Tb/DPA complex with hydrogels as
the core with SMBVs (57). The development of a giant scaffolded vesicle involved the
swelling of hydrogel beads (Sephadex G10) in a solution of TbCl3, to produce hydrated
beads with a diameter of ~100 µm. The beads were then mixed DMPC and cholesterol
with a molar ratio of 70:30, in order to provide a lipid coating on the beads. They
performed fluorescence microscopy leakage studies on the uncoated Sephadex G10 beads
and the Sephadex G10 beads mixed in the lipids. The beads loaded with Tb3+ were
deposited into a solution of DPA in order to determine the leakage rate of Tb3+out of the
beads. Once the Tb3+ had leaked, it was able to complex with DPA, providing detectable
fluorescence intensity in the supernatant solution. The study showed that the leakage of
Tb3+ in the supernatant solution was significantly slower when the beads had been mixed
with the lipids (57). This proved that the lipids provided a coating on the beads, slowing
the leakage of Tb3+ into the supernatant solution. The permeability of the
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DMPC:Cholesterol coated beads was also examined through a range of temperatures. The
leakage increased around the phase transition temperature of DMPC (58, 59). This clearly
showed an association between the lipids and the beads through reduced leakage and the
leakage based on temperature supported their hypothesis of vesicle rupture and the lipids
forming a lipid bilayer on the surface of the beads (59).
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Chapter 3: Theory

3.1 Molecular Fluorescence Spectroscopy
3.1.1 Principles of Molecular Fluorescence
Fluorescence is a type of photoluminescence that occurs when an excited electron
returns to the ground state, emitting a photon in the process. The absorption of photons,
results in the direct excitation of electrons to a singlet state or indirectly to a triplet state.
In the singlet state, the excited electron is spin paired with an electron in the ground state,
while in the triplet state the electrons become unpaired and they have spins that are equal.
Fluorescence is the relaxation of electrons from an excited singlet state to the ground
state, emitting a photon, which usually has a lower energy and longer wavelength than
the photon absorbed during excitation. The change in wavelength from shorter excitation
to longer emission wavelengths is called a Stokes shift. A Stokes shift occurs when a
portion of the energy of an excited electron relaxes through radiationless vibrational
pathways, causing a difference between the absorbed light and the emitted light
wavelengths (1).
The lifetime of the electron in the excited state is very short for fluorescence,
lasting only 10-7 to 10-9 seconds. The time of radiation is also very short, lasting less than
10-5 s. This short timescale is due to lack of electron spin change for fluorescence, unlike
phosphorescence, which involves a change in spin and can have a lifetime in the range of
seconds (1).
There are numerous pathways in which an electron can return to the ground state
after excitation. The pathways can either be radiative, which includes fluorescence and
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phosphorescence, or non-radiative, where photons are not emitted during relaxation. The
probability of an electron following a pathway is proportional to the duration of the
electron in the excited state. The most efficient pathway varies based on the molecule and
it’s molecular structure, as well as its chemical environment (1).

Figure 3.1: Diagram for possible excitation and relaxation pathways of electrons in a
photoluminescent system. S0 refers to the singlet ground state; S1 and S2 refer to the first
and second singlet excited state respectively. T1 refers to the first excited triplet state in
the system. Adapted from Skoog, Principles of Instrumental Analysis, 1998 (1).

3.1.2 Quantum Efficiency
The fluorescence efficiency of a molecule can be determined by quantum yield
(ϕ). This is the ratio of the number of molecules that fluoresce to the number of
molecules that are excited. The quantum yield can be expressed in terms of the rate
constants of deactivation pathways using the following equation:
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𝜙=

𝑘!
𝑘! + 𝑘! + 𝑘!" + 𝑘!" + 𝑘!" + 𝑘!

(3.1)

The various methods of deactivation are; fluorescence (kf), intersystem crossing
(ki), external conversion (kec), internal conversion (kic), predissociation (kpd), and
dissociation (kd). This equation can be used to determine how effective a molecule is at
fluorescing, and can be helpful in choosing a type of molecule for fluorescence based
studies or experiments (1).

3.1.3 Fluorescence of Lanthanides
The ability of a molecule to fluorescence is affected by its quantum yield and also
the magnitude of its absorption coefficients. Some trivalent lanthanides fluoresce, but
when they couple with OH oscillators in water molecules, the probability of their
fluorescence is decreased. The OH oscillators provide the lanthanide with a radiationless
pathway of deactivation, where energy is transferred to water molecules. In order to
counteract this effect, the lanthanide can form a chelate with ligands, which displaces the
OH molecules. In addition, the ligands have broad, intense absorption bands and are able
to transfer energy to the weakly absorbing lanthanide. The ligand amplifies the weak
fluorescence of the lanthanide due to the efficient absorption of the excitation radiation
resulting in increased fluorescence intensity in solution (2).
The ability for a ligand to increase the fluorescence of a lanthanide is dependent
on the energy pathway. The ligand absorbs a photon, which excites an electron to the
excited singlet state. It could then undergo intersystem crossing to the ligand excited
triplet state. Following that, intramolecular energy transfer must occur to the excited state
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of the lanthanide. The lanthanide is then able to relax through a fluorescent pathway. The
efficiency of intersystem crossing is dependent on the energy overlap of the excited states
of the ligand and lanthanide. In the case of the Tb3+/DPA (pyridine-2,6-dicarboxylic acid)
complex, the excited triplet state of DPA overlaps in energy with the excited singlet state
of Tb3+ (1, 3).
The ligand-lanthanide complex’s quantum yield is dependent on a number of
processes in the energy transfer pathway. First is the efficiency of populating the triplet
state of the ligand upon radiation. Second, the energy of the triplet state must be slightly
higher than that of the singlet excited state of the lanthanide, in order for energy to be
transferred from ligand to lanthanide. Third, the distance r between ligand and lanthanide
has an effect on the energy transfer with an efficiency proportional to r6. Finally, any
coordinated water molecules will have a negative affect on the efficiency, because their
energy level is lower than a lanthanide and will have a higher probability of energy
transfer over ligand to lanthanide transfer (3).
Lanthanides such as europium (Eu3+) and terbium (Tb3+) have nine coordination
sites with which to couple with ligands. This makes DPA an appropriate ligand, because
the oxygens of the carboxylate group and the nitrogen of the pyridine ring can couple
with the lanthanide. The lanthanide is able to complex with three DPA molecules to
satisfy its nine coordination sites. This results in quenching of the donor (DPA)
fluorescence and the enhancement of the acceptor (Eu3+, Tb3+) (2, 4).
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Figure 3.2: Complexation of Tb3+ with three DPA compounds.

Terbium has been determined to be more strongly coordinated to DPA than
europium. Terbium is more likely to complex with DPA and is less likely to have
fluorescence quenched by surrounding water molecules than europium. The Tb3+ coupled
with DPA accepts intramolecular energy transfer and is characterized by slower
radiationless deactivation. Consequently, it has higher quantum efficiency of
fluorescence. These factors make the Tb3+/DPA complex an ideal fluorescing system for
analytical studies (2, 3).

3.2 Instrumentation for Fluorescence Spectroscopy
3.2.1 Fluorescence Spectrophotometer
The main components of all spectrophotometers are: a light source; a
monochromator or filter; a cell for the sample; and a detector (1, 5). Each of these
components performs a specific function discussed in the following sections.
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Figure 3.3: Schematic of the components of a spectrophotometer. Adapted from Skoog,
Principles of Instrumental Analysis, 1998 (1).

3.2.1.1 Light Source
The light source most commonly used is the xenon arc lamp, which is able to
produce a continuous spectrum from 300 to 1300 nm. Another option is a laser source,
which can be advantageous when detecting small quantities of a sample, or when highly
monochromatic pulses are required. The xenon arc lamp is more frequently used because
it is inexpensive and easy to use (1).

3.2.1.2 Monochromators
Monochromators are used for wavelength selection for the excitation radiation,
and the emission radiation directed to the detector. Diffraction gratings are a type of
monochromator, which separates wavelength spatially. Gratings have grooves whose
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separation is comparable to the wavelength of the incident light. When white radiation is
incident to the grooves, it is diffracted. Each wavelength is diffracted in a different
direction. This has been quantified in the equation given by Bragg’s below.

𝑛𝜆 = 𝑑 𝑠𝑖𝑛𝜃 − 𝑠𝑖𝑛𝜙

(3.2)

The angle ϕ of the diffracted beam, can be determined when the wavelength of the
diffracted beam (λ) is known, as well as, the diffraction order (n=1,2,3,…), the distance
between grooves (d) and the angle of the incident light (θ). A slit is situated between the
grating and the sample or detector. By adjusting the grating angle (θ), the wavelength
directed towards the slit will change. This allows for selection of a specific wavelength to
pass through the slit (1, 6).

Figure 3.4: A polychromatic beam of light reaches the diffraction grating and is
diffracted allowing a narrow band of wavelengths to pass through the slit. The diffraction
grating is able to rotate to change which band is allowed through the slit. λ1, λ2, and λ3 are
representations of different wavelengths.
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3.2.1.3 Cell for Spectroscopic Measurements
The cell for spectroscopic measurements can be made out of plastic, glass or
silica, and must be transparent to light in the excitation and emission regions of interest.
They are usually made in a rectangular or cylindrical shape and for the ultraviolet (UV)
region they are made out of quartz. The dimensions of the cell influence the amount of
absorption. From Beer’s law:
𝛥𝐴 = 𝛥𝜀𝑐𝑙

(3.3)

Where ΔA is the absorbance, ε is the molar absorption coefficient, c is the concentration
of solution, and l is the length of the path of light is the cuvette. Beer’s law asserts that
the pathlength (l) is directly proportional to the absorbance (7).

3.2.1.4 Detector
The detector most often used is a photomultiplier. It converts the photon beam to
an electron beam. When a photon hits a photocathode, which is normally a metal surface
to which a negative potential is applied: electrons are ejected, the amount of which is
proportional to the intensity of light striking the photocathode. The electrons accelerate
towards a dynode because of a potential difference between it and the photocathode. The
dynode ejects more electrons, each time an electron hits it. The electrons go through a
series of dynodes. The final amount of electrons can be 108 per photon that strikes the
photocathode. The conversion to electrons, and the amplification is done in order to
produce a detectable output (6-8). An alterative to the photomultiplier is the photodiode.
In a photodiode, the photons strike a solid-state device, which is able to conduct
electricity. A way to increase the sensitivity of a photodiode is to accelerate the electrons
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with a large electrical potential difference. The electrons collide with other atoms and
ionize them, causing a cascade of secondary carriers (6).

3.3 Lipids
3.3.1 Lipid Structure
Lipids are a class of biological molecules, which are the main components of
membranes, along with carbohydrates and proteins. Lipids contain a hydrophobic portion
and a hydrophilic portion. They do not dissolve in water and their hydrophobicity is
mainly due to one or more hydrocarbon tails. These features allow lipids to form highly
impermeable barriers by self-assembling into aggregates, such as bilayers. Lipid bilayers
form in water with their hydrophobic tails facing inwards towards each other, while their
hydrophilic portion faces outwards to the water. The hydrophobic portion of the barrier
prevents polar molecules from passing freely through the bilayer. This is why lipids are a
major component of membranes, and are important to the limitation or regulation of the
transportation of molecules in and out of cells (9-11).
There are numerous types of lipids that are important to the formation of
biological membranes. Fatty acids are a group of lipids, which have a single hydrocarbon
tail that varies in length, and a carboxyl head group. Fatty acids occurring in nature
usually have an even numbered hydrocarbon tail, between 14-24 carbons in length (9). If
the fatty acid tail consists of all single bonds, it is referred to as “saturated”. Alternatively
there may be one or more double bonds along the carbon chain, making it “unsaturated”.
The double bonds are usually in cis formation and will cause kinks in the chain. This will
cause unsaturated and saturated fatty acids to pack differently in bilayers (9).
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3.3.2 Lipids in Biological Membranes
Biological membranes are composed of three major types of lipids:
phospholipids, glycolipids and cholesterol. These lipids play a specific role in the
structure and barrier properties of bilayer membranes. Phospholipids consist of a
backbone; either glycerol, a 3-carbon triol, or sphingosine. The simplest phospholipid,
phosphatidic acid is made of two fatty acids, which form ester linkages that include two
alcohol groups and a phosphate group that attaches to the third alcohol. Glycolipids are a
sphingosine based family of lipids that contain sugar. A fatty acid is attached to the
sphingosine backbone through acylation (9). One or more sugars are added to the primary
hydroxyl group, which differentiates them from phospholipids. Cholesterol varies greatly
from the other primary lipids, as it has four hydrocarbon rings, one five membered and
three six membered rings, linked to form a steroid. The steroid has a hydrocarbon chain
that is attached to the five sided ring, with a hydroxyl group on the end. The amount of
these three types of lipids varies in various biological systems. There are also other lipids,
as well as proteins, that can contribute to membrane functionality (9).

3.3.3 Packing Parameter
Amphiphilic molecules will aggregate when in aqueous environments. The most
common shape is a spherical micelle, where all the hydrophobic tails face inwards and
the hydrophilic headgroups face outwards to the aqueous environment. However, lipids
do not always form spherical micelles. The shape of the lipids has a strong influence on
the type of aggregate they will form. Israelachvili in 1976 designed a packing parameter
that assists in determining the structure that will be formed when lipids are hydrated. The
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packing parameter S, can be calculated based on the geometry of the lipid molecules
involved. S is based on: the volume of the hydrophobic tail, υ; the area of the headgroup,
a; and the critical length of the hydrocarbon tail, lc (12).

𝑆=

𝜐
𝑎𝑙!

(3.4)

This equation allows for the determination of the aggregate geometry that lipids
will self assemble into when hydrated. The equations relating υ and lc to the number of
carbon atoms in the aliphatic chain were first described by Tanford in 1972. The
equations also agreed with previous experimental work (13).

𝜈 = (27.4 + 26.9𝑛! )Å!

(3.5)

𝑙! = (1.5 + 1.265𝑛! )Å  

(3.6)

As the number of carbons (nc) increase the packing parameter will also increase.
Furthermore, the packing parameter is additive. When lipids are mixed together, the
structures formed will be based on the summation of the components of the mixture.
Below is a table of the various structures that the lipids can aggregate to form (12, 14,
15).
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<S>

Lipid Shape

Aggregate Structure

<⅓

Cone

Spherical micelle

⅓-½

Truncated Cone/Wedge

Globular/cylindrical micelle

½-1

Truncated Cone

Flexible Bilayers/Vesicles

~1

Cylinder

Planar Bilayers

>1

Inverted Truncated Cone

Inverted Micelles

Table 3.1: The packing parameter for lipids, based on their shape. The aggregations they
form are based on the packing parameter of the lipids (14).

3.3.4 Membrane Fluidity
A membrane’s fluidity is highly variable, and is the result of the flexibility of the
lipid hydrocarbon chains. Temperature is a large influence on the fluidity of a membrane.
Each type of lipid has a transition temperature. The transition temperature is the point
where the membrane lipids change from a highly ordered crystalline or gel state, to a
disordered liquid phase. Below the transition temperature the hydrocarbon chains are in
fully extended trans conformation and have maximum contact with one another, creating
a tightly pack, ordered crystalline or gel layer. Above the transition temperature, the
hydrocarbon chains begin to become disordered due to rotation around the C-C bonds
and appearance of gauche conformation. The increased disorder results in increased
fluidity (10).
Double bonds will have an effect on the transition temperature of a lipid, and will
result in unsaturated lipids having much lower transition temperatures. This is because a
cis double bond will cause a kink in the hydrocarbon chain. The lipids will be less tightly
packed and more fluid (10).
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In the case of membranes with mixed lipid composition, the phase transition
temperature of the mixture will be in-between the phase transition temperature of the
individual components. The ratio of different lipids will determine the transition
temperature, and can be localized when different lipids segregate into domains in the
bilayer. There can be a mixture of lipid domains around the phase transition temperature.
The boundaries between the domains provide defect sites that reduce the barrier
properties of the bilayer. Cholesterol is also frequently present in membrane bilayers, and
has an effect on the fluidity. Because of its rigid shape, cholesterol disrupts the tight
packing of lipids below the transition temperature and increases fluidity of the bilayer.
The rigid structure also leads to the opposite effect above the phase transition
temperature, which is ordering of the lipid tails. Cholesterol interferes with the movement
of the lipid tails throughout the bilayer, and causes a decrease in fluidity (16).

3.4 pKa and Isoelectric Point
The pH scale was developed in order to avoid the use of negative exponents when
examining the concentration of hydrogen ions. pH is defined as the negative logarithm of
hydrogen ion concentration.
𝑝𝐻 = −𝑙𝑜𝑔!" 𝐻!

(3.7)

The relationship between hydrogen ions H+ and hydroxide ions OH- is reciprocal,
so at neutral pH (pH=7) there are equal concentrations of H+ and OH-. This means there
is no excess of either ion, however, as soon as the pH moves away from 7, one of the ions
will be in excess (10).
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Strong electrolytes, when added to water, dissociate completely. This includes
strong acids, strong bases and many salts. When a strong acid is added to water, it will
form H+ ions, and a conjugate base. There are also weak electrolytes, which only
dissociate to a certain degree in water. When a weak acid is added to water it dissociates
partially and forms a pair of conjugate acid HA and a conjugate base A-. In order to
determine how well an electrolyte dissociates, an equilibrium ionization constant is used.
The equilibrium ionization constant, Ka, gives the extent to which an electrolyte forms
ions in water. This relates to the pH of a solution through the Henderson-Hasselbalch
equation (10).
The Henderson-Hasselbalch equation can be solved by examining a weak acid in solution
with an ionization constant, Ka.

𝐻𝐴 ↔ 𝐻! + 𝐴!

(3.8)

And
𝐾! =

𝐻! 𝐴!
𝐻𝐴

(3.9)

𝐾! 𝐻𝐴
𝐴!

(3.10)

Rearrange to isolate [H+]
𝐻! =
Take the logarithm of both sides
𝑙𝑜𝑔 𝐻! = 𝑙𝑜𝑔𝐾! + 𝑙𝑜𝑔!"

𝐻𝐴
𝐴!

(3.11)

Since pH=-log[H+], and we define pKa=-logKa, such that
	
  

52	
  

𝑝𝐻 = 𝑝𝐾! + 𝑙𝑜𝑔!"

𝐴!
𝐻𝐴

(3.12)

The Henderson-Hasselbalch equation can be used when examining pKa in biological
systems (10). The pKa value gives the information about the pH levels at which a lipid
head group will be charged or neutral. The head groups on lipids have specific pKa
values, which means that they can be charged or neutral at various pH levels. This in turn
means that the pH of the environment in which the lipid bilayer is situated will have an
effect on how the lipids interact within the bilayer.
When the lipid head groups are neutral, the lipids can closely associate in the
bilayer. When the lipids are charged, positively or negatively, it creates a repulsive force
between the lipids (17). When charged lipids are mixed with zwitterionic or neutral
molecules, the repulsion force created by the charged head group allows for uniform
mixing between the different molecules. However, at a specific pH level, when those
charged head groups become neutral (above or below pKa value), the lipids are more
likely to associate with themselves, which could lead to phase separation among the
lipids. This could lead to defects forming in the bilayer (18).

3.5 Bilayers
3.5.1 Vesicle Formation
As stated earlier, the amphiphilic properties of lipids cause them to aggregate in
solution. As a result of their geometry and thermodynamic properties, lipids frequently
aggregate into bilayers in spherical or oval shapes. These shapes can also be referred to as
vesicles or liposomes, which encase solution in their interior. When there is a single
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bilayer dividing the internal and external solution, the vesicles can be classified by size,
from small unilamellar vesicles (SUVs) to large unilamellar vesicles (LUVs). When there
are numerous bilayers separating internal and external solutions, then they are referred to
as multilamellar vesicles (MLVs) (19).
Multilamellar vesicles spontaneously form when dry phospholipids are hydrated
in water or a buffer. It has been speculated that when the dry phospholipid film is
exposed to water, the outer monolayer will hydrate more than the inner one. This
difference in hydration will cause blistering of the surface because the lipid head group’s
surface area increases. The water can also penetrate below and between the bilayers. This
causes the bilayers to turn from blisters into tubular fibrils. This transition allows for
maximum headgroup to water interactions, and as the swelling continues, the headgroups
are able to reach their equilibrium distances between one another. Once this has occurred,
agitation will cause the bilayers to separate from the surface, and after which the
hydrophobic ends will immediately seal, in order to form MLVs. The amount of agitation
will directly correlate to the size of the MLVs created (19).
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Figure 3.5: Hydration of dry phospholipid bilayers, depicted in this figure as lines, from
the surface. The addition of water allows for the formation of fibrils, which detach to
form vesicles (19).
In order to prepare higher ordered shapes such as SUVs or LUVs, energy must be
put into the system. This energy can be in the form of shaking, vortexing, injecting, to list
some preparation options (19).
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Chapter 4: Experimental

4.1 Materials
4.1.1 Material for Scaffolded Vesicle Design
The lipids for this thesis were purchased from Avanti Polar Lipids, Inc. at a purity
of >99%. The anilines and myristic acid were purchased from Sigma-Aldrich, 4hexylaniline at purity of 90%, 4-tetradecylaniline at 97%, and myristic acid at ≥99%.
These lipids were not purified further before use in experiments. The TbCl3 and DPA
were purchased from Sigma-Aldrich, the TbCl3 with a purity of ≥99.9% and DPA with
purity of 99%. These reagents were used to make approximately 1.0 mM solutions, using
ultrapure Milli-Q water (>18 MΩ cm). The solutions were stored at room temperature
(~20°C). Sephadex G-10 beads were purchased from Sigma-Aldrich. The Sephadex
beads are composed of cross-linked branched glucose. The size and degree of crosslinkage is based on the type of sephadex. The sizes of the beads for the G-10 were
between 40-120 microns. The mean average of hydrated beads was 100 µm. Sephadex
beads can be charged or neutral. The sephadex G-10 used in these experiments was
neutral. The average pore size for the Sephadex G-10 beads were 2-5nm in diameter. The
surfactant used was laboratory grade Triton X-100, purchased from Sigma-Aldrich. The
Triton X-100 was diluted with Milli-Q water to a concentration of 0.01% (v/v).

4.2 Procedures and Methods
The experimental method used in this thesis will be discussed in the following
section. The preparation procedure for the scaffolded vesicles will be presented, followed
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by a discussion of the equipment and experimental method used in the examination of the
properties of the prepared scaffolded vesicles.
All glassware used in the preparation of the scaffolded vesicles was cleaned in a
hot acid bath, which is a 3:1 mixture of sulfuric acid and nitric acid. Afterwards, it was
thoroughly rinsed in Milli-Q water (>18 MΩ cm) and placed in an oven of approximately
50°C to dry before use. The quartz cuvettes used in fluorescence experiments were rinsed
using the ultrapure Milli-Q water and dried before use.

4.2.1 Preparation of lipid vesicles
The lipids were dissolved in a solution of CHCl3 to create a stock solution with a
concentration of 2 mg/mL. The stock solutions were stored in a freezer that maintained a
temperature of -18°C, and were kept there until needed. About 2 mg of lipids in the stock
solutions, were added to a test tube and was vortexed to evaporate the CHCl3, to produce
a dry film on the text tube walls. The evaporation of the CHCl3 was accelerated by
purging the test tube with Ar(g) while the test tube was being vortexed. When the
evaporation was complete, the test tube was placed in a dessicator for 24 hours to ensure
the complete evaporation of the CHCl3 and to keep the sample dry until use.

4.2.2 Preparation of scaffolded vesicles
The lipid film in the test tube was hydrated with 1 mL of 1.0 mM TbCl3(aq). The
test tube underwent sonication at a temperature above the gel to fluid phase transition
point of DMPC (~24°C) (1). The sonication was performed for 5 minutes. Afterwards, 50
µL of hydrated Sephadex G-10 beads were added to the lipids in the test tube. The
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mixture was then vortexed for 1 hour in order to mix the lipid film and beads. The mixing
was performed at room temperature (~21°C) and after 1 hour the test tube was covered in
Parafilm and left at room temperature until its usage.

4.2.3 Instrumentation
4.2.3.1 Fluorescence Spectroscopy
The change of fluorescence with time was measured to determine the kinetics of
Tb3+ leakage from the scaffolded vesicle. The fluorescence kinetics curves collected in
these experiments were acquired using a Varian Cary Eclipse Fluorescence
Spectrophotometer. The spectrophotometer used a xenon flash lamp as the radiation
source, and monochromators to choose the wavelength of excitation and emission for the
sample. The Cary Eclipse also used a PMT (photomultiplier tube) for enhanced detection
of emitted photons.
The fluorescence intensity measurement were taken over a period of time
following the deposition of 10 µL of scaffolded vesicles at the bottom of a quartz cuvette
containing 3 mL of ultrapure Milli-Q water and 250 µL of DPA solution. The
measurements were taken at an excitation wavelength of 270 nm, and an emission
wavelength of 585 nm. The 270 nm band chosen for the excitation of DPA which was
used as an antenna, and 585 nm was chosen for detection because this emission band of
Tb3+ is less intense and hence would not cause saturation of the detector.
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Figure 4.1: The absorption and emissions wavelengths of the Tb3+/DPA complex. The
wavelengths are labeled above the peaks for the DPA absorption the Tb3+ emission.
Adapted from R. Seenath, M. Sc., 2011 (2).
The changes of fluorescence as a function of time were measured every 5 minutes
for 400 minutes, or until the intensity had plateaued. The excitation and emissions slits
were both set to 10 nm and the experiments were conducted at room temperature
(~21°C). A sample of bare (lipid free) Sephadex G-10 beads were run at the same settings
as a control.

4.2.4 Data Analysis
The change of fluorescence with time was measured to determine the kinetics of
Tb3+ leakage from the scaffolded vesicle. Fluorescence spectra were acquired, in
triplicate, over a range of wavelengths from 570 nm to 600 nm for the emission. The
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excitation wavelength was kept at 270 nm, and the excitation and emission slits remained
set at 10 nm. The fluorescence spectra were taken in order to ensure that the scan values
at 585 nm were comparable to the values of intensity when the kinetics curve had
plateaued. Following the three scans, 52 µL of Triton X-100 was added to the sample in
the quartz cuvette. The Triton X-100 solubilized lipids and destroyed the bilayer allowing
for unhindered release of Tb3+. The fluorescence intensity measured after addition of
Triton X-100 was used in order to determine the maximum amount of Tb3+ in the sample.
Three more fluorescence spectra were taken 10 minutes after the addition of Triton X100, without changing the setting at which the spectra were acquired.
The triton X-100 addition caused a decrease in the concentration of the Tb3+/DPA
complex in the quartz cuvette, due to the increase in volume. The concentration of a
fluorescing sample is directly proportional to the intensity of fluorescence. Therefore, the
control of Sephadex G-10 beads was used as a correction factor to counteract the effect
the decrease in concentration had on intensity.
The correction factor (α) was determined by dividing the intensity at 585 nm after
the addition of Triton X-100 by the intensity at 585 nm before the addition of Triton X100 in the control sample. The sample intensity (Iat) after the Triton X-100 was added
was multiplied by the correction factor (α) in order to determine the maximum intensity
(Imax) when the Tb3+ has completely leaked from the sample.

𝐼!"# = 𝛼 𝐼!"
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In order to normalize to 100% intensity for the samples, the Imax was used as
100% intensity for the sample and the % intensity (%I) for the sample throughout the
experiment was calculated with the help of equation 4.2:

%𝐼 = 100

𝐼

(4.2)

𝐼!!!

This process allowed the average %I to be calculated among samples that had the
same lipid coating and were prepared using the same procedure. The standard deviations
could also be calculated for each sample. The fluorescence intensities were plotted
against the time of the experiment. It was assumed that the release of Tb3+ could be
considered as a first order kinetics and the kinetic curve was fit using a single exponential
decay as described by the equation:

𝐼 = 𝐼!"# 1 − 𝑒 !!"

(4.3)

Where t is time in minutes and k is the rate constant. This rate constant was used
as a measure of the leakage rate of Tb3+ from the samples.
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Chapter 5: Results and Discussion

5.1 Lipid Composition, Packing Parameter and Charge of the Head Group
The experiments performed in this thesis involved measurements of permeability
of scaffolded vesicles coated with bilayers of a variable concentration of myristic acid
(MA) and amines such as 4-Hexylaniline (HA), 4-Tetradecylaniline (TA) and variable
pH of solution in which the vesicles were residing. By changing the concentration of the
acid or the amine in the bilayer (composition of the bilayer); one changes the magnitude
of the packing parameter. A change in the packing parameter had effect on the membrane
elastic properties and therefore its stability. The packing parameter of these complex
membranes can be calculated from the geometric shape of the membrane constituents.
The measured permeation rates will be correlated with the calculated packing parameter
treating it as a measure of the elastic properties of the membrane. The carboxylic group
of the myristic acid and the amine groups of 4-Hexylaniline and 4-Tetradecylaniline can
be either charged or neutral when pH changes across the corresponding pKa value.
Therefore, the change of pH will be used as a measure of charge on the acid or the base
molecule incorporated into the membrane. The charge on lipid head groups can have a
strong effect on the fluidity of bilayers. Studies by Lafleur have given insight on how
lipids with charged head groups behave in different pH environments (1, 2). The
electrostatic repulsion or attraction have significant impact on the aggregation of
membrane constituents and hence on the membrane permeability.
Both packing parameter and charge are influential factors in the behavior of lipids
and bilayers. The incorporation of charged lipids into a bilayer vesicle systems affects
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both the geometric dependent properties of the system, such as the radius of curvature
and the distribution of lipids within the bilayer causing phase separation or dispersion of
lipids within the membrane. Therefore, when analyzing the scaffolded vesicle system,
these two factors cannot be considered mutually exclusive. In an attempt to decouple the
effects of charge and lipid packing, the molar concentration of charged lipid was varied
throughout the experiments discussed in this chapter.

5.2 Permeability of Systems
The systems discussed in the following sections contained varying amounts of
charged lipids in the membrane and were investigated in different pH solutions. The
fluorescence spectroscopy was used to measurements Tb3+ retention in scaffolded
vesicles. These systems were compared to identify pH dependent changes in the
membrane permeability. The data was analyzed following the methodology described in
the experimental section. The plots of fluorescence versus time were fit to a curve
describing first order kinetics. The first order rate constants were determined from an
average of at least three such plots. The rate constant quantified the retention time of the
Tb3+ within the scaffolded vesicle system. It also allowed for the comparison of barrier
properties of scaffolded vesicle systems with different bilayer compositions and pH of the
bathing solution.

5.2.1 Myristic Acid System
Systems that were comprised of mixtures of 1,2-dimyristoyl-sn-glycero-3phosphocholine (DMPC), cholesterol (chol), and myristic acid were examined first. The
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change of a charge on a carboxylic acid incorporated into a model membrane was used as
a trigger to release content of vesicles by Lafleur et al. (2). The MA acid system was not
relevant to mimic changes in pH in the digestive track but we use it to gain a general
knowledge concerning the effect of charge on the lipid on the membrane permeability in
scaffolded vesicles. We started with a carboxylic acid as a guest molecule in a membrane
to test if the approach used by Lafleur applies to membranes in scaffolded vesicles as
well. The DMPC and cholesterol were mixed at a ratio of 70:30 mol%. This composition
have been seen to create the most fluid bilayer composed of DMPC and cholesterol and it
also produced the lowest permeation rate constant when compared with other mixtures of
DMPC and cholesterol (3, 4). Seenath has shown (3) that for binary DMPC:Cholesterol
mixtures, at low concentrations cholesterol acted as an impurity and caused high
permeability of the scaffolded vesicle, while at higher concentrations of 30 and 40 mol%,
the cholesterol improved impermeability of the scaffolded vesicle system (3).
a)

b)	
  

c)

Figure 5.1: The chemical structures of a) DMPC, b) cholesterol and c) myristic acid. The
packing parameters of these lipids are 0.57, 1.21, and 0.33, respectively.
The DMPC:Chol:MA mixtures were tested at pH below the pKa value of myristic
acid (pKa = 4.9), where the majority of MA was protonated and therefore, neutrally
charged. Three separate compositions were examined, and the rate constants were
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determined for each composition as a measure of the leakage rate of Tb3+ from within the
scaffolded vesicles.

Figure 5.2: The fluorescence intensity measured over time with the first order fit for each
composition of DMPC:Chol:MA investigated. The trials were performed below the pKa
value of myristic acid (4.9), at a pH of 3.4. The (n) is the 35:15:50, the (n) is the
52:23:25, the (n) is the 63:27:10 and the (n) is the 70:30:0.
Figure 5.2 shows the permeability curves for three membrane compositions
indicated in the figure. The leakage from scaffolded vesicles containing 25 mol% MA
was slowest when compared to the other compositions. At this composition there may
have been more uniform mixing of the ternary lipid mixture, which may have resulted in
fewer membrane defects and boundaries from which Tb3+ efflux could occur. The 10
mol% composition disrupted the bilayer coating because it leaked faster than that of the
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binary DMPC and Chol mixture. For the compositions of less than 25 mol%, the MA
may have acted in an analogous manner to that of an impurity, disrupting the interactions
between the phospholipids and resulting in uneven packing, a possible decrease in
fluidity and a measured increase in permeability. At 50 mol% of MA, the MA could have
formed some lipid islands throughout the bilayer, which could disrupt the packing of the
lipids. The permeability at 50 mol% of MA was still less than that without MA included
in the bilayer. So the higher mol% of MA had positive effect on the retention. These
possibilities could be more precisely examined by assessing the dependence of the
permeation rate constant on MA composition and the theoretical packing parameter.

Figure 5.3: The fluorescence intensity measured over time with the first order fit for each
composition of DMPC:Chol:MA investigated. The trials were run above the pKa of
myristic acid (pKa=4.9) at a pH of 6.2. The (n) is the 35:15:50, the (n) is the 52:23:25,
the (n) is the 63:27:10 and the (n) is the 70:30:0.
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Figure 5.3 plots the permeability curves at a pH above the pKa. At these
conditions, the majority of MA molecules were negatively charged. The data show that
systems containing 10 and 25 mol% leaked faster than the one containing 50 mol% of
MA. This decrease in permeability at high concentrations of myristic acid may have been
due to the charge on the MA head group causing repulsion of the myristic acid lipids
away from one another. The increase in mol% may have resulted in better mixing with
the other components (DMPC and cholesterol) at high concentrations. More detailed
discussion of this trend will be given below by plotting the permeability rate constants as
a function of pH and the mean packing parameter.
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5.2.1.1 The Rate Constants in Terms of the Composition

Figure 5.4: The rate constants for each of the DMPC:Chol:MA systems investigated in
terms of the mol% of myristic acid included in the system.
The relationship between the composition and the rate constant is a very complex
one. In the systems investigated, a 7:3 ratio for DMPC and cholesterol was maintained
while the composition of myristic acid varied. This meant that in order to alter the mol%
of myristic acid, the amounts of all three lipids were altered for each system. However, in
this section the discussion will be focused on the contribution of the myristic acid on the
leakage and the rate constant of the systems.
When DMPC and cholesterol were mixed, they have been shown to form a
relatively impermeable coating on the hydrogel bead, based on the relatively low
permeation rate constant. It was expected that the uncharged myristic acid (pH<pKa)
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would form domains in the bilayer causing enhanced leakage of the membrane. In
contrast, the charged MA molecules (pH>pKa) are expected to repel each other in bilayer
systems due to electrostatic forces (1). This repulsion would result in maximum
separation between MA molecules leading to a well-mixed fluid bilayer. This would
imply minimal domain formation and defects in the bilayer, and a relatively impermeable
coating on the hydrogel bead.
The data in Figure 5.4 show that permeation rates for 10% at pH below pKa are
higher and for pH above pKa are lower than for the binary mixture without MA. This is
consistent with expectation that the uncharged MA molecules would segregate into
domains in the bilayer and the charged molecules would assist in better mixing of the
membrane components.

However, for 25% the opposite trend is observed. The

membrane with charged molecules has similar permeability to the permeability of the
membrane without MA molecules and the membrane with neutral MA molecules has a
lower permeability. At 50% of MA the permeability rates are lower in the presence of
myristic acid at both pH values. High concentrations of the myristic acid in the
membrane of the scaffolded vesicles is favorable for the retention of Tb3+ in comparison
to pure binary DMPC:Chol membrane.
This behavior indicates that the addition of MA into the DMPC-cholesterol
mixture is a complex phenomenon and that although myristic acid improves the retention,
defects can still be formed in the bilayer, resulting from inhomogeneous mixing of the
tertiary system. Defects are created at the boundaries of domains, and can allow leakage
of molecules through the bilayer.
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5.2.1.2 The Rate Constants Association with Packing Parameter
The average packing parameters for the different compositions of the
DMPC:Chol:MA mixtures were determined using the equations derived by Israelachvili
and Tanford (5, 6). The average packing parameter represents a system of ideally mixed
lipids, and does not take into account domain formation. It also does not take into account
the effect that a change in lipid charge would have on a bilayer system. It can however,
help in a qualitative understanding of the stability of the planar bilayer coating and how
effectively the vesicles should have ruptured on the surface of the hydrogel bead during
preparation. The packing parameter of each molecule was calculated through the use of
the equation: (5);
𝑆=

𝜐
𝑎𝑙!

(5.1)

Where S is the dimensionless packing parameter, 𝜐 is the volume of the
hydrocarbon chain, 𝑎 is the area of the head group, and 𝑙! is the critical length of the
hydrocarbon chain (5). DMPC had an S value of 0.57, cholesterol 1.21, and myristic acid
0.33. The packing parameter is additive, so the average packing parameter was a
summation of the products of the packing parameter and the molar fraction of all lipids in
the bilayer (7). The following equation was used in order to determine the average
packing parameter of the systems containing more than one type of lipid:
𝑆 = 𝑋! ∗ 𝑆! + 𝑋! ∗ 𝑆! + ⋯ + 𝑋! ∗ 𝑆!

(5.2)

Where 𝑆 is the average packing parameter of all components, 𝑋! is the molar
fraction of lipid component, and 𝑆! is the packing parameter of each lipid component.
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Figure 5.5: The rate constants of the systems containing charged and uncharged myristic
acid, at pH of 6.2 and 3.4, respectively. The rate constants of the different
DMPC:Chol:MA systems is shown in relation to the calculated packing parameter for
each system.
Figure 5.5 plots the permeation rate constants as a function of the mean packing
parameter. This plot is almost a mirror image of the plot in Figure 5.4. The packing
parameter decreases by addition of the MA and hence the tendency to form a planar
bilayer and the facility of vesicles rupture decrease as well. These properties suggest that
the permeation rate should be higher at low values of the mean packing parameter. Figure
5.5 shows that the opposite trend is observed. This behavior suggests that the permeation
rate is not controlled by the average membrane properties. The increase in the rate
constant could therefore have been due to the domains that the myristic acid formed at
low concentrations in the bilayer, rather than change of the packing parameter variation.
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5.2.2 4-Hexylaniline System
The next lipid tested was 4-hexylaniline (HA) and it was chosen for incorporation
into the bilayer because it had a pKa of 5.00 (8). The ability of a lipid to undergo a change
of charge at a biologically relevant pH was a major factor in the choice of this lipid to be
tested. The HA would be charged at pH values similar to those of the stomach which is
highly acidic, but would become neutral at pH > 5.00. The pH shifts to above 5.00 in the
duodenum and remains above 5.00 through the intestinal tract (9). Our hypothesis is that
the permeation rate should be low when charged lipid is incorporated into bilayer and
high when the lipid becomes neutral. Hexylaniline was mixed with 1,2-diphytanoyl-snglycero-3-phosphocholine (DPhPC), because DPhPC forms a fluid bilayer and had high
retention as a coating on the scaffolded vesicle in the studies performed by Seenath (3).
a)

b)

Figure 5.6: The chemical structures of a) DPhPC and b) HA, the two lipids in the bilayer
of the system. The packing parameters of these lipids are 1.27, and 0.31, respectively.
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Figure 5.7: The fluorescence intensity measured over time with the first order fit for each
composition of the compositions of DPhPC:HA investigated. The trials were performed
below the pKa value of HA (5.00), at a pH of 3.4. The (n) is the 70:30, the (n) is the
80:20, the (n) is the 90:10, and the (n) is the 100:0.
The membrane permeability in the presence of the HA system was examined
using fluorescence spectroscopy with the HA at a pH below pKa where HA molecules
were predominantly in the charged state. Figure 5.7 plots the permeability curves for the
scaffolded bilayer with incorporated HA molecules. These curves were fitted assuming
that the permeability is controlled by a first order kinetics and the permeation rate
constants were determined. They are plotted in Figure 5.8
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Figure 5.8: The rate constant of systems comprised of DPhPC and hexylaniline. The
system varied in the mol% of hexylaniline incorporated. These trials were performed at a
pH of 3.2, below the pKa (5.00) of hexylaniline.
Figures 5.7 and 5.8 show that when hexylaniline was added to the DPhPC mixture
the permeability of the membrane increased. With increasing HA content the
effectiveness of the coating increased since the rate constant decreased. However, the
coating with incorporated HA could not reach the level of impermeability of the pure
DPhPC bilayer, which means that HA was not beneficial to the stability of the scaffolded
vesicle coating. It can also be noted that the error was much larger when HA was
incorporated, in comparison to the pure DPhPC scaffolded vesicles. This can be see in
figure 5.8, there are larger error bars on the DPhPC:HA rate constants, while the error
bars on the pure DPhPC rate constant is barely detectable on the graph.
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Figure 5.9: The rate constants of the scaffolded vesicles containing hexylaniline in terms
of the theoretical average packing parameter.
In figure 5.9, the permeation rate constants are correlated with the packing
parameter for the hexylaniline and DPhPC mixtures. With addition of HA the packing
parameter approached unity, this should have allowed for better mixing of HA with the
DPhPC, and a more stable coating on the hydrogel bead. However, the rate constant
values were higher in the presence of HA than for the pure DPhPC bilayer indicating that
the permeability is controlled by local rather than by average membrane properties. Since
the goal was to create an impermeable barrier and the permeability of the membrane with
HA was higher than that of a pure DPhPC bilayer, even when the HA was charged, no
studies of the membrane permeability in the uncharged state (at pH>pKa) were
performed. The hydrophobic mismatch of the HA with the DPhPC may have been the
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reason why the permeability rates in this system were so high. The HA had a
hydrocarbon chain that was 6 carbons in length while DPhPC had a chain length which
was 14 carbon atoms long. Therefore, for further studies hexylaniline was replaced with
4-tetradecylaniline (TA), which was tested in a mixture of DMPC and cholesterol. TA
had a 14-carbon chain, which was a good match to the length of the DMPC molecule,
which also had a chain length of 14 carbons.

5.2.3 4-Tetradecylaniline System
The 4-tetradecylaniline system was investigated next. To improve the packing
parameter, the TA was mixed with DMPC and cholesterol at varying compositions. The
pKa of TA was 4.95 (10).
a)

b)	
  

c)

Figure 5.10: The chemical structure of a) DMPC, b) Cholesterol, and c) 4tetradecylaniline. The packing parameters of these lipids are 0.57, 1.21, and 0.45,
respectively.
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Figure 5.11: The fluorescence intensity measured over time with the first order fit for
each composition of DMPC:Cholesterol:TA investigated below the pKa of 4tetradecylaniline (TA). The trials were performed below the pKa value of TA (4.95), at a
pH of 3.4. The (n) is the 33:33:33, the (n) is the 63:27:10, the (n) is the 40:40:20 and
the (n) is the 70:30:0.
Figure 5.11 plots the permeability curves for pH values below pKa where TA
molecules were predominantly protonated and hence in the charged state. In addition
Figure 5.12 plots the permeation curves for pH above pKa where TA molecules were
predominantly in the nonprotonated and hence electrostatically neutral state. The curves
were fit assuming the first order kinetics and the permeation rate constants were
determined from these fits. The values of the permeation rate constants were then used to
discuss the effect of the mixture composition on the membrane barrier properties below.
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Figure 5.12: The fluorescence intensity measured over time with the first order fit for
each composition of DMPC:Cholesterol:TA investigated above the pKa. The trials were
run above the pKa of myristic acid (pKa=4.9) at a pH of 6.2. The (n) is the 52:23:25, the
(n) is the 40:40:20, the (n) is the 63:27:10 and the (n) is the 70:30:0.
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Figure 5.13: The rate constants of the systems containing charged and uncharged
tetradecylaniline in terms of the mol% of TA in the bilayer composition. The trials were
performed at pH levels of 3.4 and 6.2, for charged and uncharged respectively, given that
tetradecylaniline has a pKa of 4.95.
The black points in Figure 5.13 show the permeation rate constants as function of
the membrane composition at pH below pKa, when the TA in the bilayer were charged.
The data show that within the experimental error bars the rate constants do not change
with the membrane composition. Clearly, the amount of TA incorporated into the
membrane had little effect on the membrane permeability. This may have been due to a
good mixing of the charged TA with the other components of the bilayer. When the TA
was uncharged (pH above the pKa value), the rate constant was influenced by the amount
of TA in the bilayer. As the mol% of TA increased, the rate constant decreased. This
means that the addition of more TA in its uncharged state produced a better, less
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permeable coating. However, this is the opposite effect that we expected from the point
of application of this coating for a drug delivery system. The retention of the membrane
with TA is better at higher pH corresponding to the medium where the vesicles are
expected to release their content than at lower pH at which the content should be retained.

Figure 5.14: The rate constants of system containing charged or neutral TA in terms of
the packing parameter. The trials were performed at pH levels of 3.4 and 6.2, for charged
and uncharged respectively, given that tetradecylaniline has a pKa of 4.95.
Figure 5.14 plots the permeation rate constants as a function of the packing
parameter. The data show that the rate constants increase as the packing parameter moves
towards unity. At higher packing parameter values, closer to unity, the scaffolded
vesicles were more permeable. This is contrary to the expected change in the average
elastic properties of the membrane indicating again that the permeability is a local
phenomenon that depends on the local rather than average composition of the membrane.
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The experiments presented in this chapter are preliminary and more systems
should be investigated before final conclusions are made. However, the experiments
suggest that in contrast to the hypothesis made at the planning stage of this project, an
incorporation of a lipid with an amino group into a membrane coating of a scaffolded
vesicle may not work as a pH trigger that would allow to retain the drug at low pH of the
stomach and its release at a higher pH down the digestive truck (intestine). The results of
these experiments also show that the permeability of membranes with incorporated lipid
having an amino or a carboxylic group do not correlate with the average packing
parameter, suggesting that the permeability is determined by local rather than average
membrane properties.
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Chapter 6: Conclusions and Future Direction

6.1 Summary of Experimental Results
6.1.1 Influence of Composition on Permeability
The composition had a significant impact on the permeability of the scaffolded
vesicle systems. In the first system examined, containing DMPC, cholesterol and myristic
acid (MA), in general the rate constants decreased as the molar percent of myristic acid
increased. The charged lipid system showed a smaller variation in the rate constants when
the mol% of myristic changed than that of the uncharged system. The charged lipid
should have mixed better with the other components of the coating, and created an
improved impermeable barrier than with the uncharged lipid. However, this behavior was
observed only at low 10 mol% of myristic acid concentration. At 25 mol %
concentration, the opposite effect was observed and at 50 mol% MA concentration, the
differences between permeability of the membrane at pH values below and above pKa
were very small. In the hexylaniline (HA) system, the addition of HA resulted in higher
permeability of the membrane indicating that HA contributed to the formation of defects
in the membrane. This was a wrong choice of a molecule for the pH trigger of the vesicle
content release. Addition of tetradecylaniline (TA) improved the membrane barrier
properties. In the TA system, the rate constant remained relatively independent of TA
content in the membrane at pH below the pKa, while it decreased with the increase in TA
mol% at pH above the pKa value of TA. Although, we observed changes in the
membrane permeability with pH, the rate constants for charged lipids were higher than
for uncharged lipids. This was the opposite behavior from that expected of a trigger that
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would improve retention of vesicle content at low pH and assist in its release at higher
pH.

6.1.2 Packing Parameter
The packing parameter had some correlation with the systems investigated as a
measure of the average elastic membrane properties. The ideal system would be for the
packing parameter to reach unity, because that is the optimal value for forming planar
bilayers at the hydrogel bead surface. However, no improvement of the barrier properties
of the mixed membrane was observed when the packing parameter was approaching
unity. This showed that there were many factors that influence the formation and stability
of bilayers, and it cannot be assumed that packing parameter will be the only factor to
predict the barrier properties of bilayers.

6.1.3 The pH and Charge Influence on Permeability
The pH had an effect on the scaffolded vesicles that were studied with variations
in the pH level. However, none of the systems investigated showed properties of a trigger
that would retain the content of the vesicles at low pH values (that of a stomach) and will
release it at higher pH values in the lower part of the digestive track.

6.2 Future Direction
6.2.1 Future Experiments
The experiments that have been described in this thesis are of a preliminary
nature. They showed that there are many factors that contribute to the permeability of the
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scaffolded vesicles. The charge of a lipid is only one of many influences, and therefore,
further experiments have to be undertaken in order to acquire a better understanding of
the system.
Other charged lipids could be examined to further the understanding of the effect
of charge on the system. Experiments could also be conducted at other pH values to
examine how that would affect the stability of the system.
Mixing of lipids in tertiary systems could be investigated first using Langmuir
trough and recording compression isotherms in order to determine the stability of the
lipid compositions that could be used to coat hydrogel beads. Isotherms use the collapse
pressure of monolayers to examine their stability on a surface of water. Isotherms have
been used in research to determine the stability of single and multi-component
monolayers, and have been extrapolated to bilayers (1). By studying the stability of these
compositions, the relationship between the permeability of the scaffolded vesicle and the
stability of the bilayer coating could be determined.

6.3 Conclusions
The scaffolded vesicle has the potential to be an effective pharmaceutical drug
delivery system. The pH has an effect on the retention of the scaffolded vesicles, and
varies at pH levels above and below the pKa value of charged lipids incorporated into the
bilayer coating. The incorporation of different charged lipids greatly varied the rate
constants of the scaffolded vesicles, showing that the retention was greatly dependent on
the composition of the bilayer coating. The packing parameter was also shown to have a
correlation with the stability of the systems. However, none of the investigated systems

	
  

89	
  

displayed required properties that should assist in retention of the contents of the
hydrogel bead at pH characteristic of the stomach and release it at higher pH levels in the
intestinal tract.
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