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ABSTRACT 

 

 

This thesis describes the work done with various liptins on lipid membranes. The liptins 

are organic molecules designed to interact with bacteria in hopes of reducing the antimicrobial 

resistance threat. The hypothesis is that the liptins will have a pocket which can interact with 

phosphatidylglycerol, PG, on the phospholipid membrane. With this interaction, the liptins 

binds to the membrane and causes membrane destabilization. Various lipids vesicles were 

prepared and liptins were introduced to examine the effect. By the use of differential scanning 

calorimetry (DSC), and fluorescence efflux studies, details about the liptin interactions can be 

investigated. The DSC studies reveal that the liptins affect the membrane bilayer by reducing 

the enthalpy of the transition from gel ordered phase to liquid disordered phase, while keeping 

the transition temperature constant. As for the fluorescence efflux studies, they reveal 

information on possible pore formation induced in the membrane by the liptins with the use of 

carboxyfluorescein. Carboxyfluorescein are encapsulated within the lipid vesicles, where it will 

self-quench. As carboxyfluorescein is released from leakage of the vesicles, it no longer self-

quenches and the solution will have a higher fluorescence intensity. The resulting intensity will 

be used in calculations to determine the percent efflux. The fluorescence efflux studies shows 

an increase in efflux or leakage due to interaction of the liptins with the lipid vesicles.   
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Chapter 1: Microbes and Antimicrobial Resistance 

1.1 Overview 

In the modern age, the impact of infectious diseases has decreased due to the 

implementation of antibiotics. Since the discovery of penicillin in 1928, the rise of antibiotics 

has led to a reduction in mortality by infections and an increase in life expectancy.1 However as 

antibiotic usage increased, antibiotic resistance increased as well. Old drugs become less 

effective in curing previous infections and new infections pose new problems. As shown in table 

1.1, the rise of antibiotics and antibiotic resistance follows close in hand. For example, 

vancomycin was implemented as an antibiotic in 1972 and vancomycin-resistant bacteria was 

discovered in 1988. This is true for many antibiotics and the results will be same for the future 

where for every new antibiotic developed, resistant bacteria will emerge as a result such as 

MRSA (methicillin-resistant Staphylococcus aureus). These new resistant bacteria pose a 

dangerous threat because the bacteria develop quickly to become resistant to the antibiotics, 

rendering the antibiotic to be ineffective and leading to serious health issues. The cause for 

resistant bacteria is due to a multiple issues which will be discussed later, but one defining 

point is the bacteria itself. Bacteria and other microbes will naturally develop resistance to new 

drugs or compounds that interact with it. Either by changing pathways for the antibiotics, using 

efflux pumps to pump out the antibiotics, or changing active sites so that the drug no longer 

recognizes it, the bacteria survives and proliferates. It has become an issue that must be 

addressed soon, as the predicted effect of antibiotic resistance will increase with some 

estimates of 10 million people being at risk.2 In this chapter, more details will be given on the 

rise of the antimicrobial resistance problem on the global scale and on the macroscopic level. 
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TABLE 1.1 

DATES OF VARIOUS ANTIBIOTICS BEING INTRODUCED TO THE GENERAL PUBLIC AND THE FIRST 
RECORDED DATES OF BACTERIA THAT DEVELOPED RESISTANCE. ADAPTED FROM VENTOLA.1 

 

Antibiotic Date of antibiotic being 

introduced 

Date of resistant 

bacteria founded  

Penicillin 1943 1965 

Tetracycline 1950 1959 

Erythromycin 1953 1968 

Methicillin 1960 1962 

Vancomycin 1972 1988 

Linezolid 2000 2001 

Ceftaroline 2010 2011 

 

1.2 Introduction to antimicrobial resistance 

Antimicrobial resistance (AMR) is a broad term representing the ability of a microbe to 

resist previous medication that was used to treat it. One example of antimicrobial resistance is 

antibiotic resistance, where bacteria are becoming more resistant to previous antibiotics that 

were used to treat it. When antibiotics were first used, isolated bacteria did not show 

resistance. Over time as more antibiotics were used, resistance to each of those antibiotics 

were found in the genes of the bacteria.3 As these bacteria proliferate and spread, the efficacy 

of current drugs decreases. As more bacteria spread and develop resistance to the current 

drugs, new drugs must be developed to counteract this. Then as new drugs are developed, 
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resistance follows. This creates a loop where drugs will overcome bacteria, until bacteria 

become resistant to the drugs, and the drugs are less effective and a new drug must be 

implemented.4 It is not cost effective for society, because the ability of producing new drugs is 

becoming more difficult as drug resistant bacteria will negate the benefits of those new drugs. 

It is becoming a major issue in all parts of the world and the House of Lords in the UK 

Parliament has stated that AMR “constitutes a major threat to public health and ought to be 

recognized as such more widely than it is at present”.5 An estimate is shown in figure 1.1, with a 

low estimate of 700,000 being affected by antimicrobial resistance, to an estimate of 10 million 

being affected by 2050. For this reason, insight and research must go into understanding the 

antimicrobial issue. 
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Figure 1.1: Threat of antimicrobial resistance (AMR) compared to other diseases in terms of 
deaths. [Reused with permission from reference 2.2] 

 

1.3 Causes of antimicrobial resistance 

Bacteria and other microbes will develop natural resistance over time. This is natural 

and is expected as bacteria will adapt to their surroundings. However, there are underlining 

issues with the consumption of the antibiotics on the global scale. With regards to antibiotic 

usage on the societal level, the increased and improper usage of drugs allowed for resistant 

bacteria to become more prevalent. With increasing prescriptions being used, more people 

have access to antibiotics. However, overconsumption or misuse of the antibiotics will increase 



5 
 

the rise of antibiotic resistance. In developing countries or countries where regulations are lax 

or nonexistent, there will be the issue of uncontrolled overuse and improper use of the 

antibiotics. For example, in Vietnam, it has been shown that less than 1% of purchasers of 

antibiotics did so with a prescription, and the overwhelming majority brought drugs without 

prescriptions.6 In addition, the increased purchase of the drugs will lead to the case of 

antibiotics being misused for a variety of reasons. If a patient believes themselves to be well 

enough, the medication may be saved for another time because the patient feels that the 

continued dosage is not needed, or for financial reasons of saving the antibiotics for the future. 

In other cases, the patient may overuse the antibiotics due to not knowing that the common 

practice is to stop the antibiotic treatment once the symptoms have subsided.7 This misuse and 

overuse will continue to lead to rising rates of resistant bacteria. Then, there is the case of the 

inappropriate or unnecessary medication for the treatment, resulting in more need of 

antibiotics which further accelerates the resistance mechanism in the bacteria to develop.8 This 

is due to using improper antibiotics based on symptoms alone, and causing unintended side 

effects of resistance. As the bacteria become more familiar with the antibiotics, the bacteria 

can recognize it and defend against it. Overall, as various causes lead to increased resistance to 

antibiotics, resistant bacteria becomes more troublesome as the bacteria develops, spreads, 

and transfers its resistances.  

1.4 Transfer and development of antimicrobial resistance 

Another major issue of antimicrobial resistance comes from the transfer of the 

resistance through multiple pathways. In the global age, the transmission and development of 
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resistant organisms can be categorized into three categories: interaction between the 

microorganisms to other microorganisms, animal to human interaction, and human to human 

interaction. In the first category of microorganisms with regards to bacteria, some bacteria may 

have innate intrinsic resistance to the antimicrobial agents due to mutations that occur 

naturally as a result of interaction with those agents. With those mutations to protect the 

bacteria and the drugs providing an environment for the resistant bacteria to reproduce by 

removing the competitors, the resistant bacteria survive.1 If those bacteria are left to 

proliferate and interact with other bacteria, transfer of that resistance may occur. With bacteria 

interactions, the bacteria may share resistance with other bacteria through means of horizontal 

gene transfer via plasmid transmission.9 This transfer of genetic materials from host cell to 

other cells encoding gives rise to the resistance to antibiotics.  

In the second category, antibiotic use in livestock feed presents another issue of 

antibiotics resistance. With overuse of antibiotics in livestock feed and crop productions, the 

exchange of resistant bacteria between livestock and crops to human becomes an issue.  

Antibiotics are used as growth stimulants or for therapeutic effects on livestock. As a 

consequence, resistant bacteria are developed in these environments. Early on, the use of 

penicillin and tetracycline in lower dosage as part of livestock feed was championed as 

providing a better food-to-weight ratio due to those antibiotics acting as growth promoters. 

However, it resulted in increased amount of resistant bacteria found in those livestock, 

compared to livestock that were not fed antibiotics.10 Thus, people handling and interacting 

with those livestock such as the farm workers and veterinarians become exposed to the 

resistant bacteria and the threats associated with them. Then, when livestock is consumed by 
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humans, the transmission of resistant bacteria to human becomes an issue. Although it is 

known that resistant bacteria found in farm animals and thus their meat when consumed, the 

issue is whether it is a significant risk to humans.10 While the debate is ongoing, the evidence 

does show that resistant bacteria are found in both animals and human, and could be a 

potential source of overall antimicrobial resistance.  

Finally regarding human interaction, if the resistant microorganisms are introduced to 

humans, the resistance will spread within the general population. Within hospitals, the spread 

of resistant bacteria occurs naturally due to patient and staff interactions, which can lead to the 

general public. It has been documented that resistant bacteria localized to hospitals has 

appeared at various other hospitals in different cities and countries.11 The main method of 

transfer for those in hospitals is through hospital personnel who acquired it by direct contact to 

skin or digestive tract of those infected, or through inanimate reservoirs containing the 

resistant bacteria.11, 12 Once resistance is linked in hospitals, the spread to the general 

community will inevitably occur. In the general community there will be an increase in the 

amount of resistant bacteria and people who have not been in a hospital will acquire the 

resistance. This is due to human to human interactions which allow for the spread of the 

resistant strain of bacteria to occur. Again, there are efforts to reduce the interaction of this on 

the global scale. As people become more familiar with the risks of antimicrobial resistance, 

preemptive measures can be taken to reduce it. 
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1.5 Mechanisms of antimicrobial resistance 

To combat antibiotic resistance, it must be understood how the mechanisms of 

antibiotic resistance work. Before discussing the mechanisms of antibiotic resistance, it must be 

known how antibiotics work against bacteria. The main mechanisms of action against bacteria 

are: disruption of cell wall, inhibition of protein or nucleic acid synthesis, and disruption of 

metabolic pathway of the bacteria.5  As a response, the bacteria develop methods to 

counteract through several different mechanisms. One such mechanism is to use enzymes to 

consume or modify the drug to reduce its effectiveness and providing the bacteria with better 

ability to detect and resist the drug. One such group of enzymes is β-lactamases. β-lactamases 

hydrolyze the β-lactams with ester and amide bonds, such as those found in penicillin.9 Thus, 

the enzymes change the conformation of penicillin which in turn rendered it to be ineffective as 

an antimicrobial agent. β-lactamases are only one of many different kinds of enzymes that the 

bacteria can utilize to inhibit the drugs. Another group of enzymes are the aminoglycosides-

modifying enzymes.  Aminoglycosides are a type of antibacterial drug, and bacteria have 

developed a number of enzymes to modify aminoglycosides before they can affect the bacteria. 

By utilizing different transferases, the bacteria can reduce the affinity of the aminoglycosides, 

decreasing the binding affinity to the ribosomal subunit of need, and overall decrease the 

usefulness and efficiency of the aminoglycosides.9  These are only a few of the enzymes that 

bacteria can employ to counteract the antibiotics.  

Beside enzymes, bacteria can use efflux pumps to prevent the drug from reaching the 

intended target or remove the drug before it can be fully utilized. Efflux pumps are immersed in 
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the membrane of bacteria, and they can be used to transfer materials in and out of the 

bacteria. When antibiotics are introduced, if the bacteria have the efflux pumps that can 

recognize the antibiotic, then the antibiotics will be transferred out of the bacteria. The bacteria 

with the efflux pump can recognize a numbers of antibiotics such as macrolides, tetracyclines, 

fluoroquinolones and others that may not be related to destruction of the bacteria.9 If 

necessary, multiple efflux pumps can act as a system to remove the antibiotics if one pump is 

insufficient. These efflux pumps present a major problem for antibiotic resistance due to its 

effectiveness, and the positioning within the cell membrane makes it difficult to interact with or 

remove.  

 With regards to the cell wall, bacteria can alter their cell walls to combat antibiotics 

that disrupt the cell walls. It is done by changing the binding site on the cell wall to no longer be 

recognized by the antimicrobial agent and limit the access of the antibiotics.5 The methodology 

varies for each various resistant bacteria, but the alteration of the cell wall membrane is a 

major focus. In the case of vancomycin, an antibiotic used in treatment of methicillin-resistant 

Staphylococcus aureus (MRSA) by disrupting the bacteria’s cell wall, it was discovered that a 

strain of MRSA had developed a resistance to the antibiotic. With the use of enzymes, the 

carboxy terminal D-alanyl-D-alanine was replaced with D-alanyl-D-lactate, which reduces the 

affinity of vancomycin to the cell wall by a thousand fold.13 Further resistances were shown 

when the cell wall became thicker to reduce the effectiveness of vancomycin.  More D-alanyl-D-

alanine were placed on the outer levels of the cell wall to cause vancomycin to bind there, 

instead of the primary target.13 Thus, the effectiveness of vancomycin as an antibiotic is 

reduced as it does not have the same intended response of combatting MRSA and leads to a 
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new strain of resistant bacteria. With these various alterations in the cell membrane, the 

resistant bacteria are no longer affected by the antibiotics. In summary, antibiotics works best 

when it can interact with the bacteria as intended, but resistant bacteria have shown to reduce 

the efficacy of the antibiotics by utilizing multiple different mechanisms to reduce the uptake of 

the antibiotics. 

1.6 Current Research in response 

The threat of antibiotic resistance is a major issue and there must be solutions. There 

are multiple ongoing research into combatting the issue. Bacteriophages are considered a 

potential alternative to reduce the antibiotic resistance crisis. They are bacterial viruses who 

can invade bacteria cells to disrupt and eventually lyse the bacteria.14 In early works before the 

rise of antibiotics, bacteriophages were considered to be an effective means against infections 

due to their ability to disrupt the bacteria. Bacteriophages can replicate at the site of the 

infection, can isolate and identify the bacteria, and develop countermeasures to resistance as 

bacteriophages can mutate and evolve in response to the bacteria mutating and developing 

resistance.15 However, there is not much research into bacteriophages in clinical trials, but as 

antibiotic resistance continue to persist, it may be time to look into bacteriophages again. 

Another type of research is antimicrobial peptides (AMPs). These AMPs are found in 

nature and serve as a form of defense against infections. Depending on their charge, size, and 

amphipathic nature, AMPs can interact with the bacterial membrane by interacting, inserting, 

and disrupting the membrane by creating pore formation through different mechanisms.16 The 

majority of AMPs are cationic, allowing them to interact with anionic charged membranes such 
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as bacteria, small enough to fit within the membrane, and are amphiphilic to interact favorably 

with the amphipathic membrane. Alongside those factors, AMPs have other key factors such as 

hydrophobicity, polar angle, and conformation which further their mechanism against certain 

bacteria.17 The mechanisms depend on the peptide and microbe involved, but in general, the 

peptide will interact with the membrane and cause disruption of the contents within. However, 

the issue is the same as with antibiotics. As AMPs are a natural counter to bacteria, bacteria will 

develop natural resistances to AMPs to not allow them to come into contact with the bacterial 

membrane. 

This thesis describes work investigating a potential new class of antibiotics called liptins. 

They are organic molecules designed similar to AMPs in hopes of interacting in similar ways as 

AMPs. The structures of various liptins are posted below, and there will be two classes. One 

class will be called liptin series (LS), and another will be called porphyrin based liptins (PBL).  

Both types of liptins are shown below. For LS, there are few structural differences between 

them as shown in figure 1.2. Some may have more or less methylene groups at various 

positions. The PBL will have different R-groups as shown in figure 1.3. With the liptins, there is 

the idea that they will disrupt the bacterial membrane. The hypothesis is that the liptins will be 

able to interact with the bacterial membrane due to the liptin interaction with the 

phosphatidylglycerol (PG) headgroup. It is expected that the liptins will have a pocket where 

the PG headgroup can fit in, and the binding of the liptin to PG will cause the membrane to be 

perturbed. This specific interaction will allow the liptins to interact with the membrane to cause 

it change conformation and lose specificity, resulting in increased permeability and loss of 
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content within.  

 

Figure 1.2: Structures and naming of the LS used in experiments. Z denotes the number of 
methylene group between the central oxygens, X denotes the number of methylene group 
between the central nitrogens, and N denotes the number of methylene groups from the 
benzene ring to the R-group.  

 

 

Figure 1.3: Structure of PBL. The R and R1 are given to the side as well as the naming convention 
for the various PBL. 
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Chapter 2: Phospholipids and the lipid bilayer 

2.1 Introduction 

To understand the interaction of the liptins with the membrane, the membrane 

composition must be understood. Phospholipids are a major component of cell membranes. 

Phospholipids consist of two major regions: a hydrophobic tail group consisting of fatty acids 

and a hydrophilic head group containing a phosphate group connected by a glycerol group. The 

head group may be modified by having other substituents added on. The properties of the 

hydrophobic tail and the hydrophilic head allow the phospholipids to self-assemble into bilayer 

membranes. This is done when the phospholipids are introduced into water, where they will 

self-aggregate due to hydrophobic interactions (see figure 2.1). The tail groups must arrange 

themselves to exclude water, while the head group can interact with the polar water due to its 

hydrophilic nature. This interaction leads to a lipid bilayer where there are two leaflets, inner 

and outer leaflets which are arranged with the head group facing outwards towards the water 

and the tails facing inwards towards each other.1  Depending on the head group properties and 

the tail length; the lipid bilayers can have many different properties such as thickness, fluidity, 

and elasticity. 

A lipid membrane formed in the laboratory can exist in a wide range of geometries.  For 

instance, the bilayer can be planar or have a finite curvature.  The size and properties of the 

vesicles is dependent on the number of lipid bilayers and is affected by the lipids that are 

presented in the lipid bilayer. There are multiple types of vesicles that can form based on the 

number of bilayers. With multiple lipid bilayers, the vesicles are known as multilamellar vesicles 
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(MLVs), which can be reduced into single lipid bilayer such as large unilamellar vesicles (LUVs) 

or smaller sizes known as small unilamellar vesicles (SUVs), depending on the methods used.2,3  

For example, centrifugation or extrusion through a pore membrane of certain size can produce 

LUVs or SUVs from MLVs. Through these vesicles, different experiments can be performed in 

order to better understand cell membranes and functions such as permeability.4 

 

Figure 2.1: A cartoon illustrating the formation of lipid vesicles (liposomes) from the 
phospholipids, with the blue circles representing the polar head group and the black lines as the 
hydrophobic tail group.  
 

2.2 Classification of lipids and properties 

There are many different types of phospholipids found in nature or synthetically 

derived. The four types of phospholipids studied in this thesis are phosphatidylcholine (PC), 

phosphatidylserine (PS), phosphatidylglycerol (PG), and phosphatidylethanolamine (PE). Each of 

these lipids has two acyl chains for their tail group with differing levels of saturation that affect 

the properties of the membrane such as transition temperature. In addition, the head group 
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must be taken into consideration. PC and PE are zwitterionic lipids, because their substituent 

group are cationic, having a positive charge that counteracts the negative charge on the 

phosphate group. PG and PS are anionic phospholipids due to the negative charge located on 

the phosphate group and having a neutral substituent attached. PC lipids are the most 

abundant in mammalian cells and are critical for membrane structure and signaling.5,6 PC lipids 

may also be found in bacteria as well, but not as the major phospholipid. In bacteria, PE lipids 

are the principal phospholipid. Escherichia coli (E. coli) for example have 70-80% of its 

membrane as PE and are integral in the providing the structural support.7 PE lipids are vital in 

membrane because they are involved with cell division, growth, and reproduction.8 However, 

the zwitterionic lipids are rarely found alone in membranes. The anionic phospholipids are also 

prevalent, providing the membrane with a charged polarity. PS lipids are the most abundant 

anionic phospholipids found in eukaryotic cells, and their anionic nature allows for targeting 

and protein signaling, such as proteins with cationic clusters.9 In humans, it is shown that PS is 

necessary in the neurons located in the brain. PS lipids account for 13-15% of lipids in the 

neural tissue of the human cortex, and are responsible for the activation and signaling relating 

to neuron activity.10 In comparison, PG lipids can be found in the lungs as a surfactant and in 

plant cells as well as bacteria. In E. coli, they make up to 20-25% of the membrane lipids.7 PG 

lipids are commonly found in bacteria and are necessary for membrane function and stability.11 

There are more lipids that have not been discussed and can be founded either in bacteria cells 

or mammalian cells, but the ones of importance for this thesis will be PG and PE. The reason is 

because PG and PE lipids are found as major membrane lipids in numerous gram negative 

bacteria.12 By studying the bilayers created by the lipids of PG and PE, better understanding of 



18 
 

the bilayers’ properties such as fluidity and permeability can be developed and investigated 

with various liptins. 

2.3 Liposomes and their usefulness 

Once liposomes are prepared, they can be used as research in a variety of situations 

depending on their compositions. One use is as a drug delivery system. As a drug delivery 

system, the vesicles can encapsulate the drug and release it to where it is needed. One of the 

first to illustrate the drug delivery system was Mezei and Gulasekharam with the system of PC 

and cholesterol. Their research showcased the increased concentration of triamcinolone 

acetonide into the skin by a factor as high as five when using vesicles compared to the regular 

ointment.13 However, there are difficulties associated with using liposomes as drug delivery 

systems. A major difficulty is the degradation of the liposomes and therefore loss of the 

contents within. To study and combat this effect, research has been done on liposomes and 

their properties. In experiments done by Tari and Huang on the membranes of PE and PG, 

differential scanning calorimetry and fluorescence measurements were used to study the effect 

of different compositions of the lipids for the stabilization of the vesicles and found that double 

chain lipids are better than single chain lipids in preparing stable PG-PE liposomes. 14 

Liposomes can also be used as model membranes to help understand cell membranes 

since the lipids involved are found in living cell membrane. For example, PC-PG lipids are 

necessary for the development of tubular myelin founded in the lungs. By utilizing PC-PG 

liposomes, different experiments on structural properties and environmental factors on those 

liposomes can provide better insight into the interactions of these lipids with their 
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surroundings. In experiments done by Garidel et al., they concluded that at low pH levels; the 

PG becomes protonated while the PC remains zwitterionic.15 This indicates a change in 

functionality as the anionic charged lipid is no longer charged. In addition to the effect of the 

head groups, the tail groups have been found to be an important factor in the membrane 

models. From experiments done by Gier et al., they found the permeability of liposomes to be 

dependent on the chain length of the tails.16 Therefore, the tails can provide information on the 

stability of the membrane due to its effect on permeability. This can provide insight into the 

degradation problem as permeability is an issue of importance to the drug delivery system. To 

conclude, liposomes can be used in a variety of ways to better understand the membranes that 

exist in nature as well as providing context into a better drug delivery system.  

2.4 Phospholipids used in this thesis 

Thus, liposomes are prepared and used in this thesis to investigate the cell membranes. 

The major phospholipids used for this thesis included 1,2-dipalmitoyl-sn-glycero-3-

phosphoglycerol (DPPG) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) (see 

figure 2.2). For the differential scanning calorimeter experiments, vesicles of DPPG are used 

while for the efflux studies, mixture of 80:20 PE-PG was used as to mimic bacterial membranes. 

Other vesicles used are based on different phospholipids systems including egg yolk 

phosphatidylcholine (EYPC) and PS. The main focus of using these vesicles is to better 

understand the interactions of the possible antimicrobials with the membranes. 
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Figure 2.2: An illustration of the DPPG lipid (top) and DOPE lipid (bottom). 
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Chapter 3: Differential Scanning Calorimetry 

3.1 Introduction, theory and overview 

Differential scanning calorimetry (DSC) is a technique that compares the heat flow 

differential between a sample and a reference material with both the sample and reference 

being in a controlled temperature program.1 It can be used for a variety of materials, such as 

biological materials like proteins and lipid membranes, and non-organic materials such as glass 

and metal.2 For proteins it is used to understand protein folding, unfolding, and denaturation.3  

For lipid membranes, it can be used to find the transition temperature of the various 

phases that occurs within the membrane as the membrane is heated or cooled. One such 

example is the melting of the gel phase to the liquid phase. The melting of the membrane is a 

first-order phase transition similar to a conventional solid-liquid phase transition in that during 

the melting, there will be a period of time where both phases are in equilibrium and as more 

heat is added during the phase transition, the temperature of the system will remain constant 

at the melting point. By using DSC, the resulting trace will have a peak and an area associated 

with that peak which can be analyzed to provide information such as onset temperature, 

transition temperature, and enthalpy of the transition. The integration of the peak gives the 

energy required for that phase transition. As such, DSC is a useful tool to understand the lipid 

bilayer properties as the bilayer is heated or cooled. This section will be dedicated to 

understanding the usefulness of DSC. 

DSC was first developed in the 1960s with one of the earliest instrumentation known as 

power compensation DSC, created by Gray and O’Neil.1 The main focus of power compensation 



24 
 

DSC is to measure the differential energy in the form of power while keeping the sample and 

reference at the same temperature as it heats or cools.4 As both the sample and reference are 

simultaneously heated or cooled, the instrumentation provides the differential power required 

to keep both the sample and the reference at the same temperature. The energy provided is 

given in term of heat, and the rate of heat can be measure in units of power (P) as watts. Thus, 

the following equation can be used to understand the differential power required for the 

sample.  

𝑃(𝑠) − 𝑃(𝑟) =  𝜕𝑃        (3.1) 

Where P is power in units of watts, s is the sample, and r is the reference. 

A simplified schematic of the electronic instrumentation on the sample and reference is 

shown below in figure 3.1 with subscript s and r being denoted as the sample and reference 

respectively. As both the sample and reference are heated, the heat, q, can be measured and 

plotted as a DSC trace. The resulting DSC trace would appear as an unperturbed line because 

the sample and reference are similar. At the transition temperature, the DSC trace would have 

a peak due to requiring energy to compensate for the change in the sample that is not done in 

the reference. An example is shown in figure 3.2. The area under the curve can be calculated as 

the ∆H that is required for that phase change. Early works was done to measure the ∆H of 

various glass transitions and ∆H of fusion for compounds such as indium, tin, and bismuth.4  
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Figure 3.1: Schematic diagram of DSC instrumentation. As the program raises the temperature, 
T0, the resulting temperature of the sample and reference will change and be reflected in the 
transfer of heat, q. The R and C is the resistance and heat capacity respectively. [Reused with 
permission from reference 5.5] 

 

 

 

Figure 3.2: DSC trace showing the sample and reference with a peak resulting from a transition 
phase change. 
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3.2 DSC work involving lipids 

For lipid vesicles or liposomes, there is the significance of the gel phase and liquid phase 

because the phases affect the properties of the membrane, and DSC can be one of the most 

effective techniques to study the phase behavior in liposomes.6 DSC can provide information on 

the enthalpy required and the necessary temperature to ensure full conversion from the gel 

phase to liquid phase. In the gel ordered phase, referred to as lamellar beta, Lβ, the 

configuration of the phospholipids tails are in the trans position with the tails fully extended. 

Other effects include the cross-sectional area of the phospholipid which is decreased to be 

around 4-4.5 nm2, whereas the thickness of the bilayer is increased to be around 5.0-5.5 nm, 

and intermolecular and intramolecular movement is restricted. In contrast, in the liquid 

disorder phase (Lα), there is an increase in entropy relative to the Lβ phase. The cross-sectional 

area of the phospholipid is increased to be 6-7 nm2, the thickness of the bilayer is reduced to 

4.0-4.5 nm, and intermolecular and intramolecular motion is  increased.7,8 The membrane in 

the more fluid Lα phase will have increased permeability and flexibility due the lipids being able 

to move more freely. Therefore, the main transition from the gel to liquid phase changes the 

membrane considerably and must be studied by looking at the transition temperature with 

regards to melting and freezing. When the gel phase to liquid phase transition occurs, as 

expected of a first order phase transition, there is a corresponding ∆H due to the melting that 

occurs at the transition temperature denoted as either Tt or Tm.    

With that transition from the gel to liquid phase, DSC can be used to find the transition 

temperature and the ∆H can be calculated from the DSC scans. A compilation of transition 
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temperature of melting (Tm) and ∆H of that transition (∆Htran) can be found in the lipid 

handbook by Marsh.9 A series of data of different transition temperature and ∆H collected from 

multiple sources are shown in table 3.1. From table 3.1, it shows different PC lipids have 

different Tm and associating ∆H, and the results are reproducible with some minor differences 

when done by DSC. However, those are pure PC lipids vesicles and in nature, membranes are 

more complex. By using a binary system of lipids as a mixture, model membranes can still be 

investigated and understood to compare to actual membranes. By using DSC, phase diagrams 

can be created illustrating how the transition temperature varies depending on the lipids 

presented. For example, DMPC and DPPC have large difference in Tm, no difference in head 

group, but a difference in tail group length. When mixed, a phase diagram can be shown as a 

mole fraction of one of the lipids. If DMPC-DPPC has 0:1 mole fraction DMPC:DPPC, the Tm 

temperature would correspond to the pure lipid of DPPC, because there is no DMPC. The same 

is true of 1:0 for DMPC:DPPC. In a mixture of a varying ratio of DMPC:DPPC, a phase diagram of 

the various Tm can be create, because the Tm will change due to differences in the mole fraction 

of DPPC with DMPC as shown in work done by Mabrey and Sturtevant.10 The Tm will shift, but it 

will be dependent on the mole fraction of DPPC and DMPC. Furthermore, multiple phase 

diagrams can be done to understand how the Tm changes with different ratio of lipids and 

variety of lipids alongside other factors as well. In work done by Garidel et al, they expanded on 

the work of phase diagrams by looking at PG and PC, and creating phase diagrams of the Tm and 

the ∆H while investigating at the effect of the pH on the head group and tail length.6  At pH 2, 

protonation of PG will have an effect on the Tm of the membranes with PG. Thus, DSC can be 
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utilized to find the ∆H and Tm while finding a correlation to a number of factors such as tail 

length, head group, pH, and the additives to the membrane.  

 

TABLE 3.1 

THE TRANSITION TEMPERATURE (TM) AND ∆H OF DIFFERENT PC LIPIDS MEMBRANES. * = 
REFERENCE 6 AND ~ = REFERENCE 10. 

 

Lipid Tm (⁰C)* ∆H (kcal/mol)* Tm (⁰C)~ ∆H (kcal/mol)~ 

DMPC 24.0 7.36 23.9 5.4 

DPPC 41.6 8.37 41.4 8.7 

DSPC N/A N/A 54.9 10.6 

 

There has been a great deal of DSC work on liposomes membranes and the effects of 

additives. One work was based on the cholesterol interaction with the lipid membrane. In the 

DSC scans of PC with the addition of cholesterol, the peak that is seen at the transition 

temperature is broadened and is decreasing.11,12 This observation leads to the realization that 

the addition of cholesterol affects the physical and conformation changes in the gel and liquid 

phases, creating a new observable phase known as the ripple phase. The ripple phase is 

considered as the pre-transition state before the Lα phase, and may be not recognizable in 

certain lipids due to not being presented or being too small to be noticeable.13 The ripple phase 

is interesting with cholesterol binding to the membrane causing a prolonged state in the ripple 
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phase before transitioning. The addition of cholesterol broadens the peak of the transition 

temperature but does not change the transition temperature. As cholesterol concentration 

increases, the sharp peak consequently decreases until up to 20 mole percentage of cholesterol 

is added. Afterwards, the sharp peak is considerably gone.11 Thus, the broadening suggests that 

the cholesterol helps to stabilize the ripple phase, until it reaches the transition temperature to 

move into the Lα phase. Thus this new phase may be of interest in investigating to further 

understand the multiple phase behaviors of liposomes. With the use of DSC, studies can be 

done on the thermal properties and phase behaviors of liposomes. In my work, DSC will be 

utilized on DPPG vesicles or liposomes to look for the transition temperature and the associated 

enthalpy change and see how either of those factors changes when adding an additive that is to 

interact with the membrane. 

3.3 Experimental 

Our experiments with DSC focused on the phospholipid DPPG. There has been extensive 

thermal work done with DPPG. DPPG has a transition melting temperature (Tm) of 41.5⁰C with 

an accompanying enthalpy of transition (∆Htran)of 36.8 kJ/mol as it melts from Lβ to Lα.9  Initial 

work was done on DPPG to ensure that our results are consistent with the literature. Additional 

DSC studies were done to investigate the interaction of a porphyrin liptin with the DPPG. There 

have been studies done on this particular porphyrin liptin compound and it has shown that the 

porphyrin interacts with the lipid membrane.14  By utilizing DSC, we can understand how the 

DPPG membrane changes when that porphyrin is introduced. The properties of the membrane 

such as melting temperature and resulting enthalpy change can be investigated by DSC to form 
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a more complete understanding of the porphyrin and membrane interaction. This information 

can be useful as a comparison for understanding the PBL interactions with lipid membranes. 

3.3.1 Materials and methods 

Materials preparation: DPPG was ordered from Avanti Lipids. The samples were prepared by 

dissolving DPPG in a 2:1 by volume chloroform:methanol solution. The resulting solution was 

rotary evaporated at 50⁰C in order to remove the organic solvent and leave only the lipid film. 

The lipid film was rehydrated with 10 mM HEPES buffer (pH 7.4) and stirred for an hour to 

break up the lamellar solid and to form MLVs. The porphyrin were received as solids. A 

porphyrin solution was created by placing the porphyrin into 10 mL HEPES buffer, and stirred 

for 24 hours to ensure dissolution.  

DSC: 20 µL of the DPPG solution was placed in a Tzero pan and loaded into the DSC sample 

chamber. 20 µL of the HEPES buffer was placed in a pan to be used as a reference and was 

loaded into the DSC reference chamber. The sample and reference underwent a heating and 

cooling cycle as defined by these parameters: equilibrate at 10⁰C, ramp by 1⁰C per minute to 

50⁰C, equilibrate at 50⁰C, and ramp 1⁰C per minute to 10⁰C, and equilibrate at 10⁰C. The 

resulting DSC trace was then collected and saved. Afterwards, 33.2 µL of the porphyrin solution 

was added to the DPPG solution, 20 µL of that new combined solution was placed in a pan as 

the sample, and another trace was constructed following the same experimental setup. This 

was repeated for each addition of porphyrin solution added. The resulting DSC traces are 

plotted as heat flow in mW versus temperature in °C. Examples of DSC traces can be seen in 

figure 3.3. The DSC traces can also be plotted as heat flow versus time. 
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3.3.2 Results 
 

Figure 3.3: Raw DSC traces of DPPG of the endotherm with A) DPPG only and B) DPPG with 
multiple additions of porphyrin. 
 

Once the traces are completed, IGOR PRO software was used for baseline correction 

and to calculate the enthalpy of transition (∆Htran). A mask was used to define the region of 

interest when fitting the background.  This mask excludes the actual endotherm during the 
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background fitting process as shown in figure 3.4. Once the fit has been prepared, a polynomial 

is created and subtracted from the trace to give the corrected DSC trace which can be used to 

calculate an accurate ∆Htran of the solution. This is done by utilizing the background fit to 

subtract from the original data, so that the trace can be baseline corrected in order to find the 

integral as shown in figure 3.5. The value of the integral is proportional to the enthalpy.  

∆𝐻 =  ∫ 𝑃(𝑡)𝑑𝑡        (3.2) 

 

Figure 3.4:  DSC date showing the mask and correction for baseline. 
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Figure 3.5: Corrected endotherm data used to calculate energy as kJ/mol. 
 

The DSC traces were analyzed and the traces are shown in figure 3.6 as heat flow versus 

temperature. Upon addition of porphyrin, the area under the curve decreases, indicating a 

decrease in the ∆Htran, but no shift in Tm. The Tm for DPPG is 39⁰C from our data, and is very 

close to the literature value of 41⁰C.9 Here, Tm will be defined as the temperature where the 

onset of melting occurs, not at the peak of the trace.  Since the onset of freezing coincides with 

the onset of melting the corresponding temperature is reported even though the peak is more 

visible and easier to identify.  With our data the onset occurs at 39⁰C and the peak at 40⁰C. Our 

onset of 39⁰C matches other work that had the onset at 39.9⁰C.15 As for the ∆Htran, the values 

are calculated in the table by utilizing the area under the corrected DSC trace. After using the 

IGOR software as mentioned, ∆Htran are calculated and are shown in table 3.2. With the free 

DPPG, our value for ∆Htran is 34 kJ/mol and is within the accepted literature values. The follow 

up work on the porphyrin on DPPG membrane can be then used as a point of comparison. 
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Figure 3.6: Corrected DSC curves of DPPG vesicles with the varying additions of the liptin 
labeled as porphyrin. The area under the DSC curve is decreasing, while the peak remains the 
same at 40 ⁰C. 
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TABLE 3.2 
 

 THE CONCENTRATION OF LIPTN PORPHYRIN ADDED AND THE CALCULATED ∆Htran 
 

Concentration of porphyrin 
(µM) 

Mole ratio of porphyrin to 
DPPG 

∆H (kJ/mol) 

0 0 34 

16 4.1*10-3 31 

31 8.4*10-3 28 

46 1.3*10-2 25 

61 1.8*10-2 20 

75 2.2*10-2 19 

89 2.7*10-2 14 

103 3.2*10-2 13 

 

With the results shown in table 3.2, there is a correlation between the concentration of 

porphyrin, [Porphyrin], and the ∆Htran. That correlation is shown in figure 3.7 and it reveals a 

linear relationship between ∆Htran and [Porphyrin]. As [Porphyrin] increases, there is a decrease 

in ∆Htran. This relationship is well described using a linear fit where ∆Htran = α[Porphyrin] + 34.27 

kJ/mol. The slope, α, provides a quantitative measure of the effect the porphyrin has on the 

energetics of this phase transition.  For this porphyrin α is -0.2142
𝑘𝐽

𝑚𝑜𝑙
∗

1

𝑀
 and the value α can 

be useful as a basis of comparison when studying other liptins and their effect on PG 

membranes.  
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Figure 3.7: The relationship of enthalpy to porphyrin concentration, with a linear fit equation of 
∆Htran = -.2142[Porphyrin] + 34.27 kJ/mol. 
 

3.3.3 Discussion 

As porphyrin is added there is no change in Tm, but there is a major change in ∆Htran. As 

the [Porphyrin] increases, the endotherm area decreases by a noticeable amount resulting in a 

reduction in ∆Htran and the relationship between [Porphyrin] and ∆Htran reveals a linear 

relationship as shown in figure 3.7. The decrease in ∆Htran means there is less energy required 

to change from Lβ to Lα. If more porphyrin is added, eventually the peak will be eliminated. This 

suggests that as porphyrin interacts with the membrane, there will be an effect on the Lβ to Lα 

interactions.  This change will affect the properties of the membrane such as permeability, 

fluidity, and stability because of the differences of the Lβ and Lα as mentioned earlier. Further 

studies and research must be done to understand the effect of the porphyrin on the phases of 

the bilayer to understand to how the bilayer will change. For our DSC studies, we will be 

attempting to understand why ∆Htran changes and why Tm did not.    
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  The change in ∆Htran was expected, but it was assumed that Tm would change as well 

based on work done by others. Although their work focuses on DPPC, Matsingou and Demetzos 

has shown that with labdane 2 in DPPC liposomes both ∆Htran and Tm changes as more labdane 

was added. At 0.5 % mole fraction of labdane 2 to DPPC, ∆Htran is 33.32 kJ/mol and Tm is 

41.71⁰C, but when increased to 30 % mole fraction, the ∆Htran is 36.56 kJ/mol and Tm is 

37.82⁰C.16 In our system of porphyrin and DPPG, it is assumed that porphyrin could shift the Tm 

due to mixing, interacting, and binding with the membrane. The reasoning is that the attraction 

from the pocket of the porphyrin and the head group of DPPG would cause membrane 

destabilization. With our results, the addition of the porphyrin did not affect the Tm but ∆Htran 

decreases. The decrease in ∆Htran with no change to Tm was unexpected, but it is not a new 

development.  

This same observation was found when cholesterol was added to membranes composed 

of DPPC. When cholesterol is added to PC membranes, ∆H decreases but the Tm remains the 

same.12 When cholesterol is added, the cholesterol will incorporate within the membrane to 

change the properties of the membrane. When cholesterol is introduced to PC membranes, 

there exist another phase called the liquid-ordered phase.17 By having another liquid phase, this 

affects the ∆Htran from Lβ to Lα. As more of the Lβ is being converted to the liquid-order phase, 

there will be reduction of the Lβ that can convert to Lα. That reduction will be reflected in the 

∆Htran, which is why the ∆Htran decreases.  

Since our results are similar to those observed by the addition of cholesterol to PC 

membranes, we invoke the concept of a third phase induced by the addition of porphyrin for a 

possible explanation. We hypothesize that the addition of porphyrin binds with the membrane 
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in the Lβ phase to form a third phase similar to the ripple phase described by others.  This 

intermediate phase is a mixture of the two phases, known as a mixed or ripple phase. If the 

ripple phase is present, more of the Lβ is converted to that ripple phase before transitioning to 

the Lα as shown in figure 3.8 resulting in a lower measured value of ∆Htran as fewer lipids in the 

Lβ are transitioning to the Lα. It is the same theory as cholesterol forming the liquid-ordered 

phase, but the difference is in how the additive and membrane are being involved. For this 

theory, there are evidence of a mixed phase system occurring in PG membranes, although not 

investigated fully.18 However, the mixed phase is signaled by a pre-transition temperature 

change, and there doesn’t seem to be an indication of a pre-transition temperature in our DSC 

traces.  

 

Figure 3.8: Illustration showing the Lβ to Lα, with the possibility of a mixed phase being involved. 
The addition of the liptin porphyrin may create the mixed phase and the resulting ∆Hmixed will 
be less than ∆Htran. 
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Another possibility for the reduction in ∆Htran is due to either reduction in the initial and 

final state of the enthalpies. With the understanding that the phase transition is an equilibrium 

process then the following equations are true. 

∆G𝑇𝑟𝑎𝑛𝑠 = 0  and ΔH = TΔS       (3.3) 

∆H

T
=

𝐻𝑓−𝐻𝑖

T
= ∆S = 𝑆𝑙𝑖𝑞𝑢𝑖𝑑 − 𝑆𝑔𝑒𝑙      (3.4) 

 

Therefore a change in the entropy of either, or both, states could result in a change in ∆Htran 

The addition of porphyrin will undoubtedly alter the entropy (S) of the membrane, simply by 

mixing.  Therefore the addition of porphyrin to the initial membrane in the gel phase would 

raise the entropy.  If the change in entropy was less for the liquid state, which is likely, then the 

overall effect would result in a greater value of ∆Htran. Before the addition of porphyrin in the 

gel phase, the entropy of the bilayer in the initial state (Si
⁰) will be constant. The entropy of the 

bilayer in the final state (Sf
⁰) should remain the same due to the liquid phase already being 

disordered. With the addition of the porphyrin, the new entropy of the bilayer (Si
’) is increase 

compared to Si
⁰ because of mixing and interaction of the bilayer with porphyrin. The increase in 

entropy will reduce the ∆S between Si
’ and Sf

⁰ resulting in a decrease in ∆Htran. A representation 

of the change of the change in entropy is shown in the figure 3.9. However it is unknown if the 

Sf
⁰ remains unchanged. If Sf

⁰ decrease or increase, then ∆S will change accordingly and so will 

∆Htran. In our case, it is assumed that the Sf
⁰ does not change much compare to the Si

’ in order 

for ∆Htran to be decreasing. The effect of entropy has been shown to affect other bilayers and 

the ∆Htran depending on the membranes and additives involved. ∆Htran is decrease when 

cholesterol is added, but increases when the anticancer agent vinblastine is added, due to 



40 
 

interaction of vinblastine creating stronger van der Waals within the bilayer and entropy gain.19 

Overall, ∆Htran is decreased when both are added, illustrating that the additives play a more 

important role in interacting with the membrane and affecting both entropy and enthalpy. Thus 

Si
⁰ and Sf

⁰ must be investigated as the membranes interact with the additives. More research 

will need to be done on understanding how does the porphyrin affects not only the Lβ and Lα, 

but also the Si
⁰ and Sf

⁰. 

 

Figure 3.9: An illustration of the change in the entropy of the bilayer in the initial state (Si
⁰) as 

liptin porphyrin is added as represented by the green circles. The resulting entropy (Si
’) is 

increased, and the difference between the final state (Sf
⁰) and the resulting entropy change is 

reduced. 
 

As for understanding why there are no changes to the Tm, it must be due to the head 

group and tails interaction with porphyrin. The Tm is dependent on multiple factors such as the 

substituents on the head group, tail chain length, and saturation of the tail. Different head 

group lipids will have different transition temperatures, and increasing tail length will increase 

the transition temperature. In addition, saturation of the tail length will also effect the phase 

transition. For example, DPPG has a literature Tm of 41.5⁰C, while DSPG has a Tm of 54.5⁰C, and 
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DOPG has a Tm of -18⁰C. 20  All three compounds have the same head group, but DPPG alkyl tail 

length is 16 hydrocarbon long, while DSPG and DOPG is 18. Both DPPG and DSPG is fully 

saturated, but DOPG is unsaturated at the 9th hydrocarbon. In a mixture of lipids and additives, 

Tm will be dependent on the ratio of the lipids involved, the structure of their acyl chain, and on 

how the additives are interacting with the membrane. In our experiment, DPPG has a 

consistent phase temperature change at 39⁰C, regardless of how much porphyrin is added. 

When porphyrin is added to the vesicles, the Tm does not change because the interaction with 

the porphyrin does not affect the membrane enough to chemically change the membrane. 

However, at higher concentration, this may be untrue. Referring back to cholesterol/DPPC, the 

Tm did decrease by 1⁰C after reaching 15% mole fraction and higher.16 At our low 

concentrations of porphyrin to lipid (<5% mole fraction), Tm does not change but it may change 

at higher mole fraction although it may be difficult to detect by DSC due to reduction in ∆Htran. 

3.4 Conclusion 

To conclude, the best possible theory on the interaction of porphyrin to the DPPG 

membrane is that porphyrin may act similarly to cholesterol in DPPC membrane. When added, 

the porphyrin did not change the Tm of the membrane but it does reduce the ∆Htran of the DPPG 

membrane similar to the effect of cholesterol on PC membranes. Thus, it may be creating 

another intermediate phase in which the Lβ converts to that phase before conversion to the Lα. 

It is unknown what this phase is, but it may be a similar liquid-ordered phase found in 

cholesterol interactions. More research needs to be done for confirmation. Also, these phase 

system changes may affect the entropy of the system and that could be an explanation on the 

change in ∆Htran. As for the Tm, there is no change because the porphyrin is mixing with the 
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membrane, but it is not altering the head group or alkyl chain length. The porphyrin will affect 

the phase due to the mixing, but Tm will not change as the membrane is not chemically altered. 

It has been reflected in our data that Tm doesn’t change at our low mole ratio. At higher mole 

ratio, this theory may be invalidated but it will be difficult to view DSC traces at higher 

[Porphyrin] due to the reduction of the endotherm peak and thus porphyrin may be integrated 

into the membrane. Regardless, the relationship of ∆Htran and [Porphyrin] provided insights into 

the multiple possible phases that could occur in the membrane and can be a point of 

comparison for other lipid membrane with porphyrin or different additives. 
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Chapter 4: Fluorescence Efflux Studies 

4.1 Introduction to efflux 

Phospholipid membranes form from self-assembling of lipid molecules through non-

covalent interactions including the hydrophobic effect, hydrogen bonding and electrostatic 

interactions.  Therefore, the membranes can be easily disrupted and are permeable to a range 

of molecules.  For this reason phospholipid vesicles carrying solutes will leak over time due to 

permeability of the membrane and concentration gradients across the membrane.  This leakage 

is generally referred to as efflux. Efflux can be characterized as active or passive efflux. Active 

efflux usually involves efflux that is not spontaneous and may proceed against a concentration 

gradient, while passive efflux requires a gradient to provide the driving force. Examples of 

active efflux include processes in cells where a protein efflux pump consumes adenosine 

triphosphate (ATP) to do work. As for passive efflux, as long as there is difference in 

concentration, the movement of contents will go from an area of high concentration to an area 

of low concentration. 

4.2 Fluorescence  

A convenient way to measure passive efflux in vitro using phospholipid vesicles is by 

utilizing fluorescence and dyes such as carboxyfluorescein (CF) or calcein. When encapsulated 

in the vesicles, CF will self-quench up to 97-98% and the resulting fluorescence intensity will 

decrease. Thus, the relationship between quenching and fluorescence must be understood. 

Fluorescence is the emitted light that occurs from a molecule that is excited from the ground 

state to the excited state as it relaxes back to the ground state. This emitted light can be 



46 
 

studied and measured by use of fluorescence spectroscopy and the process of fluorescence is 

also known as radiative transmission. Quenching is the result of any process that reduces the 

fluorescence intensity, and it is a non-radiative process. There are other radiative and non-

radiative processes as shown in figure 4.1, but for this thesis the focus will be on the 

fluorescence. For fluorescence, the quantum yield can be determined, which is the ratio of 

emitted photons to the number of absorbed photons.1 The quantum yield for fluorescence (Φf) 

is dependent on the rate constant of fluorescence (kf) and the rate constant of non-radiative 

processes (knr) and is shown as the equation below. 

Φf = kf / (kf + knr)         (4.1) 

If knr is non-existent, then the quantum yield will be 1 and the fluorescence intensity will be at 

the maximum. If there are non-radiative processes such as intersystem crossing and internal 

conversion, then knr is present and the fluorescence intensity will be decreased. With 

quenching, the fluorescence intensity will decrease due to an increase in knr as quenching is 

non-radiative and reduces the number of photons emitted.2 As for the process of quenching, 

there are multiple mechanisms that may cause quenching such as collisional (dynamic) 

quenching and static quenching. For collisional quenching, the quencher is in close contact with 

the fluorophore in the excited state and the fluorophore will non-radiatively transition to the 

ground state. Static quenching is when the fluorophore forms a non-fluorescence complex with 

the quencher, usually in the ground state.2  Both types of quenching can be seen in various 

different fluorophores involved in fluorescence spectroscopy. For the quencher of interest in 

this thesis, it will be CF that is used due to its self-quenching mechanism.  
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Figure 4.1: Jablonski diagram illustrating excitation (Ex), radiative transitions such as 
fluorescence (F) and phosphorescence (P), and non-radiative transitions such as quenching (Q). 

 

4.3 Carboxyfluorescein as a dye to be used in efflux studies 

For CF, there are multiple theories that have been proposed for the self-quenching 

mechanism. The main theories for the quenching are due to dimerization inside the vesicles, 

energy transfer to non-fluorescent dimers, and collisional quenching interactions between 

monomers.3 In studies done by Chen and Nutson, they researched the self-quenching 

mechanism of the CF in lipid vesicles. They discovered that collisional quenching was 

insignificant to explain quenching. It is through dimerization and energy transfer to dimers that 

quenching occurs within CF dyes. Within their studies of CF in liposomes, it was found that 40% 

of CF dyes were dimerized, 58% are quenched by energy transfer to dimers, and 2% were 

unquenched.3 Thus, CF is quenched by dimers but is not fully 100% quenched in vesicles. They 
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concluded that the dye-lipid interaction could play a role in the quenching issue. Although not 

fully understood of the dye-lipid interaction, the evidence suggests that the orientation of the 

dyes is perpendicular to the membrane, causing dyes to be trapped in the membrane and 

allowing it be protected from collisional quenching and dimerization.3 This dye-lipid interaction 

allows for some unquenching, which will provide fluorescence and will be beneficial to the 

studies done in this thesis that will record the efflux measurements.  

For our efflux experiments, vesicles were prepared in aqueous solutions of HEPES buffer 

with a pH 7.4 and with CF concentration of around 50 mM. Once prepared, the vesicles 

containing CF were separated from the solution of CF using size exclusion chromatography.  The 

resulting solution initially consisted of vesicles with 50 mM CF in their inner water pool with the 

surrounding aqueous solution nearly free of CF.  With this configuration, the samples must be 

used immediately since efflux begins spontaneously under these conditions. As time progress, 

the dye will leak out of the vesicles due to passive efflux based on the concentration gradient. 

By investigating the release of the dye from the vesicles over time, the efflux can be 

determined with the help of fluorescence spectroscopy.  

Immediately after separation, fluorescence spectroscopy will be used to obtain an initial 

fluorescence spectrum. Fluorescence spectroscopy can measure the initial fluorescence once 

an excitation wavelength has been chosen, and the emission wavelength of interest is given. 

Over time, CF in the vesicle will leak out, and the resulting solution will have an increase in 

fluorescence intensity due to CF being present outside the vesicle and no longer self-quenching 
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as they are free monomers and not dimers, resulting in higher fluorescence intensity. Thus, the 

efflux measurements can be calculated and presented as shown in equation: 

 

𝐸(𝑡) =  
𝐹(𝑡)−𝐹(0)

𝐹(∞)−𝐹(0)
         (4.2) 

Where F(t) is the fluorescence at time, t, and F(0) is determine at the fluorescence at the initial 

time. F(∞) is the fluorescence at the time when all dye have been released which is determined 

by the addition of a surfactant that fully lysed the membrane, such as Triton-X 100. The 

equation is used to normalize and give the efflux, E(t), at a certain time. 

4.4 Efflux studies 

Efflux studies has been shown to be useful in liposome disruption assays and 

understanding how permeability changes. In works done by Mukherjee et al., they shown that 

in PS-PG, the addition of a protein, hRegIIIα, will cause a high fluorescence signaling a high dye 

release after it was introduced to the system.4 When the protein is added, this is a sharp and 

obvious jump compared to the control, where no protein was added. The interaction between 

the protein and the membranes affects the membrane permeability, allowing for more release 

of the dye located within. Once that measurement was taken, the efflux can be compared to 

other proteins or biomolecules that could increase or decrease efflux. For example, the 

increasing addition of lipopolysaccharide was shown to decrease the leakage as shown by the 

decrease of that sharp jump, until it eventually resembles the control.4 This efflux experiment 

showed the interaction of specific compounds with the membrane, and can be used to 

determine if pores are being formed on the membranes or not to describe the rate of leakage. 
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Whenever a biomolecule of interest is added to vesicles, there could be a large increase 

in efflux. If there is high leakage over a small period of time, this is a possible indicator of pore 

formation because of the high leakage. For example, melittin studies results in high effluxes and 

it is known that melittin creates pores in membranes, by work done on POPC liposomes.5,6 

However there are conflicting reports on pore formation. In other works, at a ratio of 250 

melittins per vesicle, it was conclude that the melittins are perturbing the membrane in such a 

way as to release high leakage but not by forming a pore.7 The increase in concentration 

causing high leakage can be explained by work done by Ambroggio et al. They looked at the 

leakage as a function of the ratio of peptide to lipids and illustrated that the leakage is 

dependent on the ratio.8 At high enough concentration of peptide to lipid (P/L), the vesicles will 

be lysed and all contents within will be all released at once rather than a gradual release. This 

was further shown and explored in work done by Wen et al. They also looked into the effect of 

different ratios of P/L on the efflux and found that at a ratio of 1:10 P/L, almost complete 

leakage was done in 60 seconds, but when the ratio is 1:4000 P/L, less than 10 % of the dye was 

released or leaked.9  Therefore, the ratio of biomolecule to vesicle must be considered when 

attempting to understand how a compound affects the permeability of the membrane and 

understanding the mechanisms of pore formation. 

4.5 Experimental 

In our work, efflux studies will be done on the PG-PE system with a ratio of 20:80 PG:PE. 

Different liptins (figure 1.2 and 1.3) that were previously shown will be used to investigate the 

interactions of the receptors to the membrane by efflux studies. The effluxes of the liptins will 
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be compared to both the positive control, melittin, and the control containing only the vesicles. 

With the positive control, the melittin will be creating pores, resulting in a high efflux. 

4.5.1 Materials and methods 

Preparation of Vesicles. DPPG, DOPE, EYPC, and DPPS lipids were obtained from Avanti Lipids. 

DPPG and DOPE lipids were mixed together in a ratio of 20:80. The ratio of 20:80 PG:PE is 

chosen because it is a similar composition of the lipids found in E. coli.10 DPPS and DOPE were 

mixed together in the same ratio to be used as a comparison, while EYPC lipids were used to 

prepare single component vesicles. Samples were made by dissolving the lipids in a mixture of 

2:1 chloroform:methanol solution and rotary evaporated at 50⁰C to form lipid films. The 

resulting lipid films were hydrated in a CF buffer, which is a 10 mM HEPES buffer containing 10 

mM NaCl, 50 mM CF, and adding NaOH to achieve a final pH of 7.4. The CF buffer was prepared 

to be iso-osmotic as the HEPES buffer that will be used in comparison; the HEPES buffer is a 10 

mM HEPES buffer containing 134 mM NaOH to achieve a pH of 7.4, with a salt concentration of 

107 mM NaCl. After hydration in the CF buffer, the vesicle solution was extruded multiple times 

through a mini-extruder with a membrane pore size of 0.2 µM to form LUVs. Then, the resulting 

vesicle solution was run through a gel filtration column made of sephadex G50-80 to separate 

vesicles from free CF, e.g. CF that was not contained in the vesicle inner water pool. Through an 

estimation of dilution after gel filtration, the total concentrations of the lipids within the 

solution are 50 µM. The vesicles were collected and are immediately used in the fluorescence 

studies. 
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Preparation of Liptins and Porphyrins. The liptins series (LS) and porphyrin based liptins (PBL) 

were used as received. For the LS, each liptin was dissolved first in 100 µL of methanol and then 

increased to 10 mL with addition of HEPES buffer so that the final ratio was 1% methanol, 99% 

HEPES buffer. The concentrations of the liptins are 0.04 mM. As for the PBL, they are not water 

soluble and were individually dissolved in DMSO with the concentration of the various PBL to 

be 0.02 mM. 

Fluorescence Studies. For the fluorescence studies, 50 µL of the vesicle solution were placed 

into a quartz cuvette and filled with 1400 µL of the HEPES buffer. Other cuvettes were prepared 

the same way so a baseline of efflux could be established.  Emission spectra of all samples were 

collected at 10 minute intervals.  The excitation wavelength was set at 480 nm, emission at 517 

nm. The spectra were recorded and the intensity units at 517 nm was determined and used to 

calculate the efflux percentage. The first 20 minutes of the experiment was to establish a 

baseline before addition of liptins or buffer.  After 20 minutes, a control or the LS solution was 

added and the cuvette was stirred, this point is time=0 on the resulting graphs. For the control 

experiments, a 50 µL aliquot of the HEPES buffer was added to the cuvette and the 

fluorescence measurement was taken roughly a minute afterwards. For the other cuvettes, 50 

µL of the appropriate LS solution (liptin 2-5) was added and the resulting fluorescence 

measurements were taken. The measurements continued at 10 minute intervals until 90 

minutes had passed. After 90 minutes, 50 µL of triton-x was added to completely lyse the 

vesicles and release all of the dye. For the melittin experiment at time=0, 50 µL of melittin 

solution was added and the final concentration of the melittin in the cuvette was 0.23 µM. In 

the case of the PBL, the control will be different. At time 0, the control would receive 50 µL of 
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DMSO because the PBL were dissolved in DMSO.  The other cuvettes would receive the 50 µL 

aliquot of the PBL solution of interest. 

After the addition of the solution at time zero, there is an expected increase in 

fluorescence. In order to examine this effect, the percent efflux formula was used to determine 

the effect: 

𝐸(𝑡) =  
𝐹(𝑡)−𝐹(0)

𝐹(∞)−𝐹(0)
∗ 100%         (4.3) 

It is similar to the equation 4.2 but with a percentage. F(t) is the fluorescence intensity units at 

a certain time, t, and F(0) the fluorescence at the time first measured for fluorescence, which 

will be at time =-20 minutes. F(∞) is the fluorescence at the time when all dye have been 

released which is determined by the addition of 50 µL of a solution of Triton-X 100. The 

equation is multiplied by 100% to give a percentage of efflux. This percent efflux can also be 

considered as the percent of leakage of the contents within the membrane to the outside 

environment.  

4.5.2 Results and discussion 

LS with PG-PE membranes. As shown in figure 4.2, all vesicles with CF all have minimal leakage, 

with less than 1%, efflux in the established baseline from time -20 minutes to time 0 minutes. 

This is expected due to spontaneous efflux occurring across the membrane, the vesicles are 

fairly stable, and only a small amount of CF are leaking out at the initial time. After time 0 there 

is a greater increase in efflux with the addition of the LS when compared to the control, and the 

resulting effluxes are plotted in the various figures shown. 
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Figure 4.2: Plot of efflux of PG-PE vesicles after addition of the liptin (1.4 µM) and melittin (0.23 
µM). The marking at the zero line is when the aliquot of biomolecule is added. Disperse errors 
bars on the liptin series are shown to illustrate the range of effluxes. 

 

The degree of efflux measured for the control sample is always negligible compared to 

the addition of the liptin compounds. The slight increase from the control is expected due to 

the passive efflux as the CF moves from highly concentrated area of CF within the vesicles to 

the less concentrated buffer solution. With the CF slowly being leaked as monomers and in 

lower concentrations, there is an increase in fluorescence due to CF no longer self-quenching as 

time progresses. For the control, the liposomes are stable, releasing little CF and resulting in 

low efflux. With the LS, the higher efflux is due to the effect of the liptin on the bilayer 

permeability.   There is a greater increase in efflux from time 0 and onwards when compared to 

the control, even though the same passive efflux is still in effect as shown in figure 4.2 and table 

4.1. This increase in efflux illustrates a direct interaction between the LS and the membrane. 
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TABLE 4.1 

 NUMERICAL VALUES OF THE EFFLUX AT TIME 1 MINUTE AND TIME 90 MINUTES FOR THE 
CONTROL AND VARIOUS LIPTINS. 

 

PG-PE  Average efflux at time 

1 minute (%) 

Average efflux at 90 

minutes (%) 

Control 0.92 ± 0.64 2.24 ± 0.10 

Liptin 2 4.30 ± 1.37 15.71 ± 2.14 

Liptin 3 1.85 ± 1.24 9.10 ± 3.76 

Liptin 4 4.29 ± 0.85 13.98 ± 4.93 

Liptin 5 4.77 ± 3.79 18.66 ± 5.34 

 

As shown with the data in figure 4.2 and table 4.1, the LS causes a greater increase in 

efflux as compared to the control. The efflux for the LS at 90 minutes varies from 9-19% while 

the control’s efflux is 2.24%. This shows that the interaction of the LS with the vesicle 

membrane increases the membranes permeability, causing an increase in leakage.  This 

observation is consistent with a model in which the LS binds to the PG head group of the 

membrane and produces changes in the membrane organization that results in an increase in 

permeability allowing the contents to be released at a higher rate compared to the control. The 

higher efflux could indicate possible pore formation. However, it is unlikely that the LS are 

creating pores when compared to melittin. The interaction of melittin with the vesicles results 
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in a higher efflux after time 0 and onwards compared to the LS. This is expected as melittin is 

known to create pores when interacting with membranes, resulting in high leakage.11 Since the 

leakage done by the LS is less than the melittin, it is possible that the mechanism of action is 

not the same as the melittin membrane interaction. Furthermore, it can be assumed that the 

binding of the LS to the membrane is not creating pores in a similar fashion as the melittin, or 

not creating pores at all. Melittin was chosen as a positive control because of its ability to 

create pores in membranes, which will result in higher efflux. Although the concentration of 

melittin (0.23 µM) is less than the LS (1.4 µM), the melittin produces a higher efflux than the LS.  

This indicates that the lower concentration of melittin has a greater effect on the efflux due to 

the pore formation. 

Dextran Block Experiments. For determination of pore formation and possible sizes of the pore, 

dextran block experiments were performed.12 The basis of the dextran block experiments is to 

determine the  dextran size that is sufficient to block the pore that is forming, resulting in a 

decrease in efflux as shown in experiments done by Jinah et al.13 For their POPC-POPA 

liposomes, their protein created pores and the 500 kDa dextran was the size that blocked the 

pores, resulting in a large decrease in efflux (~50%) compared to the other dextrans.13 Although 

PG-PE is different from PC-PA, the dextran block experiment should help in understanding if 

pore formation is happening with the LS. From figure 4.2, the LS do disrupt the membranes to 

cause increased leakage, but not to the extent of the melittin. That indicates that the LS may 

not form the same pore size as melittin. If the dextran block experiments show a decrease in 

efflux when melittin or LS are added, then an estimation of the pore size can be determined. 

The dextran block experiments were done as the same way as other efflux experiments, but 



57 
 

with different sized dextrans added to the CF buffer before lipid hydration. Once the PG-PE 

vesicles are hydrated with the CF buffer with dextrans, the dextrans are incorporated within the 

vesicles. There was a control with no dextrans incorporated so that there can be a comparison. 

If pores are formed and if the size of the dextrans matches up with size of the pores, there 

should be a large decrease in efflux due to the blocking of CF. The dextran block experiments 

were done with liptin 5 because it showed the greatest change in efflux. The positive control of 

melittin will be tested as well with various dextrans. 

 

Figure 4.3: Efflux of the PG-PE vesicles in the dextran block experiments. A) With the addition of 
liptin 5 at time 0. B) With the addition of melittin at time 0. All vesicles were prepared with 
Dextrans incorporated within the vesicles before the addition of the liptin or melittin. 

 

The results are shown in figure 4.3, but there are no large reduction seen for either the 

LS or melittin. For the LS, there is an increase in efflux with dextran 450-600. It’s slightly above 

the range that was found for liptin 5, and it is unknown why there would be a higher efflux. As 

for the dextran 100 with liptin 5, it did not greatly deviate from the data so it may mean there is 

a larger variability in the leakage of the PG-PE vesicles with liptin 5. With melittin, there are 

slight decreases in efflux with the dextrans. However, the decreases are not significant enough 

to confirm that the dextrans are blocking the pores. In order to be assured of the blocking of 
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the pore, the efflux should be decreased by a significant amount as shown in other 

experiments.13 These results are inconclusive in determining the size of the pore or if there is 

even pore formation occurring at all for the LS. In theory, the dextran block experiments should 

be more beneficial to study in the case of melittin because it known that melittin creates pores 

in the membrane. However, there are difficulties. In order to find the right size dextran, the size 

must be estimated or by using various different sized dextrans until a suitable decrease in efflux 

is found. The dextran block experiments may not be beneficial to pursue further for the LS.  

Other methods could be valuable such as cryogenic electron microscopy (cryo-EM) to 

determine if pore formation is occurring. 

LS with PS-PE and EYPC. Another area of interest is the specificity of the LS to the PG-PE 

liposomes. To determine if the effect of the LS are unique to PG-PE membranes, other 

liposomes systems were used as comparisons. PS-PE liposomes and EYPC liposomes were 

chosen. PS-PE liposomes were prepared in the same ratio as PG-PE, so the only difference is the 

anionic lipid PS and PG. EYPC liposomes will not have any anionic lipids and is composed 

entirely of PC which is zwitterionic. The efflux measurements were done with EYPC and PS-PE 

for all the LS series, but only liptin 2 data is shown in figure 4.4 for clarity. The other LS results 

are similar to those shown in figure 4.4. 
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Figure 4.4: Efflux of liptin 2 to two different vesicle systems; (A) EYPC, and (B) PS-PE 

For EYPC, the vesicles with the addition of liptin 2 reached the maximum efflux in a 

shorter time period compared to other vesicle systems. After 10 minutes, efflux is maximized at 

100% for EYPC. The maximum efflux with the liptin 2 illustrates that the membrane is extremely 

permeable and may have been lysed. It may be indicative of pore formation as the mechanism 

of action, but it is unclear due to the high efflux shown by the EYPC vesicles by themselves. At 1 

minute, the efflux of the EYPC vesicles is 12% while the efflux of the PG-PE and PS-PE are less 

than 1%, meaning that the EYPC membrane is more disturbed and unstable than the PG-PE and 

PS-PE because more of the CF are able to leak out of the vesicles. The higher efflux indicates 

that the LS also interacts strongly with the EYPC membrane and possibly with a different 

mechanism. It is possible that the LS interaction with EYPC results in pore formation, but more 

research will be required. As for PS-PE vesicles, the efflux is similar to what is shown in PG-PE. 

This is not surprising as both DPPG and DPPS are anionic lipids with the same tail length. The 

difference is the substituents on the head groups and it appears that the LS doesn’t 

differentiate between the two. Thus, the LS may not be specific to anionic lipids as shown in the 

interactions of PG-PE and PS-PE. The selectivity of the LS may not be that specific to only PG-PE 

membranes and the LS may be suited for other lipid membrane compositions as well. 
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PBL Efflux Studies. In comparison to the LS, the PBL have varying results. There is the minimal 

efflux at the baseline, but after the PBL solutions were added, the effluxes vary greatly 

compared to the LS. The results are shown in figure 4.5 with the efflux of various PBL labeled as 

propyl, hexyl, benzyl, ether, and 2-methoxy as the substituent group added on. The control is 

the addition of DMSO, and the addition of DMSO has an effect on the efflux of the liposomes. 

The effect is more than the liposomes by themselves, illustrating that the DMSO addition can 

disturb the membrane to induce leakage. However, the effect is minor when compared to PBL 

that are meant to interact and disrupt the membrane.  

Figure 4.5: Plot of efflux of PG-PE with various PBL. At time zero is when the aliquot of the 
biomolecule of interest was added. 

 

With the PBL, their addition has a more diverse effect on the efflux of the PG-PE 

vesicles. Propyl has the highest efflux followed by hexyl when compared to the rest. The high 

efflux may be indicative of pore formation, but more studies need to be done. As for the others, 

they show an initial increase in efflux after addition, but lower efflux after a period of 90 
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minutes. Overall, there are three distinct effluxes; highest by the propyl, medium by the hexyl, 

and the lowest by the sets of ether, benzyl, and 2-methoxy. With these distinctions and the 

varying effluxes provided by the other PBL, there are options in interacting with the bacterial 

membrane. If there is a wish for an immediate release, propyl will be best. For a prolonged 

released, the others will be more viable. With these distinctions, there is also the case that the 

mechanisms of interacting with the membranes is different or the binding equilibria is different 

for the various PBL. If not, all should show the same efflux. 

With the large increase in the efflux of the PBL containing propyl or hexyl, there is the 

possibility that those PBL are lysing the vesicles similar to triton-x. To examine if the hexyl or 

propyl PBL are lysing the vesicles, dynamic light scattering (DLS) was used to determine mean 

diameter of the vesicles in nanometers and the results are shown in table 4.2. Before the 

addition of hexyl, propyl, or the control, the solutions containing the vesicles were measured. 

After the addition of hexyl or propyl, the size increased. This increase in size suggests that 

vesicles may be reforming and the curvature of the vesicles are affected by the binding of PBL 

to the membrane. With the addition of triton-x, the size drastically decreased. This is expected 

with triton-x because it will lyse the vesicles completely. Since propyl and hexyl PBL did not 

cause a decrease in mean diameter, it is evident that it is not the same mechanism of 

interaction with the vesicles as done by triton-x. Thus, the PBL do not lyse the vesicles, but does 

affect the permeability to cause a high efflux. 
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TABLE 4.2 

MEAN DIAMETERS (nm) OF THE VESICLES BEFORE AND AFTER THE ADDITION OF PBL AND 
TRITON-X AS DONE BY DLS 

 

 Vesicles diameter 

before any addition 

(nm) 

Vesicles diameter 

after addition of PBL 

(nm) 

Vesicles diameter 

after addition of 

Triton-X (nm) 

Control 154.1  121.8* 18.1 

Propyl 124.0 166.7 18.1 

Hexyl 133.3 133.3 76.2 

*Denotes that no PBL was added but an aliquot of the control, DMSO, was added  

With regards to the structure of the PBLs and the effect of the PBL on the efflux, it 

appears that the alkyl chain has a great effect on the interaction of PBL to membrane. The short 

alkyl chain of propyl has the greatest effect on efflux. The short chain may be beneficial in the 

interaction of the PBL to the membrane as compared to the other. The other alkyl chain, hexyl, 

has the second highest efflux. The resulting three compounds had ether groups as shown in 2-

methoxy and ether, or had a benzene. These results show a possible structure-function 

relationship. The PBL with the linear alkyl chains may be better at interacting with the 

membrane because of the similarities of those chains with regards to the phospholipid tail 

groups and thus would be easier to be inserted into the membrane. The others had low efflux 
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due to poor interaction of either the ether group or the benzene group to the membrane by 

possibly not being able to insert within the membrane.  

4.6 Conclusions 

Depending on the additives, the LS and PBL show different rates of effluxes. With LS, the 

effluxes are higher than the control, but within a similar range. This means that the differences 

in the structures of the LS may have a minor effect in changing the overall efficacy in the 

interaction of the liptin to the membrane. Liptin 5 has the highest efflux within the series, so it 

may be more worthwhile to continue investigating that liptin.  As for the PBL, the effluxes vary 

more as compared to the LS. Propyl shows the highest efflux, with hexyl being in the middle, 

and the rest being close to the control. With regards to propyl, more research should be done 

on understanding the mechanism, especially in regards to pore formation. Hexyl may be 

another receptor of interest due to its high efflux, but possibly no pore formation. As for the 

rest, due to similar efflux to the control, more research should be done to understand why it is 

not interacting with the membranes as well as propyl or hexyl. 

To further improve on the studies on the various receptors, more techniques should be 

used. As mentioned, cryo-EM may be beneficial in viewing the vesicles and possible pore 

formations. With the interactions of the receptors to the membrane, the mechanism of actions 

must be understood. Further studies on the mechanisms will be useful in applications of the 

liptins as potential antibiotics. 
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