
i 
 

 
Interaction Forces between Biomembranes: 

Surface Force Apparatus Studies of Supported Lipid Bilayers 
 

By 
 

JAMES KURNIAWAN 
B.S. (University of Washington, Seattle) 2010 

M.S. (University of California, Davis) 2012 
 

DISSERTATION 
 
 

Submitted in partial satisfaction of the requirements for the degree of 
DOCTOR OF PHILOSOPHY 

in 
Chemical Engineering 

in the 
OFFICE OF GRADUATE STUDIES 

of the  
UNIVERSITY OF CALIFORNIA 

DAVIS  
 
 
 
 

Approved: 
 
 

____________________________________ 
Tonya L. Kuhl, Chair 

 
 

____________________________________ 
Marjorie Longo 

 
 

____________________________________ 
Stephanie R. Dungan 

 
 

Committee in Charge 
2016 

  



ProQuest Number:

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that  the author did not send a complete manuscript
and  there  are missing pages, these will be noted. Also, if material had  to be removed,

a note will indicate the deletion.

ProQuest

Published  by ProQuest LLC (  ). Copyright of the Dissertation is held  by the Author.

All rights reserved.
This work is protected against unauthorized copying under  Title 17, United  States Code

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway

P.O. Box 1346
Ann Arbor,  MI 48106 - 1346

10241168

10241168

2017



ii 
 

Table of Contents 

Abstract ........................................................................................................................................... iii 

Acknowledgement .......................................................................................................................... vi 

Chapter I .......................................................................................................................................... 1 

Preparation and Characterization of Solid Supported Lipid Bilayers – Constructing an Ideal 

Biomimetic Membrane ............................................................................................................... 1 

Chapter II ....................................................................................................................................... 39 

Characterization of Solid-Supported Dipalmitoylphosphatidylcholine Membranes Containing 

Cholesterol ................................................................................................................................ 39 

Chapter III ...................................................................................................................................... 53 

Interaction Forces between Ternary Lipid Bilayers Containing Cholesterol ............................. 53 

Chapter IV ..................................................................................................................................... 74 

Interaction Forces between Lipid Rafts .................................................................................... 74 

Chapter V ...................................................................................................................................... 87 

Interaction Forces of 7:3 DPPC-oleic acid membranes in different pH conditions .................. 87 

References .................................................................................................................................. 105 

 

 

  



iii 
 

James Kurniawan 

December 2016 

Chemical Engineering 

 

Interaction Forces between Biomembranes: Surface Force Apparatus 

Studies of Supported Lipid Bilayers 

Abstract 

 The complexity of cellular membranes, due in large part to the enormous variety of 

chemical species present and their active function, makes their study challenging. Due to the 

intricate nature of cellular membranes, fundamental biophysical studies have been carried out 

with model membrane platforms that capture the essential physical and chemical properties of 

biological membranes. Supported lipid bilayer (SLB) systems are one such platform and 

primarily studied in this work. Specifically, the surface force apparatus (SFA) was used to 

investigate membrane structure and the interaction forces between solid supported 

biomimetic membranes. The resulting SFA force-distance profiles were corroborated with 

various characterization techniques including atomic force microscopy (AFM), neutron 

reflectometry (NR), fluorescence microscopy (FM), zeta potential (ZP) and Langmuir monolayer 

experiments.  

Systematic studies were done using various systems to reveal the contributions of van 

der Waals, electrostatic, hydration, and hydrophobic interactions between SLBs. Binary mixture 

of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and cholesterol was studied to reveal 

how cholesterol modifies the interactions between membranes. The interaction force-distance 
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profiles between DPPC-cholesterol membranes measured using SFA and AFM imaging of the 

membrane revealed the presence of nanoscopic defects leading to an enhanced hydrophobic 

attraction between the membranes in contact. The membranes were found to carry a distinct 

and non-negligible negative charge due to the presence of lipid contaminants resulting in a long 

range electrostatic repulsion. More complex membranes containing equimolar ternary mixtures 

of saturated lipids (DPPC), unsaturated lipids (1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) 

or 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)), and cholesterol were investigated 

and exhibited similar interaction behavior as the binary DPPC-cholesterol system. The pure 

component, ternary mixed membranes were then compared to a more biologically relevant 

lipid raft membranes composed of POPC, a complex mixture of brain sphingomyelin (BSM), and 

cholesterol. The heterogeneity of the sphingolipids used in the mixture led to a small variation 

in the long-range electrostatic repulsion and raft membrane adhesion. Nevertheless, these 

more complex raft membranes exhibited an adhesion magnitude and compressibility similar to 

the ternary mixed membranes containing pure components. In all of SLB studies, the quality of 

the resulting membrane is often overlooked and details such as membrane defects or holes can 

have a subtle to dramatic impact on the results and conclusions of an individual study. Thus, 

the deposition parameters required to construct SLBs with the fewest defects were delineated 

to generate general rules of thumb to guide preparation of novel SLB systems.  

Finally, membrane interactions and the deprotonation behavior of oleic acid in a DPPC 

membrane at physiological pH were determined.  The findings clearly demonstrate that oleic 

acid’s degree of deprotonation can be tailored by the solution pH enabling the interaction 

between oleic acid containing membranes, which have not previously studied, to be controlled. 
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The SLB charge tunability combined with the ability to tailor the phase state and interactions of 

the membrane are important for targeted drug-delivery and biosensor applications where the 

selective binding of ligands or proteins to membranes is important. 
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Chapter I

Preparation and Characterization of Solid Supported Lipid Bilayers – 

Constructing an Ideal Biomimetic Membrane 

 
James Kurniawan†, João Ventrici‡, Gang-yu Liu‡ and Tonya L. Kuhl*†# 
†Department of Chemical Engineering, ‡Department of Chemistry, and #Department of 
Biomedical Engineering, University of California Davis, 95616, USA 
Corresponding Authors: *E-mail: tlkuhl@ucdavis.edu 
 
 

ABSTRACT  

The structure, phase behavior and properties of cellular membranes are determined by 

their composition which includes phospholipids, sphingolipids, sterols, and proteins with 

various level of glycosylation. All of these molecules laterally interact and can segregate to form 

structures such as lipid rafts, which complex proteins and have emerged as the focus of many 

studies due to their potential importance in controlling the bioactivity of cells. Due to the 

intricate nature of cellular membranes, a plethora of in vitro studies have been carried out with 

model membrane platforms that capture specific properties such as fluidity and permeability, 

but vastly simplify the membrane composition in order to focus in detail on a single property or 

function. Supported lipid bilayer (SLB) systems are one such platform and this instructional 

review focuses specifically on the preparation and characterization of SLB systems. Preparation 

techniques for SLBs such as Langmuir deposition and vesicle fusion are described in detail. A 

number of characterization methods which take advantage of the flat orientation of SLBs are 

described and references which go into more depth are included. The instructional review is 

written so that non-experts may obtain a strong foundational understanding of how to create 
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and characterize a desired SLB system. Furthermore, this work goes beyond traditional 

instructional reviews to inform expert readers and includes new results that more fully 

characterize a wider range of SLB systems than has previously been described in the literature. 

The quality of the resulting SLB is often overlooked and details, such as membrane topological 

defects, can have a subtle to dramatic impact on the results and conclusions of an individual 

study.  Here we quantify and compare the quality of the resulting SLBs fabricated from a variety 

of gel and fluid compositions using different preparation techniques to generate general rules 

of thumb to guide preparation of novel SLB systems. Finally, the deposition parameters 

required to construct SLBs with the fewest topological defects were delineated. 

 

1. INTRODUCTION 

The human body consists of billions of cells, the smallest building block of life. Cells 

themselves, their organelles, and other functional volumes are compartmentalized by 

membranes that encapsulate various essential biomolecules such as nucleic acid and proteins 

which regulate cellular function.1 The membranes themselves contain hundreds of different 

constituent molecules, including lipids, sterols, and proteins. These moieties interact laterally to 

create lipid rafts where the majority of cellular signaling and transport is thought to take 

place.2-4 One of the earliest studies to fundamentally determine the structure of a cell 

membrane was performed by Gortner and Grendel in 1925.5 Using a Langmuir trough, they 

determined that the membrane of mammalian red blood cells was formed by two lipid 

monolayers. Langmuir troughs are still used extensively today to precisely measure the 
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properties of lipid monolayers as well as to deposit monolayers to form well-defined model 

membrane systems. 

The complexity of cellular membranes, due in large part to the enormous variety of 

chemical species present and their active function, makes their study challenging. In addition, 

cellular membranes are constantly in flux and dynamically respond to their local environment. 

Together, these properties make it daunting to tease out the temporal and spatial variation and 

even more difficult to correlate structure-function relationships. To make headway, various 

biomimetic or model membrane platforms have been developed. Though vastly simplified, 

these model membranes can still mimic the essential physical and chemical properties of 

biological membranes such as membrane elasticity, fluidity, phase behavior, and can provide an 

appropriate environment for studying protein function.6 Recently, biomimetic membranes 

which recapitulate the various phases that are thought to co-exist in biological membranes such 

as liquid-order (Lo), liquid-disordered (Ld), and gel phases are being actively studied. For 

example, membranes containing mixtures of saturated lipid with high melting point, 

unsaturated lipid with low melting point, and sterols can form a variety of coexisting phases 

and partitioning of different molecules into these phases has been of particular interest.  

In an earlier review, Castellana and Cremer7 described a number of lipid bilayer 

platforms that have been used as model membrane systems. These platforms allow studying a 

variety of processes. For example, free standing black lipid membranes are used to study 

transport across membrane, while phase behavior and membrane fluidity are frequently 

studied using giant unilamellar vesicles. Solid supported lipid bilayers (SLBs) are used to 

quantify membrane topography and adhesion. Some of the model membrane platforms 
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provide overlapping information, but the specific type of platform dictates the characterization 

techniques that can be used. Powerful surface sensitive techniques for probing adhesion and 

high-resolution scans of membrane topography can only be performed using solid supported 

membrane platforms. Free-standing membrane platforms such as unilamellar or multilammelar 

lipid vesicles enable studies free from the influence of the underlying inorganic support and are 

useful systems for micropipette mechanical measurements, small angle scattering, and various 

imaging microscopy, but are incompatible with most other high resolution, nanoscopic 

characterization techniques. As a result, solid supported biomimetic bilayers immobilized on 

clean smooth surfaces have emerged as a powerful platform to study biomimetic membranes, 

including lipid rafts and small-molecules such as polypeptides and membrane proteins on the 

nanoscale. However, studies of integral membrane proteins (IMPs) using SLB platforms are 

limited due to the potential interaction of the protein with the underlying support,8-10 which 

can lead to the denaturation of the embedded proteins. SLBs can be modified with polymeric 

spacers and tethers to increase the separation between the membrane and support. Such 

platforms are typically referred to as polymer cushioned and are becoming more widely 

utilized.11-16 

This instructional review focuses on solid-supported bilayer systems and is organized 

into three main sections. In the first, different methods to prepare SLBs are described in detail 

while the second part of the review covers commonly used characterization techniques of 

supported membrane systems. The last section of the paper discusses preparation techniques 

that can be used to create almost defectless SLBs with supporting data from various 

characterization techniques. 
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2. PREPARATION OF SOLID SUPPORTED BILAYERS 

There are two main methods used to create solid supported bilayers: Langmuir trough 

deposition technique and vesicle fusion. These methods can be used separately or in 

conjunction to create symmetric and asymmetric membranes. Recently, solvent spreading and 

spin coating have emerged as additional, rapid means to fabricate solid supported membranes. 

Details for each deposition technique are provided below. 

2.1. Langmuir-Blodgett (LB) Technique. The LB technique, which dates back to 1917, was 

pioneered by Irving Langmuir17 for depositing fatty acid monolayers from the air-water interface 

onto solid substrates. Katherine Blodgett18 then used the same technique to deposit multilayers 

of fatty acids with repeated dipping of the solid substrate through the air-water interface. The 

technique has subsequently been used to deposit monolayers of lipids and other surface active, 

water insoluble films onto substrates. The trough, usually made with a low surface energy 

material such as Teflon, is filled with water or any other subphase such as physiological buffer 

solution. Widely used substrates include mica,19-20 quartz,21-22 borosilicate glass (microscope 

slides),21, 23 silicon wafers, and thin films of metal24-25 or silicon dioxide (SiO2).26 The quality of 

the transfer is greatly enhanced by using ultra-clean, hydrophilic substrates with low surface 

roughness resulting in better packed, uniform SLBs. Most high resolution studies use mica or 

high quality oxidized silicon wafers because of their low root mean square roughness, 0.2 Å and 

2-3 Å, respectively. To ensure substrate cleanliness, mica should be freshly cleaved right before 

use. We typically prepare our quartz and silicon wafer substrates through methodical cleaning 

steps: sonicated in acetone, transferred and sonicated in isopropanol and then rinsed in copious 

MilliQ water to remove contaminants. We then sonicate the substrate in Hellmanex (Hellma 
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Analytics) soap and again rinse with copious MilliQ water. The substrate is then dried using 

clean nitrogen gas. The cleaned and dried substrate is subsequently treated for at least 30 

minutes with plasma-ozone and used immediately after the UV-ozone treatment.  Hydrophilic 

substrates are immersed in the subphase before deposition of lipids on the air-water interface. 

For AFM measurements, mica is typically used because it can be easily cleaved to be atomically 

smooth over relatively large areas. The lipid spreading solution is prepared in a solvent, such as 

pure chloroform or a mixture of chloroform:methanol. The concentration of the spreading 

solution is typically between 0.1 to 1 mg/mL. The lipid must fully dissolve in the solvent, and 

lipid and solvent solubility in the trough subphase should be negligibly small. The choice of 

solvent and concentration is determined by the solubility of the lipids in the chosen solvent. For 

example, phosphatidylcholine (PC) lipids are fully dissolved in chloroform at room temperature, 

but phosphatidylethanolamine (PE) lipids require a mixture of 9:1 chloroform:methanol for 

complete dissolution. 

The spreading solution is dispensed carefully onto the air-water interface, droplet by 

droplet, to create a thin layer of lipids whose hydrocarbon tails face away from the water 

subphase. An arbitrary solution concentration is chosen to achieve a recommendable volume of 

50 to 100 μL, depending on the surface area of the LB trough and desired compression of the 

film. Once the solvent has evaporated, a barrier compresses the lipid monolayer to create a 

highly compressed two-dimensional film on the air-water interface at a pre-determined surface 

pressure. After reaching the target pressure and allowing the compressed film to equilibrate, 

the solid hydrophilic substrate is vertically drawn out of the water to deposit the inner 

monolayer. Throughout the deposition process, the surface pressure is usually kept constant by 
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compressing the remaining film as the transfer occurs. Once the substrate has cleared the 

water level, it is resubmerged to deposit the outer monolayer of the SLB. This process, known 

as LB/LB deposition, can deposit a bilayer featuring a single component lipid or mixtures of 

lipids with few topological defects. The composition of the bilayer leaflets may be identical or 

different for the inner and outer monolayer (symmetric versus asymmetric/hybrid bilayer). A 

diagram for bilayer deposition through LB/LB technique is shown in Figure 1.1A. 

Some important parameters must be considered in order to achieve a high-quality solid 

supported membrane through the LB deposition technique. During deposition, the phase of the 

lipids greatly affects the resulting monolayer transfer onto the substrate. Lipid phase is dictated 

by lipid type, subphase temperature, and the film’s surface pressure (as measured by a 

Wilhelmy plate). Optimum deposition pressures are usually assessed through surface pressure 

versus area per lipid molecule plots, П-A isotherms of the lipid or mixture being deposited. In 

general, high changes in surface pressure per area, 
�П

��
, correspond to better transfers to the 

substrate. The transfer ratio, TR =
∆��	
��

������	���
, is used to quantify the quality of the transfer of 

material from the air-water interface, where a value of TR = 1 indicates that the area per 

molecule and surface pressure are maintained from the air-water interface to the substrate.27-28 

∆������� is defined as the area of lipids removed from the air-water interface and ���������� is 

the area of the substrate coated during the deposition. Dipping speed must also be considered 

in order to achieve an efficient transfer of lipid from the air-water interface to the solid 

substrate. A relatively high transfer ratio cannot be obtained if the substrate moves too quickly 
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Figure 1.1. [A] Schematic of the process of LB deposition of solid supported bilayers. (Left) After 
immersing the substrate, lipid is deposited on the air-water interface and compressed to the 
desired surface pressure. (Center) The substrate is drawn out of the subphase through the interface 
to deposit the inner leaflet. (Right) After the inner monolayer deposition is done, the substrate is 
then lowered through the interface to deposit the outer leaflet layer. [B] Langmuir-Schaefer (LS) 
method to deposit the outer leaflet on an LB deposited inner monolayer leaflet. [C] Vesicle fusion 
on an LB deposited monolayer. [D] Vesicle fusion directly onto a clean hydrophilic substrate. [E] The 
first three images are 20 x 20 μm AFM topographical scans of 1:1:1 DPPC-DOPC-cholesterol 
deposited with various techniques onto a 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine 
(DPPE) inner monolayer deposited using LB method at 45 mN/m and dipping speed of 1 mm/min: 
LB, LS, and VF from top to bottom  [A,B,C] respectively. The LB and LS of the outer layer were done 
at pressure of 30 mN/m. Dark regions are topological defects on the supported membranes. The 
bottom images show the comparison of the SLB quality deposited as asymmetric versus symmetric 
bilayer on a glass substrate using vesicle fusion visualized using fluorescence microscopy. 
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through the lipid monolayer. In addition, a fast dipping speed sometimes causes delamination 

of the inner monolayer rather than deposition of the outer layer. Typically, a dipping speed 

between 1 to 4 mm/min is chosen in order to obtain a high transfer ratio (TR ~ 1.0). Details for 

parameters required to obtain an SLB with as few topological defects as possible are discussed 

in section 4, and Girard-Ergot and Blum provide an in-depth discussion of the LB technique.29 

2.2. Langmuir-Schaefer (LS) Technique. Vincent Schaefer, in collaboration with Irving 

Langmuir, first deposited a monolayer of urease on metal and glass plates with a method similar 

to the LB technique.30 The LS technique, sometimes called horizontal deposition, deposits a lipid 

monolayer by dipping the substrate with a parallel orientation to the air-water interface through 

a compressed lipid monolayer (Figure 1.1B). Typically, the LS technique is used to deposit the 

outer leaflet of the membrane to create symmetric or asymmetric SLB, with the inner 

monolayer deposited by LB. LS is particularly useful for SLB formation on glass where the inner 

monolayer can delaminate from the substrate during vertical LB deposition.31 In cases where 

the physiochemical interaction of the inner layer is insufficient to ensure the stability, the LS 

technique should be used to create the SLB.  

Similar to the LB deposition method, the state of the lipid phase is also important for the 

LS technique. In works involving asymmetric SLBs, which are typically used for study of lipid flip-

flop rate,32-34 gel phase lipids should be used. Gerelli et al. demonstrated that deposition of fluid 

phase lipids induced mixing between the inner and outer leaflet due to mechanical shock from 

the LS method.35 Dipping speed is not as crucial for achieving a quality bilayer. However, the 

orientation (that is, how level the substrate surface is relative to the water surface) is critical for 

successful LS deposition. When the substrate is at an angle, film material can be pushed away, 
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leading to a less well-packed transfer. A detailed comparison of the SLBs fabricated with LB-LS 

technique versus LB-LB technique is provided in section 4. 

2.3. Vesicle Fusion Technique. The majority of SLB studies use the vesicle fusion method to 

prepare bilayers on solid substrates because of the ease and simplicity of this approach. To 

create an SLB, vesicles are incubated either on a monolayer of lipids deposited through LB 

technique to create an asymmetric bilayer (Figure 1.1C),36 or on a clean hydrophilic surface to 

create a symmetric bilayer (Figure 1.1D). However, the quality of the asymmetric SLB deposited 

using LB/VF technique is lower compared to LB/LB or LB/LS deposited asymmetric bilayers 

(Figure 1.1E). In Langmuir trough techniques, the surface pressure of the monolayer is precisely 

controlled, which generally leads to few topological defects or variations in the SLB. Vesicle 

fusion relies on the instability of vesicles interacting with the support (and frequently, the 

extent of instability of the vesicles themselves in the dispersion), and attractive interactions of 

the vesicles with the support to yield spontaneous SLB formation. Osmotic stress, addition of 

divalent ions, and temperature cycling can also be done to aid SLB formation.37-39 Similarly, the 

quality of the symmetric bilayer formed by vesicle fusion with a hydrophilic substrate is also 

lower in quality.22 In one of the few direct comparison of LB deposited and vesicle fusion SLBs, 

Watkins et al.27 established that DPPC membranes deposited by vesicle fusion mimic 

depositions by LB technique at surface pressures of 38±3 mN/m. 

The first step in performing vesicle fusion is preparation of the vesicle solution. A small 

amount of concentrated lipid in organic solvent (~100 μL of 10 mg/mL lipid solution in 

chloroform or a chloroform:methanol mixture) is prepared in a vial or similar container. The 

solvent is then evaporated by a stream of nitrogen to leave a thin lipid layer on the wall of the 
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container. The amount of the lipid solution needed depends on the required volume of the 

vesicle solution. In general, the concentration of a vesicle solution used for SLB formation is 

between 0.2 to 1 mg/mL. After drying with nitrogen, the lipids are placed in a vacuum for at 

least 4 hours to fully remove all solvent before hydrating the lipids to create the vesicle 

solution. Applying a vacuum is essential as any solvent present upon addition of water will 

disturb the formation of vesicles. After drying, the lipids are hydrated with water or a salt buffer 

solution and vortexed to obtain multilamellar vesicles of heterogeneous sizes. Small unilamellar 

vesicles (SUVs) are preferable for vesicle fusion because they are more readily absorbed onto a 

substrate to form a single SLB. To make such small vesicles, the vortexed vesicles are probe-tip 

sonicated or extruded through a polycarbonate membrane to create SUVs of a small, 

homogeneous size distribution. Extrusion is the preferred method, as probe-tip sonication can 

release contaminant titanium particles into the vesicle solution, though these can be removed 

by centrifugation or an extra filtration step. The solid substrate is then incubated with the 

vesicle solution for at least 20 minutes based on surface plasmon resonance and quartz crystal 

microbalance studies.40 Excess vesicles can be washed away after the incubation. Vesicle fusion 

usually results in a bilayer with topological defects or suboptimal surface coverage. However, 

there are a number of ways to increase the quality of membrane deposited via vesicle fusion 

technique.23 Typical preparation methods include incubation of a fresh SUV dispersion with 

narrow size distribution, coupled with a freeze-thaw technique, and then rinsing with a solution 

of a different salt concentration to obtain higher bilayer surface coverage. In particular, the 

vesicle fusion must be performed with a fresh SUV solution because small unilamellar vesicles 

are unstable and will readily fuse to the clean hydrophilic substrate to make symmetric SLB, or 
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fuse with the monolayer to create asymmetric SLB.41-42 Freeze-thaw cycling will rupture 

adsorbed vesicles through formation of ice crystals, so they can deform and cover the 

substrate.43 After the incubation, excess and physisorbed vesicles are removed by exchanging 

the incubation solution with a vesicle-free buffer solution or water. If the rinsing solution has a 

different salt concentration than the vesicle solution, the concentration gradient creates 

osmotic flow which swells or shrinks and ruptures any excess vesicles stuck to the membrane or 

substrate, and thus results in a cleaner supported membrane. This washing step is typically 

repeated to ensure removal of excess vesicles. After the SLB is deposited on the substrate, 

thermal cycling/annealing can be done to increase the surface coverage after incubation.38 

However, the heating and cooling cycle must be done carefully to prevent loss of lipids into the 

subphase (Figure 1.2). 

 

2.4. Spreading and Spin Coating Techniques. Spreading and spin coating are quick and easy 

techniques for deposition of solid supported lipid membranes. In spin coating, a lipid solution, 

with concentration ranging between 0.25 and 5 mM in a volatile solvent that wets the 

 
 

Figure 1.2. Fluorescence microscopy images of 2:2:1 DPPC-DOPC-cholesterol SLB formed 
on borosilicate glass using vesicle fusion of 100 nm SUV solution in 0.5mM NaNO3. (A) SLB 
deposited on glass slide after 45 minutes incubation and 3 minutes rinsing with MilliQ 
water at 25°C. Membrane defects were observed before application of heat. (B) Membrane 
defects shrank with 15 minutes of heating at 45°C and a few vesicles and tubules started to 
form. (C) Longer heat application resulted in the formation of long tubules + vesicles and a 
significant loss of lipids into the subphase.  

 



13 
 

substrate, is deposited on a clean substrate. After spreading, the substrate is rapidly accelerated 

to a certain rotation speed (e.g. 2000 rpm) to quickly remove the solvent, leaving a thin dry lipid 

film. In the spreading technique, one microliter of lipid solution with a similar concentration 

range is deposited on a clean substrate and the solvent is allowed to evaporate.44 Once a thin, 

dry lipid layer is formed by either method on top of the solid substrate, the sample can then be 

partially or fully hydrated to create a stack of lipid membranes. Mennicke and Salditt45 

described parameters for the spin coating process in detail, such as lipid solution concentration 

and rotation speed, in order to deposit multiple bilayers (up to 22 layers). Excess floating 

bilayers can be subsequently removed by a fluid jet to leave a single supported bilayer in the 

treated region.46 The fluid jet is typically water or buffer sprayed onto the substrate from a 

syringe or MilliQ water dispenser. While this technique can technically be used for solid 

supported membrane preparation, it is more suited for creating multiple bilayers on a solid 

substrate. This is due to the numerous topological defects and low stability of the sample as 

characterized by various methods such as X-ray reflectivity and electron microscopy. 

 

3. CHARACTERIZATION OF SOLID SUPPORTED BILAYERS 

A solid supported membrane created by any of the methods described above can be 

characterized by a variety of techniques. Characterization techniques provide information on 

SLB properties, and the results from one technique can corroborate data collected by another 

method. Typically used characterization techniques are described in greater detail below. 

3.1. Fluorescence Microscopy (FM). Fluorescence microscopy is a basic but powerful 

technique that has been used since late 1960s that relies on doping in a small amount of 



14 
 

fluorescent lipids (usually 0.25 to 1 mole%) to characterize solid supported membrane systems. 

White light is directed through a bandpass (excitation) filter that only allows light with a specific 

wavelength range to pass through. The wavelength range is selected to match the absorption 

wavelength of the doping fluorescent dye molecule. A dichroic filter redirects this light to 

illuminate the dye molecule in the sample. Illumination excites the dye, resulting in the release 

of light with a higher wavelength that passes back through the dichroic mirror and an emission 

filter into the detector. FM enables the lateral organization, including phase separation and 

domains of the SLB, to be studied at the macro scale, since a given fluorescence dye will 

partition differently into the two phases.  

FM also permits the analysis of membrane fluidity through fluorescence recovery after 

photobleaching (FRAP). FRAP enables the extraction of the 2-D diffusion coefficient of the 

fluorescently labeled lipid in the solid supported membrane. Loren et al. and Rayan et al. have 

published recent reviews of this method.47-48 Figure 1.3 shows an example of FRAP 

measurement to extract diffusion coefficient from an SLB system. There are different 

configurations of fluorescence microscopy that can also be of use. For example, Forster 

resonance energy transfer (FRET) can be used to observe microdomains in a lipid raft49 and the 

interaction between proteins in the membrane.50-51 Total internal reflection microscopy (TIRF) 

and two-photon fluorescence microscopy (P2FM) can be utilized to study the directional 

alignment of the lipids in a gel phase domain.52-53 Confocal fluorescence correlation microscopy, 

an improvement upon traditional FM, increases the resolution of lateral diffusivity 

measurements and can produce a three-dimensional structural scan of the solid supported 

membrane if there are features protruding out of the membrane plane.54 
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The fluorescent dyes used in FM have several key characteristics, such as their 

excitation/emission spectrum, quantum yield, and lifetime, which must be carefully considered 

against the demands of the experiment. For example, FRET requires two fluorescence dyes such 

that the absorption spectrum of one dye overlaps the excitation spectrum of the other dye. 

FRAP necessitates a dye with robust quantum yield and lifetime that is still easy to photobleach. 

Berezin and Achilefu qualified various fluorescence dyes in detail, including their spectra and 

lifetime.55 Online tools from fluorescent dye vendors aid in determining the best dye for each 

specific use.56 

 

3.2. Atomic Force Microscopy (AFM). Atomic force microscopy can be used to characterize 

solid supported bilayer systems through information such as topography (as well as thickness), 

 
 

Figure 1.3. Schematic of FRAP technique showing the typical fluorescence 
intensity curve at the center of bleach spot with time. The diffusion 
coefficient is calculated from the fit of the intensity curve. 
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interaction force, and visco-elastic properties of the surface film.57-60 AFM measurements are 

based on an atomically sharp tip (colloidal particles are sometimes used to measure interaction 

force) on a cantilever with a known spring constant being brought into and out of contact or 

close proximity with the membrane surface during a raster-scan. Supported bilayers are 

primarily scanned using tapping mode, where the tip is vertically oscillated at or near the 

resonant frequency in the fluid while scanning the surface. The other AFM imaging mode is 

contact mode. In contact mode, as its name suggests, the tip is in physical contact with the 

surface to be scanned. Contact mode is not typically used to scan fluid membranes because it 

has high probability to damage the surface by the lateral force exerted by the tip. Condensed 

phase membranes are more resistant to the action of the tip and are much less affected by 

contact mode scans, resulting in a higher quality scan compared to the typical tapping mode 

used for SLB topography scan using AFM. The cantilever tip can be modified to control the 

surface chemistry or exposed groups by coating the tip with lipids or other molecules of 

interest, such as protein. The laser is reflected off the cantilever to the photodiode, and the 

cantilever deflects the laser when it interacts with the surface. Laser displacement is used to 

output the topography of the sample, among other information. The spring constant and 

deflection of the cantilever can be used to calculate the intermolecular forces between the tip 

and the sample. In terms of force measurements, AFM is used to quantify the non-specific 

interactions between chemically functionalized tips, polymers, and proteins with SLBs, as well as 

specific interactions such as ligand-receptor binding.61-63 

The membrane sample used for an AFM scan can be prepared with any deposition 

technique described in the previous section. Once the membrane is deposited on a clean 
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surface, the substrate is transferred to a fluid cell specifically designed to hold the substrate 

under water and retain the native environment of the membrane. The design of the fluid cell is 

critical for obtaining optimal resolution in the scan. The fluid cell should not hinder the 

movement range of the cantilever stage and the cell should not couple external vibration to the 

cantilever. In addition, the cell should also be easy to use and clean. Details about fabrication of 

a simple fluid cell for SLB measurement are provided by Unsay et al.64 

The resolution of the AFM scan depends on several factors, including tip geometry, tip 

cleanliness, tip spring constant, and the scanning speed. With correct technique, subnanometer 

resolution imaging can be obtained. Typically, a silicon nitride tip with a spring constant of 

about 0.1 N/m, slow scan speed (5 µm2/s) and scanning force below 20 nN will improve the 

quality of the AFM images in contact mode. Higher spring constant tips (2 N/m) may be used in 

tapping mode, but the speed should still be kept under 5 µm2/s. However, AFM is limited by tip 

convolution, which can be minimized through optimum tip geometry and image processing 

tools. It is therefore essential that the operator understand and optimize the parameters of the 

AFM scan for the specific SLB system. Figure 1.4 shows 

an example of a high resolution topography scans of 

phase-separated gel 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine (DPPE) domains in a continuous 

fluid phase of 1,2-dioleoyl-sn-glycero-3-phosphocholine 

(DOPC) lipids. The DPPE domains are about 1.5 nm 

thicker. 

 

 
Figure 1.4. 45x45 μm AFM image of a 
gel phase DPPE domain in a 3:7 DPPE-
DOPC SLB on mica. The SLB was 
asymmetric with an inner DPPE 
monolayer and outer 3:7 DPPE-DOPC 
monolayer LB deposited. 
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3.3. Surface Force Apparatus (SFA). Various direct force-measuring techniques has been 

developed which enable the interaction between membranes of various geometries to be 

measured.61, 65 The SFA directly measures the full force profile between two SLBs at the 

angstrom (0.1 nm) level in liquids with a resolution of 10-8 N using a variety of (interchangeable) 

force-measuring springs. The solution in the SFA can be exchanged with SLBs in-situ to study 

their interactions under different conditions.20, 26, 66-67 SFA characterization is very powerful 

because the interaction force profile, thickness and refractive index of the SLB can be 

determined unambiguously, and 

structural rearrangements can be 

observed when the SLBs are in 

contact.19, 67 Figure 1.5 shows 

example interaction force-distance 

profiles between liquid-ordered SLBs, 

demonstrating the ability to measure 

nanoscopic structural rearrangement 

of the SLBs. A positive force indicates 

repulsion and a negative value 

indicates adhesion between the 

surfaces. The measured profile is the 

sum of any interactions present such 

as electrostatic, steric, van der 

Waals, depletion, and hydrophobic 

 
 

Figure 1.5. Force-distance profiles between asymmetric 
SLBs composed of an outer 1:1:1 DOPC-DPPC-cholesterol 
monolayer on an inner DPPE monolayer in ~0.5 mM 
NaNO3 solution. D = 0 is defined as contact between bare 
mica surfaces. The inset shows four successively 
measured force profiles while allowing longer contact 
time between each distance displacement.  There is an 
inward shift to smaller separations (decreasing membrane 
thickness) and greater adhesion due to lipid 
rearrangements in the contacting region (▵,▿: approach ; 

◃,▹ : separation). 
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forces. By careful experimental design, the contribution of the various interactions can be 

separated and quantified. 

The substrate used in SFA is usually back-silvered, molecularly smooth mica which is 

glued onto a cylindrical disk (radius of ~1.5 cm). Once the mica is glued onto the disk, the 

desired SLB can be deposited, typically using the more controlled LB technique. After 

membrane deposition, the surfaces are transferred under water into the SFA box and the 

solution is saturated with lipid of the same composition as the membrane to minimize 

desorption of lipids from the surfaces. The two surfaces are positioned in a cross-cylindrical 

configuration which is locally equivalent to a sphere near a flat surface or two spheres close 

together. White light is passed through the opposing surfaces and the emerging beam is 

focused onto the slit of a grating spectrometer.  The silver layer on each disk partially transmits 

light directed normally through the surfaces, which constructively interferes and produces 

fringes of equal chromatic order (FECO). The distance between the two surfaces can be 

adjusted using a motor connected to the lower surface or piezo connected to the upper 

surface. The separation between the surfaces is measured by monitoring the wavelength of the 

FECO. The lower surface is supported on a double cantilever spring with a known spring 

constant (typically around 2x105 mN/m for SLBs). Both repulsive and attractive forces can be 

measured and the force profile can be obtained over a large distance regime. Once the force F 

as a function of distance D is measured for the two surfaces (of radius R),  the adhesion or 

interfacial energy E per unit area can be calculated using the Derjaguin approximation: E = 

F/2πR.  Thus, for R ~ 1 cm, and given the measuring sensitivity in F of about 10-8 N, the 

sensitivity in measuring adhesion and interfacial energies is approximately to 10-3 mJ∙m-2 
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(erg∙cm-2). In addition to measuring interaction forces between two solid supported 

membranes,20, 26, 66-67 the SFA has been used to probe the interaction between SLBs and 

substrates,68 hemifusion of SLBs,69-70 membrane mediated receptor-ligand interactions,71-72 as 

well as the refractive index and thickness of supported monolayers and membranes.19-20 

3.4. X-ray and Neutron Reflectivity. X-ray and neutron reflectivity are powerful surface-

sensitive characterization techniques which provide information such as the thickness, density 

profile, and roughness down to the atomic scale of a thin-film deposited on solid substrate. 

Reflectivity, R, is defined as the intensity ratio of X-rays or neutrons (hereafter referred to as 

“particles”) elastically and specularly scattered from the surface relative to the incident particle 

beam. The reflectivity is measured as a function of the wave vector transfer �� = � �!"#

$
 

perpendicular to the interface, where % is the angle of the beam to the sample and & is the 

wavelength of the particle beam. When measured this way, the reflectivity curve contains 

information regarding the average scattering length density of the sample normal to the 

interface and can be used to determine the concentration of atomic species at a particular 

depth in the film. Detailed theoretical descriptions of reflectivity measurements of SLBs can be 

found in the literature.73-79 An example X-ray reflectivity profile from a DPPC SLB LB deposited 

on quartz is shown in Figure 1.6A.22 The visible fringes in the reflectivity profile arise from 

interference between waves being reflected from the membrane-solution interface and 

membrane-substrate interface. The amplitude of the fringes relates to the scattering length 

density (SLD) contrast between the substrate, lipid headgroups, and acyl chains of the bilayer. 

While, the fringe spacing Δ�� ≈ ) 

�*�+�	
 is related to the thickness of the film (dlayer). From the 

measured reflectivity profile, the SLD, thicknesses, and roughness of the various layers can be 
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determined by modeling the expected SLD profile and iterating to minimize the difference 

between the measured reflectivity profile and that obtained from the modeled SLD profile. 

However, as the majority of reflectivity measurements only provide intensity information, the 

structural information of interest is indirectly contained within the reflectivity data. The 

transformation of the data from inverse space to real space, in the absence of phase 

information, is mildly ill-posed and multiple solutions can be obtained. Limiting the possible 

solutions through constraints based on the known chemical identities of the layers, expected 

thickness, and other information. is extremely helpful. The corresponding scattering length 

density profile of the DPPC bilayer fitted to the measured reflectivity profile is shown in Figure 

1.6B. 

There are a number of key differences between neutron and X-ray scattering. Neutrons 

can penetrate large sample volumes and do not damage the sample as the beam is scattered by 

the atomic nuclei. Selective contrast can be achieved by deuteration of lipids/proteins and 

solvent contrast variation.36 On the other hand, X-ray sources are much more brilliant. Because 

the beam is scattered by electrons in the sample, significant energy is deposited in the sample 

which can quickly degrade organic samples. Although contrast is limited to the electron density 

of the film, the high intensity of X-rays allows higher resolution measurements as shown in 

Figure 1.6A. The intensity also enables diffraction measurement from ordered SLBs, yielding 

molecular details such as tilt angle, packing parameters, and coupling between leaflets from the 

off-specular diffraction signals (grazing incidence X-ray diffraction or GIXD).22, 27  
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SLBs for neutron and X-ray reflectivity are prepared on specifically ultra-polished 

smooth, single-crystal substrates (e.g. quartz, oxidized silicon, sapphire) using LB-LS or vesicle 

fusion. The sample is then mounted in a holder and the neutron/X-ray beam is reflected off the 

substrate through the SLB, which sits in a thin water layer. The scan area for neutron reflectivity 

is approximately 10-100 cm2; a significantly smaller area of about 0.1 cm2 can be used for X-ray 

reflectivity. The scattered signal and the quality of the data are dependent on a couple of 

factors, such as interfacial roughness (quality of the substrate and SLB), contrast of the various 

layers, and the level of incoherent scattering from the bulk liquid. For the purposes of obtaining 

basic structural information about an SLB with high resolution, higher fluxes of the X-ray source 

coupled with faster measurement times make X-ray reflectivity generally superior to neutron 

reflectivity. On the other hand, neutron reflectivity can take advantage of deuteration to enable 

measurements such as the flip-flop of lipids between the inner and outer leaflets of a bilayer.35 

 

Figure 1.6. [A] Reflectivity data obtained from both neutron and X-ray scattering 
measurements of solid supported DPPC bilayers. The X-ray data covers a much larger q-
range yielding higher resolution. [B] Density of DPPC bilayers deposited using LB-LS (LBS) 
and VF method obtained using X-ray reflectivity (scattering length density). From the density 
data, the thickness of the DPPC SLB and number of water molecules associated with the 
bilayer and substrate can be inferred. 
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Details about neutron scattering characterization methods, including a discussion of 

advantages, limiting factors, recent works of SLB characterization, and extension of the use of 

neutron scattering on various platforms can be found in several recent publications.74, 80-81 

3.5. Quartz Crystal Microbalance (QCM). QCM can be used to track the quantity of absorbed 

mass on a solid with time. The quartz crystal oscillates with a frequency dependent on crystal 

thickness. When films are deposited on the crystal, the frequency of the oscillation decreases 

and the change in the oscillation frequency can be correlated to the change in thickness. The 

thickness of the deposited layer can be calculated by an equation developed by Sauerbrey.82 In 

the case of SLBs, QCM measurements have been used to study the process of vesicle fusion as a 

function of time. In-depth studies of the mechanics of vesicle fusion with various lipid mixtures 

have been performed to determine parameters that affect vesicle adsorption kinetics upon 

various substrates.83-85 QCM can also be coupled with other techniques such as AFM and 

surface plasmon resonance to visualize the various stages of SLB formation via vesicle fusion.86-

87 In addition to obtaining information on the mechanism of vesicle fusion, QCM probes the 

interaction between various lipids with different types of substrates,88 and the interaction 

between deposited SLBs and proteins89 or nanoparticles.90 An in-depth discussion of the 

specifics of QCM technique, including its diverse uses extending beyond SLB systems, can be 

found in following works by Cooper and coworkers.82, 91 
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4. EXPLORATION OF IDEAL SLB DEPOSITION CONDITIONS 

In most cases, a clean, stable, and well-packed membrane is especially desirable for 

studies involving SLBs. Membrane topological defects, which span the outer monolayer or in 

some cases penetrate the inner monolayer, are typically present when SLBs are deposited with 

any commonly used preparation technique. In most cases, these membrane topological defects 

are nanoscopic and not visible through fluorescence microscopy.70, 92-94 However, such 

nanoscopic features can be resolved by high-resolution AFM topography scans and play an 

important role in altering the molecular structure and behavior of the SLB. Both qualitative and 

quantitative comparisons of SLBs deposited by various techniques were performed to identify 

the best procedures and conditions for constructing an ideal system: a stable SLB with minimal 

topological defects. Important experimental deposition parameters such as lipid phase state, 

surface pressure during deposition, packing properties of the inner monolayer leaflet, substrate 

roughness, and other preparation conditions significantly affect the quality of the resulting SLB. 

All of these parameters were probed using qualitative observation of the SLB using FM, 

quantitative transfer ratio measurements conducted with LB deposition technique, and high-

resolution AFM topography scan to quantify membrane topological defects (hereafter referred 

to as membrane defects).  

4.1. Quantification of SLB quality by transfer ratio experiments. An important quantification 

of the quality of the deposited inner and outer monolayers is a transfer ratio measurement 

using LB deposition. The transfer ratio is defined as the ratio of area of lipids removed from the 

air-water interface to that of the substrate area coated during the deposition. Table 1.1 

summarizes the transfer ratios of various lipid mixtures deposited with LB technique for inner 
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and outer monolayers at 25°C on different substrates.  

4.1.1. Surface chemistry and substrate roughness. The studied substrates were mica, 

silicon wafers, and microscope slides (borosilicate glass) to quantify the effect of surface 

chemistry and substrate roughness on the deposition quality. In general, the transfer of 

lipid monolayers onto regular coverslip glass resulted in higher transfer ratios than onto 

mica or silicon wafers. This is likely the result of the significantly larger surface roughness 

of glass (root mean square height of 8-10 Å) compared to silicon wafers (2-3 Å) or mica 

(0.2 Å), creating a larger effective surface area on the glass. The transfer ratio of pure, 

fluid and transition phase lipids increased from about 95% surface coverage on mica to 

~100% on borosilicate glass. Similar observations were seen for mixed lipid systems 

containing cholesterol, where the transfer ratio increased from less than 90% to about 

100%. The only cases where the transfer onto mica was greater were for gel phase DPPE 

and DPPC. One hypothesis formulated from these observations is that the greater 

stiffness of the gel phase monolayer prevents good conformity and physisorption onto 

rough glass slides. Conversely, mica’s and silicon’s ultra-smooth surfaces are especially 

well suited for transfer of gel phase monolayers. When the monolayer contains 

cholesterol, or exists at fluid or transition phases, it can conform to the roughness of the 

glass substrate and result in a higher transfer ratio. We also examined the transfer ratio 

of various lipid mixtures transferred onto DPPE and DPPC monolayers on both mica and 

borosilicate glass. However, the inner monolayer always delaminated when it was 

deposited on borosilicate glass, again reinforcing the need for the LS method for the 

outer leaflet. Thus, outer layer transfer ratios were only done using mica substrates. 
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4.1.2. Lipid phase state. The phase state of the inner lipid monolayer, which is 

controlled by the lipid composition and temperature, also greatly affected the transfer 

ratio of the outer leaflet. The transfer ratio of fluid onto fluid (DTPC on DTPC) and 

transition onto transition (DMPC on DMPC) were below 80%. However, the transfer of 

gel onto gel (DPPC on DPPC), gel onto fluid (DPPC on DTPC), and fluid onto gel (DTPC on 

DPPC) was significantly higher. In addition, gel phase lipids provided a good base for LB 

deposition of outer monolayers of various phases. In some cases, interleaflet lipid 

coupling enhanced the transfer ratio of the outer layer, as can be seen on transfer of 

DPPC onto DPPC.22, 27 The coupling condensed the DPPC SLB and resulted in a transfer 

ratio above 100%. These findings, based on transfer ratio experiments about the 

importance of lipid phase and interleaflet coupling, are corroborated using AFM 

topography scans described in detail in section 4.2. 

4.1.3. Effect of drying the inner monolayer. Further characterization of outer leaflet 

deposition was performed on LB deposited DPPE at 45 mN/m with a dipping speed of 1 

mm/min. We measured transfer ratios of freshly deposited DPPE inner monolayers and 

monolayers that were dried overnight. If the outer layer deposition was delayed for at 

least 8 hours after deposition of the inner monolayer, the transfer ratio of outer leaflets 

were increased for the various types of lipid monolayers. We hypothesize that the drying 

time between the deposition of the inner and outer monolayer helped to remove 

trapped moisture on the inner monolayer and trapped between the monolayer and 

substrate, which would reduce the transfer ratio of the outer monolayer. However, 

further characterization must be conducted. 
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Table 1.1. Transfer Ratio Summary of Various Lipid Mixtures deposited with the LB technique 

 

 

 

  Lipid Deposited on Phase Transfer Ratio 

In
n

e
r 

La
y

e
r 

DTPC Borosilicate Glass Fluid 102.8 ± 0.70 

DMPC Borosilicate Glass Transition (Gel to Fluid) 100.5 ± 0.80 

DPPC Borosilicate Glass Gel 89.9 ± 1.0 

DPPE Borosilicate Glass Gel 92.0 ± 3.6 

92:8 DPPC-chol. Borosilicate Glass Gel 100.1 ±0.30 

1:1:2 BSM-POPC-chol. Borosilicate Glass Liquid Ordered 102.3 ±3.20 

DTPC Mica Fluid 93.4 ± 1.3 

DMPC Mica Transition (Gel to Fluid) 95.7 ± 1.1 

DPPC Mica Gel 97.2 ± 1.8 

DPPE Mica Gel 98.2 ± 1.3 

92:8 DPPC-chol. Mica Gel 88.8 ± 3.0 

1:1:2 BSM-POPC-chol. Mica Liquid Ordered 80.1 ± 1.8 

DTPC Silicon Wafers Fluid 93.7 ± 2.0 

DMPC Silicon Wafers Transition (Gel to Fluid) 96.5 ± 0.5 

DPPC Silicon Wafers Gel 96.2 ± 0.7 

DPPE Silicon Wafers Gel 95.9 ± 1.7 

O
u

te
r 

La
y

e
r 

(s
u

b
st

ra
te

: 
m

ic
a

) 

DTPC DTPC Fluid 61.7 ± 5.6 

DPPE DTPC Gel 96.2 ± 0.4 

DMPC DMPC Transition (Gel to Fluid) 75.1 ± 1.8 

DPPC DPPC Gel 102.1 ± 0.60 

DTPC DPPC Fluid 98.4 ± 0.7 

DTPC DPPE Fluid 97.5 ± 1.6 

DMPC DPPE Transition (Gel to Fluid) 96.0 ± 1.6 

DPPC DPPE Gel 90.5 ± 1.2 

92:8 DPPC-chol. DPPE Gel 95.8 ± 0.7 

1:1:1 DPPC-POPC-chol. DPPE Liquid Ordered 96.0 ± 1.4 

1:1:2 BSM-POPC-chol. DPPE Liquid Ordered 98.6 ± 1.1 

DTPC Dried DPPE Fluid 99.0 ± 2.1 

DMPC Dried DPPE Transition (Gel to Fluid) 97.3 ± 0.5 

DPPC Dried DPPE Gel 97.7 ± 2.1 

92:8 DPPC-chol. Dried DPPE Gel 97.8 ± 0.8 

1:1:1 DPPC-POPC-chol. Dried DPPE Liquid Ordered 98.3 ± 0.3 

1:1:2 BSM-POPC-chol. Dried DPPE Liquid Ordered 99.5 ± 1.8 
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4.2. AFM Characterization of Membrane Defects to assess SLB Quality. Another 

quantification method to assess the quality of the deposited SLB is high-resolution AFM 

topography scans to quantify nanoscopic membrane defects, which are not resolvable using 

FM technique. Some of the AFM probed deposition parameters, such as lipid phase state, 

surface roughness, surface chemistry, and interleaflet couplings, corroborate the results from 

transfer ratio measurements, as detailed in the following subsections. 

4.2.1. Lipid phase state and substrate roughness on the quality of inner monolayer. 

First, the quality of LB deposited inner monolayers was determined for various lipids in 

different phase states at a 

dipping speed of 1 mm/min. 

The monolayers were 

scanned using AFM in air to 

reveal the presence of 

defects in the inner 

monolayer (Figure 1.7). The 

surface pressure of the LB 

deposition for each 

monolayer was chosen to be 

where the slope of the 

isotherm was the steepest 

for each respective lipid 

mixture. For monolayers in 

 

Figure 1.7. Representative 10x10 μm AFM topography 
scans of various monolayers LB deposited with dipping 
speed of 1 mm/min on mica. The DPPE and DPPC 
monolayer were deposited at surface pressure of 45mN/m 
and the 92:8 DPPC-chol. and 80:20 DPPC-chol. were 
deposited at surface pressure of 30 mN/m. 
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the gel phase, AFM scans showed that DPPE and DPPC monolayers had almost no 

defects across the sample, ≤0.5% and ≤1% respectively. AFM scans of DPPC-cholesterol 

mixtures showed topographical features with 3-5 Å differences in height corresponding 

to coexisting gel and liquid-ordered phase, but no topological defects greater than 2 nm 

in depth. High quality AFM topography scan of fluid phase DMPC and DTPC monolayers 

were not obtainable as these fluid lipids were constantly stuck to the AFM tip during 

contact or tapping mode scans. Many studies use gel phase inner leaflets to minimize 

exchange between leaflets. When both leaflets are in the fluid state, exchange between 

them is rapid.32, 35 Delamination of the inner monolayer during deposition of the outer 

layer can also occur if the physisorption of the inner monolayer is not strong enough. 

This is the main motivation for choosing LS over LB deposition of outer monolayer 

leaflets. In the case of mica substrates, the physisorption strength is sufficient to allow 

LB deposition of both leaflets. With glass, silica, oxidized silicon wafers, and quartz, the 

inner leaflet delaminates when attempting to deposit the outer leaflet and LS transfer 

must be used. Figure 8 shows the quality of LB deposited DPPC monolayers on various 

substrates. Because of mica’s low roughness (RMS of ~0.2 Å), DPPC monolayers 

deposited on mica have fewer defects compared to DPPC monolayers on silicon wafers 

(RMS of 3-4 Å). Highly polished quartz and silicon wafers (RMS of 2-4 Å) are typically 

used in ellipsometry and X-ray and neutron reflectivity experiments. 
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4.2.2. Significance of interleaflet coupling and packing of inner monolayer on SLB 

quality. A previous study by Watkins et al.27 used X-ray diffraction to demonstrate the 

importance of interleaflet coupling between the inner and outer monolayer in the SLB. 

Thus, the quality of the outer leaflet may, in fact, depend on the completeness of the 

inner monolayer.92 Inter-leaflet coupling and the importance of a well-packed inner 

leaflet were quantified by characterizing the resulting SLB with a series of symmetric and 

asymmetric SLB compositions. To minimize the parameter space, two gel phase 

compositions were studied, DPPC and 92:8 DPPC-cholesterol, which were also scanned 

as monolayers (Figure 1.7). The symmetric SLBs were prepared using LB-LB deposition at 

30 mN/m and a dipping speed of 1 mm/min for both the inner and outer monolayers. 

These symmetric SLBs were compared to asymmetric SLBs where the outer monolayer 

was deposited on a near defect-free DPPE inner monolayer. Figure 1.9 shows the AFM 

topography scans of the symmetric and asymmetric SLBs. The symmetric SLBs contain 

more defects than the asymmetric SLBs, clearly demonstrating the importance of a 

strongly physisorbed, defect-free inner leaflet. As demonstrated in numerous 

measurements of bilayer interactions, the exchange between the inner and outer gel 

 

Figure 1.8. Representative 10x10 μm AFM topography scans of DPPC 
monolayers LB deposited at surface pressure of 45mN/m on mica (A), silicon 
wafer (B), and glass slide (C).  
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phase leaflet is minimal on mica, enabling the interaction of the outer leaflet 

composition membranes to be precisely determined.20, 66-67, 69, 71 

 
4.2.3. Preparation technique and quality of SLBs. Recent studies of biomimetic “raft” 

membranes typically involve mixtures of high melting temperature lipids (saturated or 

sphingomyelin), low melting temperature lipids (unsaturated), and sterols. Depending on 

the ratio of the components and the temperature, the mixture could exist in gel, liquid 

order (Lo), liquid disorder (Ld), or multiple phases (i.e. co-existence between Lo/Ld 

phases) which mimic the liquid-liquid immiscibility region thought to exist in cellular 

 

Figure 1.9. Representative 10x10 μm AFM topography scans of DPPC and 92:8 
DPPC-chol. deposited as symmetric or asymmetric (on DPPE monolayer) bilayer 
showing varying amount of membrane topological defects.  
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membranes. One frequently studied system is 1:1:1 DOPC-DPPC-cholesterol, which 

makes a uniform fluid phase biomimetic membrane. Using this system, the impact of 

preparation technique and deposition parameters on the quality of the deposited SLB 

was investigated. In the first case, we compared asymmetric bilayers where the first or 

inner monolayer was DPPE monolayer LB deposited on mica (45 mN/m) and the outer 

monolayer (or leaflet) was deposited by LB, LS, or vesicle fusion. AFM scans of the 

resulting SLBs clearly demonstrated that LB and LS yield more well-packed, complete 

membranes than does vesicle fusion (Figure 1.1E). The outer layer of fluid phase 1:1:1 

DOPC-DPPC-cholesterol was LB deposited at surface pressure of 30 mN/m and dipping 

speed of 4 mm/min, LS at surface pressure of 30 mN/m, or formed by VF technique 45 

minutes incubation using 1 mg/mL SUV solution. In all cases, AFM scans of the resulting 

SLBs showed nanoscopic monolayer defects down to the inner DPPE monolayer (Figure 

1.1E). However, the distribution/density and the uniformity of the defects varied 

depending on the deposition technique. SLBs with an LB-deposited outer layer showed 

the fewest defects. The quantity of defects increased when LS was used. In LB, the 

substrate is slowly dipped vertically through the lipid monolayer at air-water interface 

while maintaining a constant surface pressure. We hypothesize that small lateral defects 

form either during the deposition process or from a small condensation of the lipids 

when contacted with the DPPE layer. For the LS technique, the substrate is stamped 

through the monolayer at the air-water interface. Alignment of the substrate parallel to 

the monolayer (minimizing monolayer film displacement) is critical to obtain a high 

quality transfer. In the case of a VF-deposited outer layer, the quality of the SLB was 
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much worse than an SLB constructed with LB or LS technique. Even though LB and LS 

showed better quality SLBs, a majority of studies use vesicle fusion as the preparation 

technique. Qualitative observation with FM revealed that the VF deposited membranes 

contained microscopic defects (>1 μm) and generally were less homogeneous, 

particularly in preparing asymmetric SLBs (Figure 1.1). Moreover, the quality of the 

asymmetric SLB form when vesicles fused to an LB deposited monolayer had significantly 

less uniformity then when vesicles were fused to a bare substrate. In addition, 

nanoscopic membrane defects also exist. 

Finally, excess vesicles are hard to 

completely remove from the system, and 

the lack of control over the deposited 

membrane’s surface pressure makes VF 

inferior to the LB and LS techniques. Still, 

VF is the most straightforward method to 

make SLBs and the only method that can 

be used to perform backfilling for membrane lithography (filling up defects or areas with 

no bilayer or only a monolayer on the surface).95 Figure 1.10 provides an example of UV 

photolithography to create a membrane pattern of DMPC squares enclosed by backfilled 

Bovine Serum Albumin (BSA). Details for how to UV pattern SLBs are provided in the 

following references.96-97 Importantly, VF can also be used to insert polypeptides98 or 

membrane proteins into SLBs.  

 

Figure 1.10. 200x200 μm squares of DMPC 
SLB enclosed by BSA created using UV 
photolitography technique. The BSA was 
backfilled after the UV patterning of the 
SLB. 
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4.2.4. Cholesterol in altering the phase state and SLB quality. Cholesterol, a specific type 

of sterol, is known to alter the packing or phase of 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC) monolayers. The transition between the gel and liquid order 

phase occurs at ~15 mol% cholesterol.99 In order to study the effect of cholesterol and 

phase state on the quality of LB deposited SLBs, binary mixtures composed of DPPC with 

various cholesterol concentrations were deposited on a robust, near defect-free DPPE 

inner monolayer (Figure 1.11). As the amount of cholesterol increased from 0-20 mole%, 

the mixed monolayer gradually transitions from a pure gel phase to a binary coexisting 

phase of gel and Lo. AFM scans showed that as the gel phase monolayer became more 

fluid, more defects were observed. Similar effects of increasing defect density with 

higher fluidity can be observed for any mixture of lipids, and thus LB and LS deposition 

are typically performed with the lipid mixture in the gel or solid phase state. Another 

advantage of deposition with gel phase systems is a lower flip-flop rate between the 

inner and outer leaflet, and a slower equilibration process (lipid dissolution into the 

subphase). Presaturating the working solution with lipids in the outer leaflets minimizes 

 

Figure 1.11. 10x10 μm AFM topography images showing defect density as function of 
cholesterol concentration in a DPPC outer leaflet at 25°C. The outer monolayers were 
deposited on a near defect-free DPPE inner monolayer on mica. 
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desorption for longer time experiments. 

4.2.5. Surface pressure/area per molecule. Another important deposition parameter 

that dictates the quality of the resulting SLB is the surface pressure during deposition. 

The surface pressure-area (П-A) isotherm depends on the lipid mixture and 

temperature, and can be used to select the desired lipid packing (area per molecule) of 

the deposited monolayer. Typically, deposition using LB or LS technique is conducted 

with a surface pressure where the slope of the П-A isotherm curve is at its steepest 

(largest change in the surface pressure with small shift in area per molecule). The 

surface pressure is held constant during the deposition by decreasing the area of the 

monolayer film as material is transferred from the air-water interface to the substrate. 

Better uniformity and transfer occurs when the change in pressure is large for a small 

change in area. For this reason, layers cannot be transferred well in the coexisting 

regions and better transfers are typically obtained in the solid or gel phase state. The 

relationship between the surface pressure (or area per molecule) and amount of 

membrane defects in the deposited monolayer can be observed experimentally by AFM 

topography scans of LB-deposited 92:8 DPPC-cholesterol mixtures at various surface 

pressures. Figure 1.12 shows the pressure-area isotherm of 92:8 DPPC-cholesterol at 

25°C and AFM scans of the asymmetric SLB composed of 92:8 DPPC-cholesterol 

deposited on DPPE at various surface pressures. In all cases, the dipping speed was 1 

mm/min and the DPPE inner leaflet was deposited at 45 mN/m on mica. The SLB 

deposited at 30 mN/m shows the smallest defect size and lowest defect density. The 

higher total defect density and larger defect size at 40 mN/m is attributed to the lower 
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stability of the monolayer at this surface pressure where the slope of the П-A curve is 

beginning to decrease. At the lower surface pressure of 20 mN/m, again a larger defect 

size and density occurs. One might hypothesize that the greater defect density at 20 

mN/m compared to 30 mN/m is due to condensation of the deposited film and 

potentially driving to a more equilibrated state. However, a careful GIXD of pure DPPC 

membranes LB/LS deposited as a function of surface pressure on quartz demonstrated 

that these gel phases SLBs for the most part tracked and maintained the conditions 

under which they were deposited.22, 27 Subtle changes were observed between 

monolayers and bilayers because of coupling between the leaflets, but to first order the 

packing and structure of the SLB followed the deposition pressure consistently.  

 

Figure 1.12. Effect of surface pressure on defects in LB deposited 92:8 DPPC-
cholesterol on DPPE. Insets are 10x10 µm AFM topography images at surface 
pressure of 20, 30, and 40 mN/m. The outer leaflet was deposited at dipping 
speed of 1 mm/min and 25°C. 
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5. CONCLUSION 

The solid supported bilayer is a simple and robust platform which is extensively used to 

obtain biomimetic lipid membrane properties such as lateral topography, lipid mixing and phase 

state, dynamics/diffusion, as well as a base system for studies with proteins and other 

molecules of interest using various complementary characterization techniques. This 

instructional review discussed different preparation techniques to create SLBs with an emphasis 

on parameters and conditions that yield the highest quality bilayer. Membrane topological 

defects, which span the outer monolayer or in some cases penetrate the inner monolayer, were 

characterized. Some experiments using the SLB platform require a specific type of lipid mixture. 

Optimal deposition parameters such as lipid phase, surface pressure, inner leaflet packing, and 

substrate roughness were described in detail to aid in creating the best quality SLB for the 

desired studies. Comparisons of SLBs prepared with different methods were performed 

qualitatively by fluorescence microscopy, and quantitatively by transfer ratio measurements and 

high-resolution AFM topography scans. In general, SLBs prepared by LB-LB and LB-LS techniques 

are superior compared to vesicle fusion because of the lower defect density and absence of 

residual vesicles, which are undesirable for some characterization or subsequent measurement 

techniques. In addition, LB and LS deposition are further preferred as the surface pressure and 

packing area can be controlled. The SLB can also be modified by incorporating various 

molecules such as membrane proteins, and used to probe the inserted molecules. However, the 

study of membrane proteins on SLBs is limited to peripheral membrane proteins or integral 

membrane proteins that do not protrude out from membrane. The absence of a water cushion 

between the SLB and substrate frequently denatures trans-membrane proteins resulting in their 
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loss of function. The optimal deposition parameters for SLB are also relevant for polymer-

cushioned SLBs, which are an extension of the SLB platform used for trans-membrane protein 

study. 
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ABSTRACT 

The incorporation of cholesterol into dipalmitoylphosphatidylcholine (DPPC) 

membranes, even in small amounts, has been shown to significantly alter the properties of the 

membrane. In this work, force-distance interaction profiles of DPPC membranes containing 8 

mole% cholesterol obtained using the surface force apparatus are analyzed in the context of 

high resolution structural characterization by atomic force microscopy and neutron 

reflectometry. The adhesion between the mixed membranes was greater than that for pure 

DPPC and was variable – depending on the number of defects in the outer membrane leaflets. 

These defects were only detectable by atomic force microscopy and had an average size of 

230±30 nm and 1-5% surface density in the outer leaflet. The adhesion between the 

membranes monotonically increased as the thickness of the membrane decreased – in direct 

correlation with the number of defects present (exposed hydrophobic groups) in the 
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membrane contact region. Due to the low diffusion rate of gel phase membranes, the 

interaction force profiles were stable and no membrane restructuring was observed. 

 

INTRODUCTION 

 Cholesterol is an important building block in biological membranes and is found in every 

cell in the human body. Cholesterol’s ubiquitousness underlines its important role in altering 

the physical100-101 and thermodynamic properties of membranes by changing the packing or the 

ordering of lipids, reducing membrane permeability,102-104 and in the formation of lipid rafts.105-

109 In particular, cholesterol is known to have a condensing effect on fluid phase lipids and to 

conversely fluidize solid phase lipids which helps maintain the integrity of cell membrane when 

stressed.110-111 The concentration of cholesterol varies between different cell types and 

organelles with concentrations ranging from 5% 112 to as high as 50% 113 of the membrane. A 

plethora of studies have looked at the function of cholesterol in cell membranes and the effect 

of the addition of cholesterol in altering the intermolecular interactions in biomimetic 

membrane systems.102, 114-116 For example, phase diagrams of binary and ternary lipid mixtures 

containing cholesterol are well-documented,99, 117-118 and studies have also looked at the 

alteration of membrane mechanical properties due to preferential segregation of cholesterol. 

101, 107 In terms of high resolution structural characterization, Mills et al.119 quantified changes in 

the lamellar repeat distance in multilamellar DPPC vesicles with cholesterol using wide angle X-

ray scattering. They found that, in general, addition of cholesterol resulted in the tighter 

packing of DPPC lipids which induced an increase in membrane thickness and lamellar spacing. 

Further, 8 mole% cholesterol had the largest effect on altering the packing of DPPC as the 
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mixture remains in the gel phase. Higher cholesterol concentrations result in coexisting gel and 

liquid ordered phases.   

 The alteration of lateral intermolecular interactions by cholesterol is well-established 

from an array of earlier work. However, much less is known regarding how the presence of 

cholesterol modifies the interactions between membranes. In this work, DPPC membranes with 

8 mole% cholesterol were studied to quantify and understand how the addition of cholesterol 

to a DPPC membrane impacts supported membrane structure and membrane-membrane 

interactions in the gel phase. A comparison is made between measured membrane interaction 

force-distance profiles by surface force apparatus (SFA), neutron scattering structural 

characterization, vesicle zeta-potential (ZP), and membrane structure/topology as determined 

by atomic force microscopy (AFM). 

 

MATERIALS AND METHODS 

Chemicals. 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (DPPE, melting 

point, TM = 63°C), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, TM = 41°C), and 

cholesterol (ovine wool, >98%, TM = 148°C) were purchased from Avanti Polar Lipids, Inc. 

(Alabaster, AL) and used as received. 2-(4,4-Difluoro-5,7-Diphenyl-4-Bora-3a,4a-Diaza-s-

Indacene-3-Pentanoyl)-1-Hexadecanoyl-sn-Glycero-3-Phosphocholine (β-BODIPY® 530/550 C5-

HPC) was purchased from Life Technologies (Carlsbad, CA). Electrolyte solutions used NaNO3 

99.995% (Sigma, St. Louis, MO). Water was purified with a MilliQ gradient water purification 

system to a resistivity of 18 MΩ∙cm. 



42 
 

Sample Preparation. Mica substrate supported lipid bilayers were used in SFA, 

fluorescence microscopy (FM), and AFM studies. Neutron scattering studies used ultra smooth, 

single crystal quartz. The membranes were constructed using Langmuir-Blodgett (LB) 

deposition (Nima Coventry, U.K.). The inner monolayer for SFA, AFM and FM experiments was 

DPPE LB deposited at 45 mN/m and dipping speed of 1 mm/min. Mixtures for FM imaging 

contained 0.5% of Bodipy-HPC. Previous studies show that LB deposited DPPE forms an almost 

defect free, robust and strongly physisorbed monolayer on mica with transfer ratios of 0.997 ± 

0.004 66 with a thickness of 2.56 ± 0.05 nm under these conditions.19 The tight packing and 

stability of the gel phase DPPE inner monolayer minimizes molecular exchange between the 

two leaflets and provides an ideal base for the 92:8 monolayer, which is the primary interest of 

this study. In all cases, the outer monolayer was 92:8 DPPC-cholesterol deposited at 30mN/m. 

For the SFA, FM, and AFM work, the 

outer leaflet was LB deposited with a 

dipping speed of 4 mm/min. The 

transfer ratio of the outer monolayer 

was 0.843±0.057. For neutron 

scattering measurements, a 

symmetric membrane of 92:8 DPPC-

cholesterol was used for ease of 

modeling and analysis. The inner 

leaflet was deposited by LB at 30 

mN/m and dipping speed of 1 

 

Figure 2.1. Isotherm of 92:8 DPPC-cholesterol at 25°C. 

(Inset) FM image of the 92:8 DPPC-cholesterol membrane 

at 40x magnification with a photobleached spot. The 

diffusivity of the DPPC-cholesterol mixtures was very low 

(almost no recovery observed after 3 hours). 
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mm/min on quartz substrates.  Because of the weaker adhesion of the membrane to quartz vs. 

mica, the outer leaflet was deposited by Langmuir-Schaefer (LS) method where the monolayer 

coated quartz was stamped horizontally through the lipid monolayer on the air-water interface 

to form the symmetric bilayer. The isotherm for 92:8 DPPC-cholesterol is shown in Figure 2.1. 

 Vesicle solutions for zeta potential measurements were prepared using the extrusion 

method. 92:8 DPPC-cholesterol mixtures were prepared in chloroform, dried under nitrogen 

and then placed under vacuum for at least 4 hours. The dried lipids were hydrated with 0.5mM 

NaNO3 solution prepared in MiliQ-water to a concentration of 0.4 mg/mL, heated to a 

temperature of 50°C, and then extruded through a 100 nm pore size polycarbonate membrane 

for 10 passes while maintaining the temperature around 50°C. After the extrusion process, the 

vesicle solution was placed in a warm water bath (~50°C) and then cooled down slowly to 25°C 

by placing the bath with the vesicle solution in a temperature controlled room at 25°C. 

Surface Force Measurements (SFA). The SFA technique has been used extensively to 

measure the interaction forces between surfaces and details of the technique can be found in 

the following references.120-122 Based on multiple-beam interferometry (MBI), the SFA provides 

a definitive reference for the surface separation (±0.2 nm in this work). Briefly, one of the 

membrane coated mica surfaces was mounted on a fixed stage and the other on a double 

cantilever spring of known stiffness (~2.6x105 mN/m) which can be displaced vertically. The 

back of the mica substrates was coated with a 55 nm thick, evaporated silver layer.  The silver 

layer on each disk partially transmits light directed normally through the surfaces which 

constructively interferes producing fringes of equal chromatic order (FECO). The distances 

between the surfaces can be measured by observation of the position and displacement of 
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FECO peak wavelengths within a spectrometer.  A custom automated SFA Mark-II was used for 

data collection.72 The system enables constant and/or variable surface displacements via a 

computer-controlled motor system. A sensitive CCD camera (Princeton SPEC-10:2K Roper 

Scientific, Trenton, NJ) was interfaced with the spectrometer and computer acquisition system 

to allow automated FECO wavelength determination, which was used to determine the 

separation distance.  

After lipid bilayer deposition, the surfaces were transferred and mounted into the SFA 

under water. The water in the SFA was saturated with 92:8 DPPC-cholesterol to minimize 

desorption from the surface during the course of the measurements. After the surfaces were 

mounted, the SFA was placed in a temperature-controlled room at 25.0°C for at least two hours 

to allow equilibration. The membrane thickness was determined using the FECO wavelength 

shift from membrane contact relative to bare mica substrates after completing each 

experiment. As the membranes were asymmetric with inner leaflets of DPPE and outer leaflets 

of DPPC containing 8 mole% cholesterol, we treat the two outer leaflets, which we are primarily 

interested in, as an equivalent membrane of the mixture composition. Force profiles shown in 

the results section are from three independent experiments which represent the range of 

typical force profiles obtained from six completely independent SFA experiments.  

Atomic Force Microscopy (AFM). AFM images were acquired using a MFP3D-SA system 

(Asylum Research, Santa Barbara, CA). A silicon nitrite cantilever (model AC240, Bruker, Santa 

Barbara, CA) with force constant of 1 N/m was used for imaging. All the images were acquired 

in contact mode in MilliQ gradient water with a force of 37nN. AFM images were analyzed using 

Gwyddion Version 2.31 (http://gwyddion.net/). 
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Fluorescence Microscopy (FM). FM images were acquired using a Nikon Eclipse E600 

microscope connected with CoolSNAP-Pro CCD camera at 10x and 40x magnification. 

Zeta Potential Measurements (ZP). ZP was used to quantify the magnitude of the 

electrical charge based on measurements of vesicle mobility in an electric field (Brookhaven 

Zeta Plus, Holtsville, NY).  Small amount of the vesicle dispersion (2.5 mL) was transferred into 

standard disposable polystyrene cuvette. ZP measurements were performed using NanoBrook 

90Plus Zeta (λ = 659.0 nm) at 25°C, with an initial equilibration time of 15 minutes. The values 

of the viscosity and refractive index were set at 0.890 cP and 1.330, respectively. The mean ZP 

values were evaluated using Smoluchowski equation and the results were obtained from six 

independent samples with at least 10 measurements per sample. Although not identical with 

the surface charge or surface potential determination from force profile measurements by SFA, 

ZP provides the sign of the electrical charge and its relative magnitude referenced between the 

hydrodynamic shear plane at the vesicle surface and the bulk solution.  

Neutron Reflectivity (NR). Reflectivity, R, is defined as the ratio of the number of 

neutrons elastically and specularly scattered from a surface to that of the incident beam. When 

measured as a function of the wave-vector transfer, 
λ

θπ sin4=−= inoutZ kkQ  , where θ  is the 

angle of incidence and λ is the wavelength of the neutron beam, the reflectivity curve contains 

information regarding the sample-normal profile of the in-plane averaged scattering length 

density (SLD) and is therefore most suited for studies of interfacial, layered films. From the 

measured reflectivity profile, the thickness, SLD, and roughness of the membrane normal to the 

substrate can be determined by minimizing the difference between the measured reflectivity 

profile and that obtained from a modeled SLD profile of the membrane.123  
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NR experiments were performed on the SPEAR beamline at the Manuel Lujan Neutron 

Scattering Center (Los Alamos National Laboratory). Neutron reflectivities down to R ≈ 1x10-6, 

and momentum transfers out to Qz = ~0.2 Å-1 were obtained.  The uncertainty of the Qz 

resolution, σQz/Qz, including instrumental resolution, was approximately 3% for the entire 

range of scattering vectors.  NR data was modeled using Motofit (Rev. 409), a module in IgorPro 

6.31. All measurements were done in D2O at room temperature which varied between 24-28°C, 

well below the melting point of the membrane. Three independent experiments were done and 

about the same membrane thickness was obtained from each of the experiments. The NR 

profile shown in the results section is the data set from the most complete (highest quality) 

membrane. 

 

RESULTS AND DISCUSSIONS 

Force – distance profiles of 92:8 DPPC-cholesterol membranes. Figure 2.2 shows three 

independently measured force–distance profile between opposing 92:8 DPPC–cholesterol 

membranes in 0.5mM NaNO3. The three different profiles capture the variation in 

measurements from six independent experiments.  The average thickness obtained across all 

the measurements for an equivalent 92:8 DPPC-cholesterol bilayer was 5.9±0.3nm. A weak, 

long-range electrostatic repulsion was apparent in the force profiles with a decay length 

consistent with the electrolyte concentration.  The electrostatic repulsion was fitted using the 

non-linear Poisson-Boltzmann with constant charge approximation. A constant surface charge 

density of 1.0±0.5 mC/m2 or surface potential of 19±3 mV with the origin of charge at the 

membrane surface was obtained.124 Although the ionization constant of cholesterol and PC 
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lipids125-126 would suggest an overall neutral charge for the membranes, the presence of 

charged lipid impurities has been previously reported.66, 127 The measured surface charge 

density corresponds to 1 negative charge per 400 lipids, or 0.25 mole% of impurities present in 

the mixture. In order to corroborate and further quantify the electrostatic repulsion in the 92:8 

DPPC-cholesterol system, the zeta potential of vesicle suspensions was measured. The zeta 

potential of 92:8 DPPC-cholesterol vesicles was -9.8±3.8 mV,32 which is in good agreement with 

the electrostatic charge measured in the SFA and our previous zeta potential measurements of 

 
Figure 2.2.  Force-distance profiles between 92:8 DPPC-cholesterol 
membranes in 0.5 mM NaNO3 solution and fit of the electrostatic 
contribution (solid line) with the origin of charge at the membrane interface.  
The profiles shown above are from three independent experiments which 
represent the range of typical force profiles between 92:8 DPPC-cholesterol 
membranes. D = 0 is defined as contact between the mica substrates (open 
symbols: approach; filled symbols: separation).  (Inset) The same force 
profiles after subtracting the electrostatic contribution to quantify the 
magnitude of the attractive adhesion between the membranes. 
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similar lipid compositions.66 The zeta potential and low incidence of membrane spanning 

defects observed from AFM scans, as described below, are consistent with the source of the 

electrostatic repulsion being due to the presence of lipid impurities with the origin of charge at 

the membrane surface. A more in-depth discussion about the source of electrostatic repulsion 

can be found in chapter III. 

To better quantify the adhesion between the membranes, the electrostatic repulsion 

was subtracted from the force profile as shown in the inset of Figure 2.2.  The adhesion 

between the 92:8 DPPC-cholesterol membranes varied from -1.1±0.1 to -4.7±0.1 mN/m and 

 

Figure 2.3.  (A) 10 µm × 10 µm and (Inset) 5 µm × 5 µm AFM topography images of the 92:8 
DPPC-cholesterol system. (B) and (C) Corresponding cursor profiles as indicated in (A) and inset 
of image (A) respectively to obtain height profiles. (D) and (E) Histogram of defect depth and 
width across the sample respectively. 
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was reproducible for a given contact region between the membranes. The strength of adhesion 

at the low end is comparable to pure gel phase DPPC membranes.20,26 The higher adhesion 

values of some membrane contact positions are attributed to hydrophobic attraction due to 

membrane defects. Specifically, AFM scans of the 92:8 DPPC-cholesterol membrane (Figure 2.3) 

revealed nanoscopic monolayer defects in the outer 92:8 monolayer that extend down to the 

inner DPPE monolayer. The average depth of the defects was 2.5±0.2 nm. The lateral size of the 

defects was remarkably uniform, diameter = 230±30 nm. AFM scans of membranes devoid of 

cholesterol (a pure DPPC leaflet on an inner DPPE leaflet) showed an order of magnitude fewer 

defects strongly suggesting that the incorporation of cholesterol correlates with more defects 

(Figure 2.4).37 These defects expose hydrophobic moieties resulting in a commensurate 

increase in the measured adhesion between the opposing membranes due to hydrophobic 

attraction. The variability in the adhesion is attributed to inhomogeneities in the membrane 

defect density, which ranged from 1 to 5% surface coverage,36 rather than structural 

rearrangements as observed in fluid phase systems.66 In one case, a membrane spanning hole 

that reached the mica substrate was detected by AFM (Figure 2.3B). The height scan thickness 

of the membrane was ∼6 nm, which is in good agreement with the membrane thickness 

obtained from SFA measurements. 

In all cases, membrane restructuring or thinning of the membrane was negligible during 

the course of an experiment, even under increased loads at contact. Reproducible force profiles 

and adhesive minima for a given contact position strongly suggests that the system does not 

rearrange during the time scale of the experiment. This observed trend is consistent with the 

small size of the defects and the gel phase behavior of the membrane (see Figure 2.1). 
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Hemifusion was not observed in any of the experiments due to the low diffusion and relatively 

low applied force during the course of the experiments. Conversely, fluid phase membranes 

containing defects have been shown to restructure in contact resulting in adhesion that 

depends on the applied load and contact time of the opposing membranes.66  

 

Neutron Scattering Studies. The structure of supported 92:8 DPPC-cholesterol 

membranes on quartz was also characterized using NR and Figure 2.5 shows the best data set 

from three independent experiments. The thickness of the membrane was consistent between 

the three measurements, but the scattering length density (SLD) of the hydrocarbon region was 

somewhat higher for the other two cases. The hydrocarbon region SLD is indicative of 

membrane defects as the presence of D2O in the defects increases the SLD. Due to the 

resolution of the NR data, which was primarily sensitive to the hydrocarbon region (acyl chains) 

of the bilayer, a simple 1-layer model of the membrane was used to represent the hydrocarbon 

 

Figure 2.4. Representative 20x20 µm AFM images of membranes 
composed of (A) DPPC and (B) 92:8 DPPC-cholesterol outer 
monolayers respectively on inner DPPE monolayers. In the 
cholesterol devoid DPPC membrane, the defect density in multiple 
10x10 µm AFM scans ranged between 0.1-0.5% surface coverage. 
In contrast, the 92:8 DPPC-cholesterol system had an order of 
magnitude larger defect surface density ranging from 1-5%. 
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region and fit the data. The thickness of the 

box was 4.15±0.10 nm with an SLD of -

0.3±0.2 x10-6 Å-2. This value is in excellent 

agreement with the SLD of pure gel phase 

PC hydrocarbon tails of -0.41 x10-6 Å-2 

obtained by Fragneto et al.128, given that the 

neutron SLD of cholesterol is 0.21 x10-6 Å-2 

and defect density of less than 5%.35, 129 The 

other samples had somewhat higher 

hydrocarbon region SLDs indicative of higher 

defect densities. The uniform thickness of the hydrocarbon region for all the samples is also 

consistent with nanoscopic rather than macroscopic defects. 

 

CONCLUSIONS 

As one of the major components in biological membranes, the functions and properties 

of cholesterol have been widely studied and documented. In this work, a simplified system of a 

substrate supported membrane was used to measure the interaction forces between two 

cholesterol containing membranes and the structure of the membranes with ultra-high 

resolution. The interaction force-distance profiles between DPPC-cholesterol membranes 

measured using SFA and AFM imaging of the membrane revealed the presence of nanoscopic 

defects, which was attributed to an enhanced hydrophobic attraction between the membranes 

in contact. The non-homogeneity in the lateral defect distribution across the membrane, as 

 

Figure 2.5.  (Top image) Fit of RQ4 vs Q from the 
neutron reflectivity data. (Bottom image) 
Schematic of the supported membrane and 
corresponding neutron scattering length density 
profile of the membrane obtained from fitting 
the data.   
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demonstrated by AFM and neutron scattering studies, leads to variation in the thickness of the 

membrane and membrane-membrane adhesion.  A weak electrostatic repulsion, plausibly due 

to the presence of charged lipid impurities, was detected and further quantified by vesicle zeta 

potential measurements. Such studies demonstrate that cholesterol alters the intersurface 

interaction and membrane structure in complex and important ways.  
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ABSTRACT 

Interaction force-distance profiles between substrate supported membranes composed 

of equimolar ternary mixtures of unsaturated phosphotidylcholine (PC) lipid, saturated PC lipid, 

and cholesterol were determined using the surface force apparatus. Both doubly and single 

unsaturated PC lipids were studied. In all cases, the membranes were slightly negatively 

charged resulting in a weak, long-range electrostatic repulsion. Corroborative atomic force 

microscopy, zeta potential, and fluorescence microscopy measurements were used to establish 

that a small level of charged lipid impurities (~1/400 lipid molecules) were responsible for the 

repulsive electrostatic interaction between the membranes. At contact, the membranes were 

adhesive. The magnitude of the adhesion was greater than the van der Waals interaction 

between pure PC membranes without cholesterol. The enhanced adhesion was primarily 

attributed to hydrophobic attraction due to the presence of nanoscopic membrane defects 

which exposed the underlying membrane leaflet. The interaction force-distance profiles also 

demonstrated that the nanoscopic defects enabled membrane restructuring in the contact 

region. 
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INTRODUCTION 

 Biological membranes are complex, self-organized structures that define boundaries 

and compartmentalize volumes in living matter.  Composed primarily of cholesterol and a wide 

variety of lipid and protein molecules, a typical mammalian membrane contains hundreds of 

different constituent molecules.  Biophysical studies seek to recapitulate the fundamental 

thermodynamic and physical attributes of biological membranes using simpler systems of a few 

components with well-defined compositions.  Importantly, model systems still exhibit a variety 

of properties and different ordered states ranging from the tightly packed gel phase to the fluid 

like liquid ordered (Lo) and liquid disordered (Ld) phases. Although binary lipid mixtures can 

display coexistence of gel and fluid phases, cholesterol is necessary for Ld and Lo fluid phase 

coexistence.102-103 Lateral heterogeneities within model membranes have been widely used to 

study lipid domain formation and as analogs for lipid rafts.105,130  In particular, the phase 

behavior of ternary mixtures of saturated lipids, unsaturated lipids, and cholesterol are 

considered the simplest model of biological membranes in so far as their fluidity and 

coexistence of Ld and Lo phases.131-133 As a result, there have been a plethora of studies focused 

on elucidating the specific interactions and condensed complexes of cholesterol – lipid 

mixtures, including determination of ternary phase diagrams and alterations of membrane 

mechanical properties on the macro-scale104,110-111,117,119 to temporal, composition fluctuations, 

and preferential segregation of different membrane constituent moieties on the nano-scale.134-

135  However, less is known regarding how the presence of cholesterol modifies the interactions 

between membranes. 
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 The majority of investigations of ternary mixtures have focused on monolayers at the air 

water interface or on unilamellar vesicles in solution.105, 130-133  In both cases, incorporation of 

lipid based dyes enables the use of fluorescence microscopy (FM) to measure domains as a 

function of surface pressure, composition, and temperature.132-133 Similar investigations with 

substrate supported membranes can be carried out and also allow for atomic force microscopy 

(AFM) measurements of domain height or frictional differences due to alterations in packing 

and composition of the domains.  More detailed thermodynamic information including the 

elucidation of tie-lines in the two phase region has been extracted from NMR and X-ray 

scattering measurements.133   

 In this work, we investigate the interactions between membranes containing ternary 

mixtures of saturated lipids, unsaturated lipids, and cholesterol using the surface force 

apparatus (SFA). A comparison is made between measured membrane interaction force-

distance profiles, vesicle zeta-potential, and membrane structure/topology as determined by 

AFM to reveal the contributions of van der Waals, hydration, hydrophobic and electrostatic 

interactions as well as subtle differences in the interactions when the fluid lipid component is 

singly or doubly unsaturated.  

 

MATERIALS AND METHODS 

Chemicals. 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (DPPE, melting 

point, TM = 63°C), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, TM = -20°C), 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine (POPC, TM = -2°C), 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC, TM = 41°C), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, TM = 
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23°C), 2-(4,4-Difluoro-5,7-Diphenyl-4-Bora-3a,4a-Diaza-s-Indacene-3-Pentanoyl)-1-

hexadecanoyl-sn-Glycero-3-Phosphocholine (β-BODIPY® 530/550 C5-HPC) and cholesterol 

(ovine wool, >98%, TM = 148°C) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL) 

and used as received. Electrolyte solutions used NaNO3 99.995% (Sigma, St. Louis, MO). The 

water used was purified with a MilliQ gradient water purification system with a resistivity of 18 

MΩ∙cm. 

Atomic Force Microscopy (AFM). AFM images were acquired using a MFP3D-SA system 

(Asylum Research, Santa Barbara, CA) with closed loop capability. A silicon cantilever (model 

MSNL, Bruker, Santa Barbara, CA) with force constant of 0.1 N/m was used for imaging. All the 

images were acquired in tapping mode in MilliQ gradient water. The cantilever was modulated 

by a driving frequency of 61 kHz and the imaging set point was adjusted to 70-80% damping of 

the free amplitude.  The AFM images were acquired and analyzed using Asylum MFP3D 

software developed on the Igor Pro 6.12 platform and Gwyddion Version 2.33 

(http://gwyddion.net/). Three independent samples for each lipid composition were scanned. 

The statistics of each composition were obtained from at least 100 measurements over 

multiple images. 

Fluorescence Microscopy (FM). FM images were acquired using a Nikon Eclipse E600 

microscope connected with CoolSNAP-Pro CCD camera at 10x, 40x, and 60x magnification. 

Zeta Potential Measurements (ZP). The details about ZP measurements can be found in 

chapter II. ZP measurements were done in 0.45 mM NaNO3 electrolyte solutions (Brookhaven 

Zeta Plus, Holtsville, NY).  ZP results summarized in Table 3.1 were obtained from at least three 

independent samples with ten measurements per sample for each vesicle composition.  
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Sample Preparation. The mica substrate supported lipid bilayers were constructed using 

Langmuir-Blodgett (LB) deposition (Nima Coventry, U.K.). The inner monolayer was DPPE 

deposited at 45 mN/m.  DPPE forms an almost defect free, robust and strongly physisorbed 

monolayer on mica.136 The dipping speed used to deposit the inner monolayer was 1 mm/min 

and the monolayer transfer ratio was 0.997±0.004 on freshly cleaved mica. The tight packing 

and stability of the gel phase DPPE inner monolayer minimizes molecular exchange between 

the two leaflets. The outer monolayer consisted of a 1:1:1 (mole %) mixture of either 

DOPC/DPPC/cholesterol or POPC/DPPC/cholesterol. Two different methods were used to 

deposit the outer leaflet. The main method in the reported work was to deposit the outer 

monolayer using a second Langmuir-Blodgett deposition. In this case the outer leaflet was 

deposited at 30 mN/m with a dipping speed of 4 mm/min. The transfer ratio of the outer 

monolayer was 0.982±0.007 for the 1:1:1 DOPC-DPPC-cholesterol on DPPE and 0.983±0.004 for 

the 1:1:1 POPC-DPPC-cholesterol on DPPE. The duration of entire process for deposition of the 

outer leaflet was less than 30 minutes, which minimized oxidation of cholesterol and the 

unsaturated lipid component. Figure 3.1 shows the pressure-area isotherm of the mixtures 

used as the outer leaflet of the supported lipid bilayer. These isotherms are in agreement with 

the condensation effect of cholesterol on PC lipids observed by Smaby et al.110  At 33 mole% of 

cholesterol, the average molecular area is about 40 – 45 Å2/molecule at surface pressure of 30 

mN/m. 
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 The second method used to 

construct the supported membrane 

was vesicle fusion.59 Lipid-cholesterol 

mixtures were prepared in 

chloroform, dried under nitrogen and 

then placed under vacuum for at least 

4 hours. Mixtures characterized by 

fluorescence microscopy imaging 

contained 1% of bodipy-HPC. The 

dried lipids were hydrated with MiliQ-

water to a concentration of 0.5 

mg/mL, sonicated using a probe tip 

sonicator for 1 minute, and then 

extruded through a 100 nm pore size polycarbonate membrane for 10 passes. Vesicle solutions 

for ZP were extruded and not probe tip sonicated to prevent titanium contamination. In some 

studies, a DPPE monolayer was incubated with the extruded vesicle solution for one hour to 

create an asymmetric bilayer as in the Langmuir deposited case. In others, a freshly cleaved 

mica substrate was incubated with the vesicle solution to form the entire membrane by vesicle 

fusion.  After incubation, excess vesicles were removed by extensively rinsing the sample with 

MilliQ water.  However, formation of a uniform supported membrane using either vesicle 

fusion approach was problematic.  High resolution fluorescence microscopy and surface force 

measurements revealed the presence of tubules and tethered vesicles extending from the 

 

Figure 3.1. Isotherms of the lipid mixtures used to make 
the outer monolayer of the membrane bilayer at 25°C. 
When both acyl chains in the fluid phase lipid 
component are unsaturated (DOPC vs. POPC), a larger 
condensation with cholesterol is observed. Top right 
inset is FM image of the 1:1:1 POPC-DPPC-cholesterol 
membrane and bottom left is the FM for 1:1:1 DOPC-
DPPC-cholesterol membrane at 40x magnification. The 
dark stripe on the image was a scratch made to better 
visualize the homogeneity of the membrane. 
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membrane surface, rather than a uniform membrane. As a result, a significant repulsion was 

observed during the force measurements due to confinement and compression of tubules and 

tethered vesicles between the supported membranes. In addition, the vesicle fusion method on 

either bare mica or a supported DPPE monolayer did not yield as complete membranes, as 

demonstrated by a greater number of defects in the membranes. Further, membranes formed 

entirely by the vesicle fusion method onto a bare mica substrate were of even lower quality in 

terms of uniformity and surface coverage compared to membranes formed by fusion to a DPPE 

monolayer. 

Surface Force Measurements (SFA). The details about SFA technique can be found in 

chapter II. The stiffness of the double cantilever spring was 2.16x105 mN/m. Three independent 

SFA experiments were carried out for each of the membrane compositions.  Force profiles 

shown in the results section are for one set of experimental measurements, but were 

consistent between the three independent experiments.  

 

RESULTS 

1:1:1 DOPC-DPPC-cholesterol membranes. Figure 3.2 shows the measured force-

distance profile between opposing membranes with 1:1:1 DOPC-DPPC-cholesterol as the outer 

monolayer in 0.5 mM NaNO3 solution. As the membranes were asymmetric with inner leaflets 

of DPPE and outer leaflets composed of mixtures of unsaturated lipid, saturated lipid, and 

cholesterol, we treat the two outer leaflets, which we are primarily interested in, as an 

equivalent membrane of the mixture composition.  The force profile distance is based on mica-

mica contact (D = 0 nm). The thickness of the two opposing bilayers was determined from the 
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shift of the contact FECO wavelength before and after deposition of the bilayers on the mica 

substrates as well as after removal of the deposited membranes at the end of the 

measurements.36 The average thickness of the two DPPE/1:1:1 bilayers including the hydration 

layer was 11.7±0.6 nm. The thickness of a DPPE monolayer on mica deposited at 45 mN/m has 

been established to be 2.56±0.05 nm using the method of UV light exposure.70, 136 Therefore, 

the thickness of a single outer 1:1:1 DOPC-DPPC-cholesterol monolayer, including the hydration 

layer, is ≈3.3±0.7 nm.  

Figure 3.2B displays the data on a semi-log plot to aid in ascertaining the source of the 

weak repulsive contribution to the force profile.  As can be seen, the decay length of the 

repulsion is determined by the electrolyte concentration in the solution (~0.5 mM NaNO3 or κ-

      

Figure 3.2.  (A) Force-distance profiles between opposing 1:1:1 DOPC-DPPC- in ~0.5mM NaNO3 
solution. D = 0 is defined as contact between bare mica-mica surfaces. The dashed line is the 

predicted van der Waals interaction - = .�/
012  with � = 7 × 10.)7 with van der Waals plane 0.7 nm 

inward from distance of membrane contact at zero force. The shift of 0.7 nm was estimated from 
data on DPPC membranes by Marra and Israelachvili (Biochemistry 1985). The inset shows four 
successively measured force profiles while allowing longer contact time between each distance 
displacement.  There is an inward shift to smaller separations (decreasing membrane thickness) and 
greater adhesion due to lipid rearrangements in the contacting region. (B) Semi-logarithmic plot of 
the force profile and fit of the electrostatic contribution (solid line) using either the mica or 
membrane as the charged interface (▵,▿: approach ; ◃,▹ : separation).  
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1~14 nm), indicating that the force is electrostatic. An electrostatic repulsion between the 

membranes was unexpected given that the membranes should be overall neutral in charge.  

The headgroups of PC and PE lipids are zwitterionic but neutral at pH 6; and cholesterol is not 

charged under these conditions. However, in the case of unsaturated lipids, there are reports 

that a small amount of the lipid (contaminant lipid) is charged, resulting in a weakly charged 

membrane.  In the absence of other charges in the system, the effect of these lipid 

contaminants can be measureable as observed here.127, 137 

On the other hand, the underlying mica substrate is also negatively charged.  AFM 

images of a representative and identically prepared 1:1:1 DOPC-DPPC-cholesterol membrane 

are shown in Figure 3.3A-C.  As can be seen, membrane defects (which reach the underlying 

DPPE monolayer) are present, although the membrane appears homogeneous under 

fluorescence microscopy imaging (Figure 3.1 bottom left inset). Figure 3.3E is a representative 

profile across a defect. The average depth of the defects was 3.0±0.4 nm (Figure 3.3G), which is 

in very good agreement with the thickness of the outer monolayer as measured by SFA (3.3±0.7 

nm). Similar defects were previously observed on solid supported, one component bilayer 

system using AFM at low deposition pressure.70 Holes in the membrane, that penetrate all the 

way to the mica surface were also present, but at a much smaller fraction, precluding a 

definitive measure of the total membrane thickness by AFM.  Thus, the electrostatic repulsion 

measured between the opposing membranes could arise from two different sources: (1) 

charged lipid contaminants in the membrane, or (2) exposed regions of the negatively charged 

mica substrates. The non-linear Poisson-Boltzmann (P-B) equation with constant charge 

approximation was used to fit the electrostatic contribution to the force profile for both 
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scenarios. Assuming the origin of charge was at the mica substrate, the best electrostatic fit 

was obtained for a salt concentration of 0.45 mM with surface charge of 1.8 mC/m2 or surface 

potential of 35 mV. If the origin of charge was instead at the membrane interface, a lower 

charge density of 1 mC/m2 or a surface potential of 20 mV is obtained.  The slightly lower salt 

concentration used in the electrostatic fit (0.45 vs 0.50 mM) is due to dilution during the 

transfer of the membrane coated substrates from the Langmuir trough into the SFA.  

Upon separation of the membranes a substantial adhesion was measured. The 

magnitude of the adhesion with 1:1:1 DOPC-DPPC-cholesterol membranes ranged from -1.1 

mN/m to -2.5 mN/m as shown in Figure 3.2A (arrows). A Hamaker constant of 7x10-21 J was 

used as previously determined by Marra and Israelachvili20 to estimate the van der Waals 

contribution (dashed curve with the VdW plane located at D = 11.5 nm). The measured 

adhesion between the two membranes is comparable to the prediction, but the magnitude of 

the adhesion is actually significantly greater than predicted, once the repulsive electrostatic 

contribution is accounted for. Effectively, the adhesion is approximately 0.3-0.4 mN/m greater 

in magnitude – significantly greater than the VdW prediction. The enhanced adhesion suggests 

that hydrophobic contributions due to defects in the membrane also contribute to the 

adhesion.54 A clear signature of some hydrophobic character to the adhesion was indicated by 

an increase in the magnitude of the adhesion with increasing contact time and compression of 

the membranes. As depicted in the inset of Figure 3.2A (run 2 vs. run 3), increased contact time 

allowed structural rearrangements of the membrane and an enhancement in the adhesion. It 

seems likely that this is due to alignment of hydrophobic defects in the opposing 

membranes.138-140 The structural rearrangement can be observed from the inward shift of the 
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contact separation distance and thinning of membranes (Figure 3.2A inset). The number of 

defects or holes and the magnitude of force applied were apparently insufficient to result in 

complete hemifusion between the membranes containing cholesterol. Previously, Benz et al.70 

reported hemifusion between single component membranes with a high number of defect 

under high loads. 

 

 

Figure 3.3. [A] 5 µm × 5 µm AFM topography image of the DOPC:DPPC:cholesterol system showing 
that there are regions that are relatively defect free. [B] 5 µm × 5 µm AFM topography image of 
the DOPC:DPPC:cholesterol system showing that there are regions that have defects. [C] 1.5 µm × 
1.5 µm AFM zoom-in image of the DOPC:DPPC:cholesterol system  with a representative cursor 
measuring the depth of the defect.  [D] 20 µm × 20 µm AFM topography image of the 
POPC:DPPC:cholesterol system. [E, F] Corresponding cursor profiles as indicated in [C] and [D], 
respectively to obtain defect depth profiles.  [G,H] Histogram of defect depths for the 
DOPC:DPPC:cholesterol system and POPC:DPPC:cholesterol system, respectively. 
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POPC-DPPC-cholesterol membranes. Figure 3.4 shows the measured force-distance 

profile between opposing membranes with 1:1:1 POPC-DPPC-cholesterol as the outer 

monolayer in ~0.5 mM NaNO3 solution. The force-distance plot was based on mica-mica 

contact (D = 0 nm).  The average thickness of two DPPE/1:1:1 bilayers was 13.5±0.6 nm, yielding 

a thickness of 4.2±0.7 nm for a single, hydrated 1:1:1 monolayer containing POPC. AFM images 

for the 1:1:1 POPC-DPPC-cholesterol membrane (figure 3.3D) also demonstrated that defects 

and holes were present in the membranes similar in size to the 1:1:1 DOPC-DPPC-cholesterol 

system. Figure 3.3F is a representative profile across a defect. The average depth of the 

monolayer defects was 3.6±0.4 nm (Figure 3.3H), consistent with the thickness of the 1:1:1 

POPC-DPPC-cholesterol monolayer obtained via SFA measurements.46  

 

     

Figure 3.4.  (A) Force-distance profiles between 1:1:1 POPC-DPPC-cholesterol membranes in 
~0.5mM NaNO3 solution. D = 0 is defined as contact between bare mica-mica surfaces. The dashed 
line is the van der Waals interaction F = -AR/6D2 with A = 7 x 10-21 J with van der Waals plane 0.7 nm 
inward from distance of membrane contact at zero force. The shift of 0.7 nm was estimated from 
data on DPPC membranes by Marra and Israelachvili (Biochemistry 1985). (B) Semilogarithmic plot 
of the force profile and fit of the electrostatic contribution (□: approach ; ◇ : separation).  
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Fluorescence imaging of the 1:1:1 POPC-DPPC-cholesterol membrane mixture revealed 

a macroscopically uniform membrane, as was the case with the doubly unsaturated DOPC-

DPPC-cholesterol mixture. An electrostatic repulsion was also observed, detectable from a 

distance of about 50 nm from bilayer-bilayer contact. The electrostatic repulsion for this 

membrane composition was very similar to that obtained with the doubly unsaturated DOPC-

DPPC-cholesterol membrane. With the origin of charge at the mica surface, a constant surface 

charge of 2 mC/m2 or surface potential of 38 mV were obtained. If the origin of charge was at 

the membrane interface due to inclusion of a small level of charged lipids in the membrane, 

lower values of 1.1 mC/m2 or 22 mV were obtained. Finally, the magnitude of the membrane 

adhesion, about -1.6 mN/m, was similar to that measured between membranes with doubly 

unsaturated DOPC-DPPC-cholesterol.  The magnitude of the adhesion is again greater than the 

predicted van der Waals attraction between the membranes (VdW plane at D=13.7 nm). In the 

case of POPC-DPPC-cholesterol membranes, longer contact times did not result in a significant 

change in the force profile or decrease in membrane thickness due to lipid rearrangements 

8∆9 ≤ 5 =>?.  

 

DISCUSSION 

Electrostatics: 

The general features of the measured interaction force-distance profiles of the two 

membrane compositions are quite similar.  In both cases a long range but weak electrostatic 

repulsion was measured with a short-range, predominantly van der Waals attraction resulting 

in adhesion of the membranes at contact. We first discuss the electrostatic repulsion.  Previous 
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measurements of single component membranes on mica have indicated that saturated PC and 

PE lipids form relatively defect free, uncharged supported membranes on mica.140 Ionization 

constant or pKa of PC and PE lipids125-126, 141 at the experimental pH of ~6 also suggest an overall 

neutral charge for PC and/or PE membrane.53 In contrast, unsaturated lipids have been 

reported to contain a small amount of charged, contaminant lipid that renders the membrane 

weakly charged.127  With the origin of charge at the membrane interface, the resulting 1 mC/m2 

charge density corresponds to about one charge per 400 lipids for both 1:1:1 membrane 

compositions. If the origin of charge is at the mica surface due to membrane spanning holes, 

the measured surface charge density of about 2 mC/m2 corresponds to one negative charge per 

80 nm2.  In comparison, the basal plane of mica has a much greater negative charge of about 

one per 5 nm2. 142 Thus, the underlying mica substrate is relatively well screened by the 

membrane.  AFM scans of the membranes reveal that most of the features are monolayer 

defects (depth <3.6 nm) and not membrane spanning holes. This finding and the fact that in 

some cases, no electrostatic repulsion were not observed in overall neutral system (see Chapter 

V) suggest that charged lipid impurities are the dominant source of electrostatic repulsion.  In 

the case of defects, the underlying mica substrate is still coated by a DPPE monolayer. The low 

dielectric constant of the inner DPPE monolayer (ϵ ≈ 3 – 5) greatly inhibits charge dissociation 

and screens any charge at the mica surface. 

To unequivocally establish that charged lipid contaminants were present in the 

membrane, zeta potential measurements were carried out with various compositions of POPC, 

DOPC, DPPC, DMPC, and cholesterol containing vesicles.  Table 3.1 reports the measured zeta 

potential for the various compositions in 0.45 mM NaNO3 solution to match the SFA force 
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profile measurements. The zeta potential of the 1:1:1 compositions was -15 to -20±5 mV, 

consistent with the SFA measurements of an electrostatic charge being present in the 

membrane. To establish the source of the negatively charged lipid contaminant, a variety of 

mixtures were studied.  In all cases, the vesicles were negatively charged. The zeta potential for 

pure saturated lipid vesicles was done using DMPC to enable room temperature measurements 

(DMPC, TM = 23°C). The higher melting temperature of 41°C for DPPC requires that the vesicle 

solution temperature be maintained above TM throughout the course of the zeta potential 

measurement. The difference in the length of the acyl chains should not affect the charge of 

the vesicle.  The findings suggest that charged lipid contaminants are present in both saturated 

and unsaturated lipid samples. Moreover, zeta potential measurements of the surface potential 

at the hydrodynamic plane of the 1:1:1 vesicles were in good agreement with the SFA 

measured force profiles between supported 1:1:1 membranes. 

Table 3.1. Summary of zeta potential of various lipid compositions 

Lipid Solution Ѱ (mV) 

Pure DMPC 0.45mM NaNO3 -7.1±4.5 

Pure DMPC Water -22.3±4.3 

Pure DOPC 0.45mM NaNO3 -10.1±5.4 

Pure DOPC Water -21.8±4.0 

Pure POPC 0.45mM NaNO3 -10.9±4.9 

2-1 DOPC-Cholesterol 0.45mM NaNO3 -12.1±4.7 

2-1 DOPC-Cholesterol Water -21.8±4.6 

2-1 POPC-Cholesterol 0.45mM NaNO3 -13.9±4.5 

2-1 DPPC-Cholesterol 0.45mM NaNO3 -10.6±4.1 

1-1-1 DOPC-DPPC-cholesterol 0.45mM NaNO3 -14.9±4.5 

1-1-1 DOPC-DPPC-cholesterol Water -24.2±4.5 

1-1-1 POPC-DPPC-cholesterol 0.45mM NaNO3 -19.5±5.4 
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Adhesion: 

We now discuss the differences in adhesion between the two membrane compositions. 

As detailed in the result section, the adhesion between the 1:1:1 DOPC containing membranes 

varied from -1.1 to -2.5±0.3 mN/m and the adhesion of 1:1:1 POPC containing membranes was 

about -1.6±0.2 mN/m. Although we believe hydrophobic nanoscale defects in the outer 1:1:1 

monolayer are the source of the enhanced adhesion over VdW, we also consider the effect of 

cholesterol and potential differences in membrane hydration for completeness. Cholesterol is 

known to induce a “condensation effect” on various PC membranes which increases the lateral 

interaction between the components. Huang and Feigenson143 suggested that the PC lipid 

headgroups shield the adjacent hydrophobic body of cholesterol to create an umbrella 

structure. Since the van der Waals plane of a predominantly lipid membrane is expected to be 

located at the plane of the lipid headgroups and the membrane mixtures only have one phase, 

the umbrella model suggests a similar Hamaker constant for PC membranes with or without 

cholesterol. As both membranes had PC lipids and cholesterol in the same ratios, our 

expectation was to measure a similar adhesion between the two membrane compositions. 

Moreover, as PC lipids were the predominant constituent of both membranes, we further 

expected that the measured adhesion would be similar to previous measurements of van der 

Waals adhesion between pure PC membranes.   

Marra and Israelachvili20 measured and reported that the VdW adhesion between fluid 

phase DMPC and DPPC membranes was about -0.6 mN/m and extracted a Hamaker constant of 

� = 7 ± 1 x 10.)7 J based specifically on measurements of DPPE and DPPC membranes.  In 

both cases the membrane was deposited by Langmuir-Blodgett method, presumably on an 
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inner leaflet of DPPE as in our studies. Subsequent studies found similar values for pure DPPC 

membranes26 and for DMPC on DPPE,140 and confirm this adhesive range. In contrast, the 

measured VdW adhesion between phosphotidylethanolamine membranes in the gel phase is 

significantly greater (-5 mN/m).20 As the Hamaker constant for PC and PE lipids should be very 

similar, Marra and Israelachvili20 suggested that the difference in adhesion was due to 

differences in the level of hydration and contact separation between the membranes , where 

CDEF

/
= .�

0 12 and 9 = 0 corresponds to the van der Waals plane of origin, which varies for 

different lipids based on their hydration.144 Refractive index measurements of DPPC and DPPE 

monolayers also support that their Hamaker constants are within 10%.136 Thus, variations in 

membrane hydration due to cholesterol, lipid composition, and/or van der Waals plane of 

origin could potentially account for the differences in the measured adhesion in this work.  

Due to the possible presence of a significant dependence on hydration, we next 

comment on the 0.9 nm difference in thicknesses of the 1:1:1 POPC-DPPC-cholesterol 

membrane versus the 1:1:1 DOPC-DPPC-cholesterol membrane, as measured by SFA. In SFA 

experiments, the wavelength shift of the FECO fringes before and after removing the 

membranes was used to determine the average membrane thickness over the ≈20 x 10 µm2 

contact region. Defects or holes in the membrane below a few microns in lateral dimension are 

not resolvable, and only an average measure of the membrane thickness can be obtained.  In 

addition, the water of hydration of the headgroups is intrinsically part of the membrane 

thickness.  In our studies, the ratio of fluid lipid to saturated lipid to cholesterol, and the 

deposition pressure were maintained between the two membrane compositions. Thus, it is 

likely that the difference in membrane thickness is due to packing differences of these tri-
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component mixtures with doubly or singly unsaturated acyl chains in the fluid phase lipid 

(DOPC vs POPC), including any present defects or holes, and any intrinsic difference in 

hydration, if present.  In regards to packing in the mixtures, cholesterol is known to have 

condensing effect on fluid phase lipids and to conversely fluidize solid phase lipids, here DPPC. 

Molecular dynamic simulations by Pitman and coworkers134 have also indicated that cholesterol 

has a higher affinity for saturated versus unsaturated acyl chains due to better packing of the 

hydrophobic core. As POPC contains one more saturated acyl chain than DOPC, the POPC-DPPC-

cholesterol membrane may have a tighter packing, leading to an increased thickness compared 

to the DOPC-containing membrane. In contrast to this assessment, the isotherms and area per 

molecule measurements at the air-water interface (Figure 3.1) indicate that POPC-containing 

monolayers have a slightly higher average area per molecule compared to the DOPC-containing 

monolayers. Assuming an incompressible system, this would suggest a decrease in the 

thickness of the POPC containing membrane compared to the one with DOPC.  However, 

isotherm measurements may not be sensitive to differences in hydration or molecule 

protrusions out of the membrane plane which affect the overall thickness. Thickness 

measurements of multi-component lipid mixtures should be able to resolve these differences, 

especially if they are of substrate supported membranes.  Our AFM measurements of the two 

membrane compositions are consistent with an increase in thickness of the POPC containing 

membrane, but only by approximately 0.6 nm, versus a value of 0.9 nm as found by SFA. Rawicz 

et al.145 showed that vesicles have very similar bending moduli for lipid mixtures of two 

unsaturated, two saturated, and mixed saturation acyl chain lipids with similar chain length. 

Although bending rigidity is not a direct measure of protrusions out of the membrane plane, 
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the similarity in the compressibility of the membrane as measured by SFA suggests that any 

difference in thickness due to lipid protrusions out of the membrane plane between the two 

membrane compositions would be very modest.  Although we cannot rule out an increase in 

VdW adhesion due to subtle changes in hydration and lipid packing in membranes containing 

cholesterol, we believe the primary cause is increased hydrophobic attraction as described 

below. 

In support of hydrophobic interactions as the main cause of the increased adhesion and 

variation in membrane thickness in the mixed membrane systems, AFM scans indicated that 

there were defects in both the membrane mixtures, which exposed the inner DPPE monolayer 

of the membrane.  Although the level of defects in the two mixtures was relatively similar, 

there was significant variation in the number of defects across the membrane, especially in the 

case of the 1:1:1 DOPC containing membrane, which showed a greater variation in the 

magnitude of the adhesion. Defects which exposed regions of the inner leaflet would lead to an 

additional hydrophobic interaction between the two membranes. These defects were relatively 

few in number of area, as hemifusion between the two membranes was not observed. Instead, 

the presence of defects is reflected by a decrease in the average membrane thickness in the 

SFA measurements, which averaged over about 100 μm2 areas. Further, in the case of 1:1:1 

DOPC membranes, lipid membrane restructuring was observed with increased contact time 

(Figure 3.2A inset). The role of hydrophobic interactions between membranes has been well 

documented by Helm et al.138 who showed a linear increase in adhesion with decreasing lipid 

density in the outer membrane leaflet. Taken together, the data and analysis strongly suggest 
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that the increased adhesion in these mixed lipid systems primarily arises from membrane 

defects and their hydrophobic contributions.55 

 

CONCLUSIONS 

The interactions between lipid membranes include electrostatics, van der Waals, 

hydration, hydrophobic and in free standing systems significant protrusion/undulation 

repulsion.  A large body of work has focused on recapitulating complex membrane behavior 

with greatly simplified systems.  In particular, substrate supported membrane systems are used 

extensively due to their ease of handling, compatibility of study with numerous surface 

sensitive techniques, and potential applications in biotechnology and biosensing. In this work, 

the force profiles between 1:1:1 DOPC-DPPC-cholesterol membranes and also between 1:1:1 

POPC-DPPC-cholesterol membranes were measured using SFA and coupled to structural and 

chemical information to highlight the presence of lipid contaminants and role of defects in 

dictating the resulting interactions. The membranes were found to carry a distinct and non-

negligible negative charge due to the presence of lipid contaminants resulting in a long range 

electrostatic repulsion. In contact, an increase in adhesion between membranes containing 

cholesterol compared to a pure PC membrane was observed. The greater than expected 

adhesion was attributed to hydrophobic interactions between membrane defects. The 

presence of an unexpected membrane charge and membrane defects could be important in 

other supported membrane studies and biosensor applications where the selective binding of 

ligands or proteins to membranes is important.  
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ABSTRACT 

Cellular membranes containing sphingolipids and cholesterol have been shown to self-

organize into lipid rafts, specialized domains which host integral membrane proteins. In this 

work, force-distance profiles between raft membranes consisting of singly-unsaturated 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), a complex mixture of brain 

sphingomyelin (BSM), and cholesterol were measured using the surface force apparatus (SFA). 

Two distinct force profiles were detected corresponding to homogeneous (low defect density) 

or heterogeneous (higher defect density) raft membranes as corroborated by AFM scans. In all 

cases a weak, long-range electrostatic repulsion was observed with some variation in the 

surface charge density. The adhesion between the homogeneous raft membranes was 

comparable to our previous work with pure component, liquid-ordered POPC:DPPC (1,2-

dipalmitoyl-sn-glycero-3-phosphocholine):cholesterol membranes. Raft membranes with more 

defects adhered more strongly due to hydrophobic attraction between exposed acyl chains. 

The small variations observed in electrostatic repulsion were attributed to the heterogeneity of 

the BSM constituent lipids. Even though the rafts were in the liquid-ordered phase and 

membrane defects were present in the contact region, the raft membranes were stable and no 
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structural rearrangement was observed throughout the measurements. Our findings 

demonstrate that liquid ordered membranes are stable to mechanical loading and not 

particularly sensitive to compositional variation. 

 

INTRODUCTION 

Biological membranes are sophisticated structures that provide boundaries between 

discrete volumes in all life forms. They are composed of a myriad of different molecular species 

including various lipids, sterols, and proteins. These constituents are thought to segregate 

dynamically into nanoscale lateral domains called lipid rafts, which influence vital bioactivity 

such as signaling events and transport across biological membranes.4, 105, 115, 146-147 Due to the 

complexity of cell membranes, numerous studies have mimicked raft domain properties and 

phase state using simple model systems comprised of a high melting point (Tm) lipid, a low Tm 

lipid, and sterol.146, 148-150 Such ternary mixtures can form coexisting liquid ordered (Lo) / liquid 

disordered (Ld) phases, exhibiting phase separation analogous to liquid-liquid immiscibility in 

cellular membranes and raft formation.131-133, 151 Ternary mixtures of sphingomyelin (SM), 

phosphatidylcholine (PC), and cholesterol, in particular, are similar to the predominant lipid 

species in the outer membrane leaflet of eukaryotic cells.109, 148, 152-154 Most investigations of 

ternary SM/PC/cholesterol mixtures have focused on the importance of lateral, molecular level 

interactions in nanodomain formation. For example, the immiscible Lo/Ld coexistence phases of 

ternary SM/PC/cholesterol mixtures were mapped by thermodynamic analysis of differential 

scanning calorimetry (DSC) scans and fluorescence resonance energy transfer (FRET) to 

construct the ternary mixture phase diagram.148-149, 152 The mechanisms responsible for lipid 
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raft stability and domain size have also been studied by small angle neutron scattering (SANS) 

coupled with Monte-Carlo simulations.146  

Despite the plethora of research on these more biologically relevant systems, little is 

known about intermembrane interactions between ternary mixed membranes containing SM, 

PC and cholesterol that purportedly better mimic native lipid rafts. BSM is a natural pseudo-

mixture of sphingolipids which contains at least 6 different SM lipid species. Biophysical studies 

of membranes containing more complex mixtures are becoming more common. The major lipid 

acyl chains are octadecanoyl (18:0) and nervonoyl (24:1). Previous nuclear magnetic resonance 

(NMR) and molecular dynamic simulation studies have proposed that the variety in saturation 

and length of the SM amide-linked acyl chains mediate coupling between membrane leaflets 

through interdigitation of the long amide-linked acyl chain with the inner cytoplasmic leaflet.155-

157 In addition, the mismatch of acyl chain length has been suggested to hold an important role 

in the regulation of membrane protein partitioning in cellular membranes.147, 156, 158 In this 

work, we measured the interactions between lipid raft membranes composed of a pseudo-

mixture BSM, POPC and cholesterol. The composition was selected due to their abundance in 

the outer leaflet of plasma membranes and greater relevance to biological systems.159-160 The 

resulting SFA force-distance profiles were corroborated with high-resolution AFM topography 

scans to reveal the contributions of van der Waals, electrostatic, hydration, and hydrophobic 

interactions. Due to its importance in controlling various cellular functions and bioactivity of 

cells, a more fundamental understanding of raft membranes is crucial. This work provides direct 

measurements of intermembrane interactions in this complex system. 
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MATERIALS AND METHODS 

Chemicals. 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (DPPE, melting 

point, TM = 63 °C), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, TM = -2 °C), N-

(octadecanoyl)-sphing-4-enine-1-phosphocholine (BSM porcine brain, TM = ~45 °C) and 

cholesterol (ovine wool, >98%, TM = 148 °C) were purchased from Avanti Polar Lipids, Inc. 

(Alabaster, AL) and used as received. BSM is a mixture of various acyl chain length: 50% 18:0, 

21% 24:1, 7% 22:0, 5% 20:0, 5% 24:0, 2% 16:0 SM and 10% unknown lipid species. Sodium 

nitrate (NaNO3 99.995%) was purchased from Sigma-Aldrich (St. Louis, MO). Water was purified 

with a MilliQ gradient water purification system to a resistivity of 18 MΩ∙cm. 

Sample Preparation. Asymmetric supported lipid bilayers on mica were used in the SFA 

and AFM studies. The membranes were constructed using Langmuir-Blodgett (LB) deposition 

(Nima Coventry, U.K.). The inner monolayer for all the experiments was DPPE deposited at 45 

mN/m and a dipping speed of 1 mm/min. The outer monolayer was 1:1:2 POPC-BSM-

cholesterol LB deposited at 30 mN/m and dipping speed of 4 mm/min under low-oxygen 

environment (<1 vol% O2). The asymmetry mimics plasma membranes which are enriched in PE 

lipids on the cytoplasmic side and enriched in SM on the exoplasmic leaflet. The transfer ratio 

of the outer monolayer was 0.995 ± 0.018. The deposition of the outer layer was performed 

within 30 minutes under inert nitrogen or argon gas to minimize oxidation of cholesterol and 

lipid components. After lipid bilayer deposition, the surfaces were transferred underwater and 

mounted into the SFA. 

Surface Force Measurements (SFA). The details about SFA technique can be found in 

chapter II. The stiffness of the double cantilever spring was about 2.8×105 mN/m. Force profiles 
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shown in the results section are representative force-distance profiles of seven independent 

experiments. The force profiles shown are typical for experiments with homogeneous low 

defect lipid raft membranes and lipid raft membranes with a higher defect density. At least five 

repeatable force measurements were taken for each independent experiment. The reported 

error propagation in the results section was based on the average of the five force runs for each 

independent measurement and showed the range of the observed experimental parameters 

for the two different conditions. Two additional independent SFA experiments were carried out 

to determine the thickness of a 1:1:2 POPC-BSM-cholesterol monolayer on mica. These 

measurements in air were used to determine the “dry” thickness of a POPC-BSM-cholesterol 

monolayer and quantify the hydration between the 1:1:2 POPC-BSM-cholesterol raft 

membranes in water. 

Atomic Force Microscopy (AFM). AFM images were acquired using an MFP3D-SA 

system (Asylum Research, Santa Barbara, CA). A silicon cantilever (model MSNL-10, Bruker, 

Santa Barbara, CA) with force constant of 0.6 N/m was used for imaging. All the images were 

acquired in contact mode with a force of 12 nN. AFM images were analyzed using Gwyddion 

Version 2.31 (http://gwyddion.net/). 
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RESULTS 

Force – distance profiles. The measured force profiles between opposing 1:1:2 POPC-

BSM-cholesterol lipid raft membranes are shown in Figure 4.1. Seven independent experiments 

were carried out and two distinct force profiles were observed. The force-distance profiles 

shown using the square and diamond symbols were from experiments with homogeneous (low 

defect) lipid raft membranes. In this case, the equivalent membrane thickness of the two outer 

leaflets including the hydration was 6.5±0.2 nm. A weak, long-range electrostatic repulsion with 

decay length consistent with the electrolyte concentration was observed. The electrostatic 

repulsion was fitted to the non-linear Poisson-Boltzmann equation, yielding a range of constant 

surface charge densities from 2.6±0.6 to 4.3±0.4 mC/m2 or surface potentials between 25±6 

and 43±4 mV for the various experiments. Although there was variation in the electrostatic 

repulsion between independent experiments, the electrostatic repulsion for a given membrane 

contacting region was reproducible. It was therefore straightforward to fit the electrostatic 

contribution to the measured force profile for a given series of measurements. As the 

electrostatic and van der Waals attraction should be additive, the electrostatic interaction was 

Table 4.1. Summary of SFA results showing the ranges of various extracted parameters 

Lipid Raft Membrane 

Equivalent 

Thickness 

(nm)* 

σ 

(mC/m2) 

Ψ 

(mV) 

Fad/R 

(mN/m) 

|Fad/R|Vd

W 

(mN/m) 

Hydration 

(nm)** 

Homogeneous 

(low defect density) 
6.5±0.2 

2.6±0.6 

to 

4.3±0.4 

25±6  

to  

43±4 

-0.5±0.2  

to  

-0.9±0.2 

1.3±0.2  

to  

1.5±0.2 

2.1±0.2 

Heterogeneous 

(higher defect density) 
5.7±0.2 

4.5±0.5 

to  

5.9±0.6 

60±5  

to  

70±5 

-1.8±0.2  

to  

-3.0±0.2 

3.8±0.2  

to  

4.3±0.2 

1.4±0.2 

* The equivalent thickness is the thickness of the two outer monolayers including their hydration layer 
** The amount of hydration is the total thickness of water between the membranes in contact 
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subtracted from the total force profile to deduce the attractive component of the membrane 

raft – membrane raft interaction. After removing the electrostatic contribution, the magnitude 

of the adhesion between the more homogeneous lipid rafts ranged between 1.3±0.2 and 

1.5±0.2 mN/m.  

The force-distance profile of more heterogeneous (higher defect density) lipid rafts are 

shown as triangles in Figure 4.1. In these cases, the equivalent membrane thickness was less, 

namely 5.7±0.2 nm. As with the homogeneous bilayers, electrostatic repulsion was observed 

and consistent with a constant surface charge density ranging from 4.5±0.5 to 5.9±0.6 mC/m2, 

or a constant surface potential between 60±5 and 70±5 mV. After subtracting the electrostatic 

contribution, a higher magnitude of adhesion between 3.8±0.2 to 4.3±0.2 mN/m was apparent. 

With both homogeneous and more heterogeneous lipid raft membranes, some variation in the 

     

 Figure 4.1. (A) Force–distance profiles between lipid raft membranes composed of 1:1:2 POPC-BSM-
cholesterol membranes of two different thicknesses in 0.5mM NaNO3 solution were obtained 
(Diamond and squares: homogeneous raft membranes; triangle and inverted triangle curves: 
heterogeneous raft membranes). Dashed lines represent the range of observed long-range 
electrostatic repulsion. Inset: an exemplar semi-logarithmic plot of a force profile and fit of the 
electrostatic contribution (dashed line) with origin of charge at the membrane surface. D = 0 is 
defined as the contact between bare mica–mica surfaces. (B) Force-distance profiles after 
subtraction of the electrostatic contribution. Open and filled symbols represent approach and 
separation respectively. 
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measured range of interaction behavior was observed. Even though POPC-BSM-cholesterol 

mixtures are usually considered to be ternary, BSM itself is a mixture of more than 6 different 

sphingolipids with saturated 18:0 SM as the major constituent in the mixture (~50%). Indeed, 

10% of the BSM is unidentified lipid. We hypothesize that the experimental variations in the 

measured electrostatic repulsion between various raft membranes was due to subtle 

dissimilarity in the molecular concentrations of the charged species.43, 66 In comparison, in pure 

liquid-ordered 1:1:1 POPC-DPPC-cholesterol membranes, there was little to no variation in the 

adhesion or electrostatic repulsion in the measured interaction force profiles.66 The consistency 

in the force-distance profiles in this case was attributed to the uniform composition, while 

more physiological lipid rafts containing BSM show more variation. 

Adhesion magnitude and presence of membrane defects. A significant difference in 

membrane adhesion was found between the more homogeneous and heterogeneous lipid raft 

membranes. High-resolution AFM scans of the raft membranes (Figure 4.2) revealed the 

presence of variable-sized nanoscopic defects in the outer membrane leaflet that reached the 

underlying inner leaflet. Most of the defects were below a few hundred nanometers in 

diameter. In a few cases with the heterogeneous membranes, defects about a micron in 

diameter were detected. Based on a typical contact area of ~50 μm2
 for the SFA measurements, 

the defect density across the samples varied between 0.5 to 8%. Hence, only a small variation 

in the adhesion was found for more homogeneous raft membranes, which also had a 

correspondingly larger membrane thickness. In contrast, the higher adhesion in the more 

heterogeneous raft membranes was attributed to additional hydrophobic attraction due to 

exposed acyl chains in the contact region. The reference frame for D = 0 in the force profiles 
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(Figure 4.1) is contact between bare mica substrates and therefore corresponds to the total 

membrane thickness. At a small applied force of 1 mN/m, the combined opposing raft 

membranes thicknesses were 11.9±0.3 and 11.1±0.3 nm for the two cases. In comparison, the 

AFM was used to obtain the membrane thickness by “shaving” away the inner DPPE monolayer 

leaflet in one of the large micron sized defects. The shaved thickness of about 6 nm or 

equivalently 12 nm for two membranes is consistent with that measured by SFA. Importantly, 

no structural rearrangement was observed throughout the SFA experiments even though the 

raft membranes were in the liquid-ordered phase and membrane defects were present in the 

contact region. Likewise, the contact mode AFM scans were stable and no change in defect 

shape was observed when scanning. Similar stability behavior was observed for pure 

 

Figure 4.2. [A] Typical AFM topography scans of lipid raft membranes composed of 1:1:2 POPC-
BSM-cholesterol in 0.5 mM NaNO3 solution. [B] Scan of a membrane with micron diameter 
defects. [C] Membrane defect with diameter of ~1.5 μm. The center of the defect was shaved 
off using the AFM tip. Removal of the inner leaflet in the defect allowed the total thickness of 
the membrane to be measured. [D] Histogram of the defect depths. [E] The corresponding 
cursor profile (vertical line on [C]) is shown. 
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component liquid-ordered 1:1:1 POPC-DPPC-cholesterol membranes. The adhesion magnitude 

was also comparable to the homogeneous raft membranes.66  

Equivalent thickness and hydration of raft membranes. The equivalent raft membranes 

thickness was defined as the thickness of the two outer monolayers including their water of 

hydration. The equivalent thicknesses of the raft membranes were 6.5±0.2 and 5.7±0.2 nm for 

the homogeneous and heterogeneous membranes, respectively. In order to determine the 

thickness of the hydration layer between the raft membranes, two independent measurements 

of raft monolayers on mica in air were carried out. The dry monolayer thickness was 2.2±0.1 

nm. With this value, the hydration layer is 2.1±0.3 nm (6.5 nm minus two dry monolayers), 

which is comparable to a previous study by Marra and Israelachvili on hydration between pure 

PC bilayers.20 

 

DISCUSSION 

The primary goal of this work was to obtain a better understanding of properties and 

interactions between lipid raft membranes in a more complex biomimetic system. A 

composition of 1:1:2 BSM-POPC-cholesterol was selected to ensure the raft membrane was in 

the Lo phase and thus comparisons could be made to our previous work of pure component 

liquid-ordered ternary mixtures of DPPC-POPC-cholesterol without the complication of phase 

separation. As mentioned previously, BSM is a pseudo-mixture lipid with a variety of amide-

linked acyl chain lengths. Studies have suggested that the long chained SM lipids in the outer 

membrane leaflet might interdigitate and affect the overall structure or phase state of the 

bilayer membrane.156-157, 161-162 For example, fluorescence experiments of asymmetric bilayers 

indicated that domains on the outer leaflet and the coupling between the membrane leaflets 



84 
 

can induce formation of domains in the inner leaflet.160, 163 In this work, the raft membrane 

mixture of 1:1:2 BSM-POPC-cholesterol was deposited onto an almost defect-free, gel phase 

DPPE monolayer immobilized on mica. Phase separation or formation of nanodomains was not 

observed by high-resolution AFM topography scans and confirmed that the raft membranes 

existed as a single Lo phase. Likewise, no evidence of interdigitation of the long amide-linked 

acyl chain SM lipid between the leaflets was detected.  

The observed behavior of these more biological raft membranes revealed similar 

properties to well-studied pure component systems. In terms of adhesion magnitude, the 

homogeneous well-packed raft membranes had comparable van der Waals attraction (1.3±0.2 

to 1.5±0.2 mN/m) to the ternary mixed membranes containing pure DPPC (1.8±0.2 mN/m).66 

The adhesion of these Lo supported membranes was higher than previously measured values 

for fluid and gel phase PC membranes (0.5-1.0 mN/m)20, 26, 140 and significantly lower than 

adhesion between gel phase PE membranes (5-6 mN/m).20 Both PC and PE membranes are 

expected to have similar Hamaker constants based on the SFA20 and refractive index 

measurements.19 Thus, the differences in the measured adhesion between the ternary Lo phase 

membranes can be attributed to the variation in the lipid composition, contact separation and 

hydration thickness between the membranes. Even though the adhesion magnitude is similar in 

both Lo systems, the raft membrane equivalent thickness was lower compared to the thickness 

of 1:1:1 ternary mixed membrane. The main difference between the two systems was the 

saturated lipid component in the mixture (BSM vs. DPPC). In comparison to glycerol lipids, SM 

can both hydrogen bond donate and accept. This difference in intermolecular hydrogen 
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bonding structure could account for the reduced hydration and thinner equivalent thickness of 

the BSM raft membranes.156 

 In both the homogeneous and heterogeneous raft membrane experiments, as well as in 

recent studies with supported lipid membranes of different lipid compositions, a small 

electrostatic repulsion has been observed.66-67, 137 As reported previously, the electrostatic 

repulsion is due to a small fraction of charged lipid species in the membrane.137 AFM scans of 

our raft membranes revealed that membrane-spanning holes were not present. Thus, the 

measured charge was not due to the underlying support, further confirming that charged lipid 

species are the source of the electrostatic repulsion. This conclusion is also consistent with the 

previously studied pure component 1:1:1 system. Despite the dramatic difference in the 

cholesterol concentration (33 vs. 50 mole%) and lipid constituents, the Lo membranes had very 

similar compressibility and stability. Although cholesterol is known to fluidize membranes, 

biomimetic raft membranes in the Lo phase are highly stable and do not show structural 

rearrangements such as thinning or higher adhesion with increased contact time or load. This 

stability is surprising given the hypothesized fluctuations of lipid raft domains. Continued 

investigations with more biologically complex systems are needed to further address this issue. 

 

CONCLUSION 

This study determined the interaction behavior between liquid-ordered biomimetic lipid 

raft membranes composed of 1:1:2 POPC-BSM-cholesterol. The force-distance profiles showed 

a small variation in the long-range electrostatic repulsion and raft membrane adhesion, which 

was attributed to the heterogeneity of the sphingolipids used in the mixture and the presence 
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of non-uniform sized nanoscopic membrane defects of densities varying between 0.5 to 8%. In 

comparison, no variation in interaction behavior was observed in our previous work with liquid-

ordered ternary mixtures of pure POPC-DPPC-cholesterol membranes. Nevertheless, these 

more complex raft membranes exhibited an adhesion magnitude and compressibility similar to 

the ternary mixed membranes containing pure components.66 The similarity in behavior of 

liquid-ordered membranes suggests that their physical properties are not very sensitive to the 

molecular details of the saturated lipid species. The variation in hydrogen bonding structure due 

to amine linkages and hydration shell only led to subtle changes in the overall interaction forces 

in the liquid-ordered BSM vs. DPPC ternary mixed membranes. The insensitivity in the 

interaction behavior over the range of components and compositions (i.e. the high 

concentration of cholesterol and complex mixture of BSM) suggest that membranes in liquid 

ordered phases have well defined properties. If cellular membranes rafts are liquid ordered 

phases, it may be possible to reasonably simulate their properties with synthetic mixtures. 
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ABSTRACT 

Oleic acid is known to interact with saturated lipid molecules and increase the fluidity of 

gel phase lipid membranes. In this work, the thermodynamic properties of mixed monolayers of 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and oleic acid at the air-water interface 

were determined using Langmuir isotherms. The isotherm study revealed an attractive 

interaction between oleic acid and DPPC. The incorporation of oleic acid also monotonically 

decreased the elastic modulus of the monolayer indicative of higher fluidity with increasing 

oleic acid content. Using the surface force apparatus, intermembrane force–distance profiles 

were obtained for substrate supported DPPC membranes containing 30 mol% oleic acid at pH 

5.8 and 7.4. Three different preparation conditions resulted in distinct force profiles. 

Membranes prepared in pH 5.8 subphase had a low number of nanoscopic defects ≤1% and an 

adhesion magnitude of ~0.6 mN/m. A slightly higher defect density of 1-4% was found for 

membranes prepared in a physiological pH 7.4 subphase. The presence of the exposed 

hydrophobic moieties resulted in a higher adhesion magnitude of 2.9 mN/m. Importantly, at pH 



88 
 

7.4, some oleic acid deprotonates resulting in a long-range electrostatic repulsion. Even though 

oleic acid increased the DPPC bilayer fluidity and the number of defects, no membrane 

restructuring was observed indicating that the system maintained a stable configuration. 

 

INTRODUCTION 

Biologically occurring fatty acids have been extensively studied due to their strong link 

to numerous health benefits.164-165 Fatty acids, which are found in foods such as fruits, seeds, 

nuts, vegetable oils, animal fats, and fish oils, can be categorized into saturated, 

monounsaturated, polyunsaturated, and trans fats. Both saturated and trans fatty acids has 

been shown to increase the risk of cardiovascular diseases.166-169 In contrast, unsaturated fatty 

acids have been shown to have a potentially therapeutic benefit for patients with type-2 

diabetes,170 dementia,171 cystic fibrosis,172 and arguably to reduce the risk of coronary heart 

diseases.173-176 In particular, polyunsaturated fatty acids (PUFAs) such as α-linolenic acid 

(omega-3) and linoleic acid (omega-6) have received the most attention as humans cannot 

synthesize either of these molecules. As a result, the importance of the monounsaturated fatty 

acids (MUFAs) has been somewhat overshadowed. 

Oleic acid is an example of monounsaturated omega-9 free fatty acid and is a major 

constituent in vegetable oil derived from olive, rapeseed, and sesame seeds. Free fatty acids, 

such as oleic acid can intercalate into lipid membranes and alter their physicochemical 

properties.177-178 Specifically, due to the kinked cis-double bond structure, oleic acid has been 

shown to alter the structure, fluidity, and permeability of saturated phospholipid monolayers 

and bilayers.179-181 Based on monolayer studies, Gonçalves et al. reported attractive lateral 
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interactions between oleic acid and DPPC based on a decrease in the area per molecule in their 

mixtures at the air-water interface.182 Thermodynamic analysis using differential scanning 

calorimetry (DSC) revealed the melting temperature of DPPC-oleic acid mixtures decreased up 

to ~50 mol% oleic acid content.183 Additional measurements indicated that the fluidity of DPPC 

membranes concomitantly increased with the presence of oleic acid.184 The miscibility of oleic 

acid in DPPC membranes and fluidization of the membrane was corroborated by molecular 

dynamics simulation studies performed by Cerezo and coworkers.185 Their simulations also 

found an increase in lateral diffusivity in the mixed system and enhancement in membrane 

permeability. The interaction between oleic acid and DPPC molecules is also likely to affect the 

deprotonation of the oleic acid’s carboxyl headgroup. The pKa of an isolated carboxyl group in 

water is ~4.8,186 while the apparent pKa of oleic acid’s carboxyl headgroup tends to be higher 

depending on the type of co-existing molecules in the mixture and structure of the assembly 

(i.e., pKa of ~6.1 in the hexagonal phase of oleic acid and monoolein mixtures187; pKa of ~6.5 in 

4:6 oleic acid-DPPE vesicles188; pKa of ~8.0-8.5 in pure oleic acid vesicles186; and, an even higher 

pKa of ~9.85 for oleic acid monolayers at air-water interface189). The deprotonation of oleic acid 

in the system consequently alters molecular level lateral interactions and phase behavior of the 

mixture.186, 190 Likewise, deprotonation would significantly impact the interaction between 

membranes and oleic acid can be used to induce pH-dependent membrane fusion or 

membrane repulsion in model systems.188, 191-192 The ability to alter the charge of oleic acid 

through pH enables switching between attractive, null and repulsive electrostatic interactions 

in membranes. For example, positively charged vesicles will spontaneously fuse with negatively 

charged vesicles containing oleic acid under alkaline conditions. Beyond the ability to tailor the 



90 
 

charge of membranes containing oleic acid through pH, incorporation of oleic acid may alter 

membrane structure, fluidity, permeability as well as water of hydration and entropic motion 

such as membrane protrusions and undulations. 

 In this work, the lateral interaction between oleic acid and DPPC molecules in 

monolayers were examined using Langmuir isotherms at the air-water interface as a function of 

oleic acid concentration. The isotherm studies were used to determine the Gibbs free energy of 

mixing and changes in monolayer compressibility, which are indicative of constituent molecule 

interactions and membrane fluidity. The interaction forces between 7:3 DPPC-oleic acid 

membranes were investigated at different pH conditions using the surface force apparatus 

(SFA) technique.120 Force profiles were measured and compared at physiological pH 7.4, where 

full deprotonation is expected, and at pH 5.8. The force profile measurements also enabled the 

membrane thickness, adhesive minimum and surface charge density to be directly determined. 

 

MATERIALS AND METHODS 

Chemicals. 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (DPPE, melting 

point, TM = 63°C) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, TM = 41°C) were 

purchased from Avanti Polar Lipids, Inc. (Alabaster, AL) and used as received. Oleic acid (cis-9-

octadecanoic acid, TM = 13-14°C), monosodium phosphate (NaH2PO4 99.999%), disodium 

phosphate (Na2HPO4 99.95%) and sodium nitrate (NaNO3 99.995%) were purchased from 

Sigma-Aldrich (St. Louis, MO). Water was purified with a MilliQ gradient water purification 

system to a resistivity of 18 MΩ∙cm. 
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Isotherm of DPPC-oleic acid at the air-water interface. Pressure-area isotherms (Π-A) of 

various DPPC-oleic acid mixtures were obtained on a pure water subphase at 25°C under an 

inert environment, depleted of oxygen, which inhibits oxidation of carbon-carbon double 

bonds. The isotherms were obtained without prior compression cycles with a compression ratio 

of about 17 cm2/min, which corresponds to a compression rate of 2-3 Å2 per molecule per min. 

The lateral interaction between DPPC and oleic acid molecules such as the monolayer elastic 

modulus, G�
.7, excess area, ��H and Gibbs excess free energy of mixing, ∆IJ!H were calculated 

from the isotherm data. The elastic modulus is defined as the product of the average area per 

molecule (�) and the slope of the Π-A isotherm at a specific surface pressure: 

G�
.7 = −� LΠ

L�
      (Eq. 5.1) 

Excess area was calculated using the area per molecule data from the pure component and 

mixture isotherms given by 

��H = �7) − 8M7�7 + M)�)?    (Eq. 5.2) 

where �7), �7, �) are area per molecule of the DPPC-oleic acid mixture, DPPC, and oleic acid, 

respectively, and M7 and M) are molar fractions of DPPC and oleic acid, respectively. The total 

Gibbs excess free energy of mixing is defined as 

∆IJ!H = ∆I�H + ∆I!���O    (Eq. 5.3) 

where the excess Gibbs free energy, ∆I�H, was obtained by integrating ��H with respect to the 

surface pressure, ∆I�H = P ��HQΠ, and the ideal Gibbs free energy of mixing was calculated by 

∆I!���O = STUM7V=8M7? + M)V=8M)?W   (Eq. 5.4) 

where k is the Boltzmann constant and T is absolute temperature. 
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Membrane Preparation. Mica substrate supported lipid membranes were used in SFA 

and AFM studies. The membranes were constructed using Langmuir-Blodgett (LB) deposition 

(Nima Coventry, U.K.). The inner monolayer for all the experiments was DPPE deposited using 

Langmuir-Blodgett (LB) method at 45 mN/m and dipping speed of 1 mm/min with a MilliQ 

water subphase (pH = 5.8). Previous studies have shown that LB deposited DPPE forms an 

almost defect free, robust and strongly physisorbed monolayer on mica with transfer ratios of 

0.997±0.00466 and a thickness of 2.56±0.05 nm under these conditions.19 As the underlying 

mica support is negatively charged, this near perfect DPPE inner monolayer minimizes any 

charge originating from the substrate. In addition, the tight packing and stability of the gel 

phase DPPE inner monolayer minimizes molecular exchange between the two leaflets. The 

outer monolayer was 7:3 DPPC-oleic acid LB deposited at 35 mN/m and dipping speed of 1 

mm/min on MilliQ water (pH = 5.8) or 0.5 mM phosphate buffer (pH = 7.4) subphase. The 

average molecular areas for the 7:3 DPPC-oleic acid outer monolayer were 34.2±1.0 Å2 at pH 

5.8 and 33.7±1.5 Å2 at pH 7.4. 

Surface Force Apparatus Measurements (SFA). The details about SFA technique can be 

found in chapter II. The stiffness of the double cantilever spring was 2.6x105 mN/m. Force 

profiles shown in the results section are representative force-distance profiles of three 

independent experiments at three different experimental conditions. The experimental 

conditions were (i) both the inner and outer monolayers LB deposited on MilliQ water subphase 

at pH 5.8 and the force profiles measured in 0.5 mM NaNO3 solution at pH 5.8; (ii) membrane 

deposited on MilliQ water subphase at pH 5.8, but with the force profiles measured in 0.5 mM 

phosphate buffer at pH 7.4; (iii) outer membrane leaflet deposition and force measured in 0.5 
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mM phosphate buffer at pH 7.4. At least five repeatable force measurements were taken for 

each experimental condition and the reported error propagation in the results section was 

based on the average of the five force runs for each condition. 

Atomic Force Microscopy (AFM). AFM images were acquired using a MFP3D-SA system 

(Asylum Research, Santa Barbara, CA). A silicon cantilever (model MSNL-10, Bruker, Santa 

Barbara, CA) with force constant of 0.6 N/m was used for imaging. All the images were acquired 

in contact mode with a force of 12 nN. AFM images were analyzed using Gwyddion Version 2.31 

(http://gwyddion.net/). 

 

RESULTS 

 Monolayer properties of DPPC-oleic acid mixtures. Pressure-area (Π-A) isotherms of 

DPPC-oleic acid mixtures were measured on a pure water subphase (Figure 5.1A). In general, 

the area per molecule at each pressure decreased with increasing oleic acid molar ratio.182 

Isotherm data were used to calculate the elastic moduli and excess Gibbs free energy of mixing 

of the mixtures (Eq. 5.1). The elastic moduli of pure DPPC plateaued at a surface pressure range 

of 28-37 mN/m (Figure 5.1B). Due to the noise in the data, a moving average value was used to 

obtain the average elastic moduli. As shown in Figure 5.1C, a trend of decreasing elastic moduli 

with increasing oleic acid was observed. To estimate the miscibility of oleic acid in DPPC, the 

excess Gibbs free energy of mixing was determined (Eq. 5.3).193-194 The excess Gibbs free energy 

of mixing values were negative for all DPPC-oleic acid mixtures which indicates a favorable 

interaction between DPPC and oleic acid (Figure 5.1D). It has been reported that hydrogen 

bonding between oleic acid molecules and DPPC could alter the apparent pKa value of oleic 
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acid.195 To further elucidate the impact of lateral interactions and embedding of oleic acid in a 

phospholipids membrane on deprotonation, membrane thickness, and adhesion, the 

interaction force profiles between 7:3 DPPC-oleic acid membranes were directly measured with 

an SFA under the various deposition and solution conditions listed previously.   

Force – distance profile of 7:3 DPPC-oleic acid at different pH. Figure 5.2 shows the 

measured force profiles between opposing membranes with 7:3 DPPC-oleic acid as the outer 

monolayer at three different experimental conditions. When both the inner and outer 

 

Figure 5.1. (A) Π-A isotherms of DPPC-oleic acid on MilliQ water. (B) Elastic moduli (Cs
-1) as a 

function of surface pressure during compression of DPPC monolayers. Line indicates raw 
data while the circles with error bars are the moving average of 10 data points. (C) 
Comparison of average elastic modulus values over the surface pressure range of 28-37 
mN/m. (D) Gibbs free energy of mixing (ΔGmix) of DPPC-oleic acid membranes at various 
surface pressures. All measurements were carried out at room temperature. 
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monolayers were LB deposited on MilliQ water subphase at pH 5.8, and the force profiles 

measured in 0.5 mM NaNO3 solution at pH 5.8, the thickness of the equivalent of 7:3 DPPC-

oleic acid membrane was 7.8±0.2 nm. This equivalent thickness is defined as the thickness of 

the two outer monolayers including the water of hydration between the bilayers. The 

magnitude of adhesion between the membranes was 0.6±0.1 mN/m and no electrostatic 

repulsion was observed. The lack of electrostatic repulsion is consistent with a very low-degree 

of deprotonated oleic acid at pH of 5.8 (pKa of oleic acid >6.1).187  

Using the same membrane preparation method (where the membrane was LB 

deposited in MilliQ water at pH 5.8), but force profile measurements were done in 0.5 mM pH 

7.4 phosphate buffer subphase, the thickness of the equivalent 7:3 DPPC-oleic acid membrane 

was 7.4±0.2 nm. The force profiles clearly showed a long-range electrostatic repulsion with 

decay length consistent with the electrolyte concentration and a short-range attraction. The 

electrostatic contribution was fitted using the non-linear Poisson–Boltzmann equation with 

constant charge approximation. A constant surface charge density of 1.3±0.3 mC/m2 or surface 

potential of -25±3 mV was obtained with the origin of charge at the membrane surface. The 

thickness and adhesion of the equivalent 7:3 DPPC-oleic acid membranes at pH 5.8 and 7.4 

were similar due to the identical deposition conditions. As the electrostatic and van der Waals 

attraction should be additive, the electrostatic interaction was subtracted from the total force 

profile to extract the attractive contribution to the membrane-membrane interaction. After 

removing the electrostatic contribution, the membrane adhesion magnitude was 0.7±0.1 mN/m 

(Figure 5.2C).   
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When both the deposition of the outer monolayer and the force measurement were 

done in 0.5 mM pH 7.4 phosphate buffer, a significantly thinner 7:3 DPPC-oleic acid membrane 

with equivalent thickness of 6.0±0.2 nm was obtained. Again, because of the higher pH, the 

oleic acid molecules were partially deprotonated resulting in a long-range electrostatic 

  

 

Figure 5.2. (A) Force–distance profiles between 7:3 DPPC-oleic acid membranes under three 
different experimental conditions. The pH during the membrane deposition is shown as the 
first value and the pH during force profile measurements is shown as the second value, where 
diamonds pH 5.8/5.8, squares pH 5.8/7.4, and circles pH 7.4/7.4. Open and filled symbols 
indicate approach and separation respectively. (B) Semi-logarithmic plot of the force profile 
of 7:3 DPPC-oleic acid membranes prepared and measured in 0.5 mM pH 7.4 phosphate 
buffer (pH 7.4/7.4). The solid line is the fitted electrostatic contribution with the origin of 
charge at the membrane surface. D = 0 is defined as the contact between bare mica–mica 
surfaces. (C) Subtraction of the electrostatic contribution and corresponding attractive 
contribution to the force profile. 
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repulsion. The surface charge density was slightly higher than it was in the case of depositing 

the membrane at pH 5.8 and measuring the force profiles at pH 7.4. At pH 7.4 conditions, a 

constant surface charge density of 2.1±0.4 mC/m2 or surface potential of -38±6 mV was 

obtained. After subtracting the electrostatic contribution, the magnitude of the membrane 

adhesion was substantially greater at 2.9±0.1 mN/m (Figure 5.2C). Results for the SFA 

measurements are summarized in Table 5.1. 

Table 5.1. Summary of SFA Results at three different experimental conditions. 

pH 

during 

deposition 

pH for 

force run 

 Equivalent 

Thickness 

(nm)* 

σ (mC/m2) Ψ (mV) 
|Fad/R|VdW 

(mN/m) 

5.8 5.8 7.8±0.2 N/A N/A 0.6±0.1 

5.8 7.4 7.4±0.2 -1.3±0.3 -25±3 0.7±0.1 

7.4 7.4 6.0±0.2 -2.1±0.4 -38±6 2.9±0.1 
* The equivalent thickness is the thickness of the two outer monolayers including their hydration layer 

In order to corroborate the resulting force profiles with membrane structure under 

different preparation conditions, high-resolution AFM topography scans were done on LB 

deposited 7:3 DPPC-oleic acid membranes at pH 5.8 and 7.4 (Figure 5.3). No phase separated 

domains were observed, but the AFM scans revealed topological membrane defects that 

extended down to the inner DPPE monolayer in both cases. When 7:3 DPPC-oleic acid was 

prepared in MilliQ water at pH 5.8, more uniform, well-packed membranes were obtained. 

Based on image analysis of four independent samples with at least five different regions 

scanned per sample, the average defect depth was 2.0±0.7 nm with surface coverage area 

between 0-1% of the supported membrane.50 In one case, multiple membrane spanning holes 

that penetrated the DPPE inner monolayer were detected (Figure 5.3). When the outer 

membrane leaflet was deposited from an 0.5 mM phosphate buffer at pH 7.4, significantly 

more topological defects were found. Based on analysis of two independent samples with at 
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least five different regions scanned per sample, the surface coverage of the defects ranged 

between 1-4% 50 and the average defect depth was 2.3±0.8 nm.  

DISCUSSION 

Langmuir monolayer analysis of DPPC-oleic acid lateral interaction. Isotherms of 

various DPPC-oleic acid mixtures revealed that the fluid to gel phase transition of DPPC was 

maintained in DPPC-oleic acid mixtures, indicating that DPPC still formed the continuous phase. 

 

Figure 5.3. 20x20 μm AFM scan of 7:3 DPPC-oleic acid on DPPE membrane LB deposited on mica 
in pH 5.8 MilliQ water [A] and in 0.5 mM pH 7.4 phosphate buffer [B]. [C] Histogram of the 
defect depth for 7:3 DPPC-oleic acid on DPPE membrane in pH 5.8 MilliQ water (orange) and 
histogram of defects+holes that reached the underlying mica substrate found in one scan (red). 
[D] Histogram of the defect depth for 7:3 DPPC-oleic acid on DPPE membrane in 0.5 mM pH 7.4 
phosphate buffer. The histograms were constructed based on 2-4 independent samples with at 
least 5 different regions scanned per sample yielding 10-20 analyzed images. The average 
depths and defect density area were statistically analyzed with error bars as standard deviation: 
in pure water, depth = 2.0±0.7 nm, defect area = 0.6±0.4%; in pH 7.4 buffer, depth = 2.3±0.8 nm, 
defect area = 1.5±0.7%. 
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The absence of phase separation in the 7:3 DPPC-oleic acid membranes was corroborated by 

the high resolution AFM topography scan (Figure 5.3). The isotherm of the DPPC-oleic acid 

mixtures also indicated stabilization of oleic acid by the lateral interaction with DPPC lipids. For 

all oleic acid concentrations studied, the DPPC-oleic acid monolayer was able to compress 

beyond the collapse pressure of a pure oleic acid monolayer (~30 mN/m) and there was no 

indication of oleic acid squeezing out from the air-water interface at a surface pressure of 35 

mN/m. These results demonstrate that DPPC and oleic acid are miscible with each other, and 

the interaction between DPPC and oleic acid molecules is favorable under the experimental 

conditions studied. Additionally, one of the roles of unsaturated fatty acid in membranes is to 

destabilize ordered structures such as raft domains. Onuki et al. reported that 30% of oleic acid 

significantly fluidized DPPC membranes, resulting in a decrease of detergent-insolubility.196 The 

monolayer elastic modulus is a measure of the membrane stiffness and correlated to the 

fluidity of the membrane. The experimental data showed that incorporation of oleic acid into 

DPPC monolayers decreased the film stiffness (Figure 5.1C). Although the differences of elastic 

modulus in DPPC and DPPC-oleic acid mixture were small, the averaged values show a 

decreasing trend with increasing oleic acid in the monolayer. Thus, incorporation of oleic acid 

decreases the stiffness of DPPC monolayers and correspondingly increases monolayer 

fluidity.184  

Adhesion between 7:3 DPPC-oleic membranes. When the membranes were deposited 

in MilliQ water at pH 5.8, the effective membrane adhesion due to attractive van der Waals 

interactions was consistent and matched well with the measured adhesion between pure fluid 

phase PC membranes of 0.6±0.1 mN/m reported by Marra and Israelachvili.20 In addition, the 
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fluidization effect of oleic acid incorporation into DPPC membrane observed by Langmuir 

monolayer analysis is consistent with the lower adhesion compared to gel phase DPPC.20 

However, the mixed oleic acid-DPPC membrane was thicker at 7.4-7.8 nm compared to the 

thickness of gel phase DPPC presumably deposited on DPPE of 5.5±0.3 nm20 and our own 

measurements of DPPC on DPPE membrane thickness of 6.0±0.2 nm using the SFA. Similar 

values were obtained from X-ray reflectivity measurements of supported DPPC membranes on 

quartz.22 Possible, even coexisting, reasons for the increase in apparent membrane thickness 

include (i) a larger hydration shell of charged oleic acid in the DPPC membrane, (ii) greater 

protrusions of the single acyl chain fatty acid out of the membrane plane and/or (iii) a decrease 

in tilt of the DPPC lipids from surface normal. Further studies such as high-resolution X-ray 

scattering and NMR hydration studies could help quantify these different contributions. In 

contrast, the higher level of defects on the 7:3 DPPC-oleic acid membranes deposited at pH 7.4 

led to a thinner membrane and significantly higher adhesion. The difference in the adhesion 

magnitude of about 2 mN/m was attributed to hydrophobic attraction due to the higher 

amount of exposed inner monolayer acyl chains or hydrophobic moieties in the contact 

regions.138 

Dissociation of oleic acid in mixed 7:3 DPPC-oleic acid membranes. Fatty acid 

molecules self-assemble into micelles, vesicles, and other closed structures in aqueous media. 

Their deprotonation depends on the surrounding pH and the type of any associated lipids or 

molecules in the assembled structure. Previous studies have shown that the apparent pKa of 

oleic acid in different surfactant and lipid mixtures ranges from 6.0 to 9.5.  For example, the pKa 
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of pure oleic acid vesicles is 8.0-9.5.190, 197-198 While when mixed with monoolein, the pKa was 

6.0-7.0.187 A similar pKa of 6.5 was found for 4:6 oleic acid-DPPE vesicles.188  

The force profile measurements and determination of the surface charge density of 7:3 

DPPC-oleic acid SLBs under various pH conditions enable the deprotonation level of oleic acid in 

DPPC membranes to be extracted precisely. At pH 5.8, no electrostatic repulsion was measured, 

indicating that oleic acid does not dissociate (deprotonate) under these conditions. The 

absence of electrostatic repulsion also suggests that charged lipid impurities are the dominant 

source of electrostatic repulsion, which was previously observed in some experiments using 

overall neutral membranes.66-67, 127 At pH 7.4, regardless of the deposition being at pH 5.8 or 

7.4, a long-range electrostatic repulsion was observed. The electrostatic repulsion is clearly due 

to partially dissociated (negatively charged) oleic acid molecules in the membrane.  The level of 

charge was lower in the case of the mixed monolayer being deposited from a water subphase 

(pH 5.8) than in a buffered subphase (pH 7.4). Under the former conditions, a constant surface 

charge density of 1.3 mC/m2 was obtained, which corresponds to 0.9% of the oleic acid 

molecules dissociating. The degree of oleic acid dissociation was calculated using average the 

area per molecule of 34.2 Å2 at 35 mN/m. The apparent pKa value of oleic acid in the 7:3 DPPC-

oleic acid membrane was estimated to be 9.4±0.2 using the Henderson-Hasselbalch equation. 

In comparison, when the 7:3 DPPC-oleic acid outer layer was deposited on a pH 7.4 subphase, a 

higher surface charge density of 2.1 mC/m2 was measured. The deprotonation degree of oleic 

acid under this experimental condition corresponds to 1.5% deprotonation, and an apparent 

pKa value of 9.2±0.1. These apparent pKa values should be an upper bound as the pH of the 

environment precisely at the membrane surface and oleic acid molecules is slightly reduced by 
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the stationary buffer layer above the membrane. Based on previous work by Kramer et al., the 

pH at the membrane surface was estimated to be 7.0 199 and thus the lower bound of the 

apparent pKa of oleic acid would be 0.4 pH units lower than the upper bound values provided 

above. 

The pKa of isolated carboxylic groups in water is much lower at 4.8.186 Clearly, the fatty 

acid chain length and structure of the self-assembled system are key factors in shifting the 

apparent pKa to higher (more alkaline) values.200 In particular, our work demonstrates that the 

apparent pKa of oleic acid in 7:3 DPPC-oleic acid ranges between 8.8-9.4±0.2. By their very 

definition, self-assembled structures of amphiphilic molecules require close proximity of the 

low dielectric environment of the acyl region and hydrophilic, potentially charged headgroup 

region.  Low dielectric media greatly reduce charge dissociation and this is the main reason for 

the low deprotonation of oleic acid in mixed DPPC membranes. In addition, the measured 

negative excess Gibbs free energy of mixing, ∆IJ!H, for mixed DPPC and oleic acid monolayers 

demonstrates favorable interactions between DPPC and oleic acid on a pure water subphase.182 

Favorable lateral association between and with lipid molecules and surfactants is also 

consistent with inhibition of oleic acid deprotonation.   

The results further demonstrate that deprotonation of oleic acid in mixed monolayers 

decreases the quality of monolayer transfer during LB deposition. The 7:3 DPPC-oleic acid 

membrane prepared in pH 7.4 was thinner due to more defects and had a higher surface charge 

density than the membrane prepared in pH 5.8. The thinner membrane and presence of defects 

lower the lateral packing density and thus increased the spacing between headgroups. The 

lower lateral packing density enables greater deprotonation, primarily due to increasing the 
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effective dielectric in the headgroup region. The change in packing would also result in a larger 

spacing between molecules, further aiding deprotonation, as well as changes in the lateral 

interactions between headgroups such as hydrogen bond formation.  

The alteration in the membrane surface charge density in conjunction with the increase 

in membrane fluidity should reduce the barrier function of the membrane towards external 

molecules, which would enhance insertion of external molecules into the membrane and 

increase cellular uptake efficiency of drugs. As membrane properties can be a key factor in 

membrane-associated interactions,201 these changes in membrane properties could also affect 

the localization of membrane associated enzymes or proteins and thereby impact metabolic 

pathways.  For example, oleic acid has been shown to modify G-protein-mediated signaling 

cascades that regulate adenylyl cyclase and phospholipase C.202 Lastly, the properties of oleic 

acid are also modified by membrane composition and structure leading to changes in the 

apparent pKa. These findings enhance our understanding of the potential biological significance 

of free fatty acids. 

 

CONCLUSION 

Membrane interactions and the deprotonation behavior of oleic acid in a DPPC 

membrane at physiological pH were determined in this work. The interaction between 7:3 

DPPC-oleic acid membranes was repulsive at pH 7.4, due to electrostatic interactions consistent 

with pH induced dissociation of oleic acid in the membrane. The apparent pKa of oleic acid in a 

DPPC membrane was 8.8-9.4±0.2, wherein oleic acid does not deprotonate at pH 5.8. More 

broadly, the deprotonation of oleic acid as a function of the pH is also relevant to non-biological 



104 
 

applications such as stabilization of nanoparticles by oleic acids203 and emulsion stabilization in 

lipid droplets,204 drug delivery systems, as well as food applications. The fluidization of 

saturated DPPC lipid membranes by oleic acid was apparent from the magnitude of adhesion 

between 7:3 DPPC-oleic acid membranes. The magnitude of adhesion was lower compared to 

the adhesion of gel phase DPPC membranes and was consistent with previously established 

value for adhesion between fluid phase PC membranes. The ability of oleic acid to interact with 

lipids and alter the interaction between membranes is important especially in the latest field of 

molecular therapy for the pharmaceutical industry. Oleic acid is able to regulate the localization 

and activity of membrane proteins in lipid rafts, which is important due to membrane proteins 

ability to control cell signaling and gene expression. In summary, the findings clearly 

demonstrate that oleic acid interacts favorably with saturated DPPC and that oleic acid’s degree 

of deprotonation can be tailored by the solution pH enabling the interaction between oleic acid 

containing membranes, which have not previously studied, to be controlled. Additional studies, 

such as high resolution X-ray and neutron scattering measurements and other techniques, 

would help further characterize how oleic acid alters membrane structure and properties.   
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