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Abstract
Active pharmaceutical ingredients (APIs) are usually designed to stick to some target in the

body. This target is typically a protein, and the drug is supposed to change how that protein

functions. However, side-effects are an inevitable consequence of introducing foreign molecules, such

as drugs, into the body, since drug molecules are more than likely to interact non-specifically with

other cellular structures, such as lipid membranes. The membrane is a highly relevant structure, as it

is a ubiquitous biological interface, that defines the surface of cells and also internal cell components.

The membrane is more than just a wall, as it plays an important role in controlling processes on

the cell surface. Drug molecules have been shown to interact with membranes by non-specific Van-

der-Waals interactions. However, not enough is known regarding how drugs influence the membrane

structure, or how to design drugs that minimize membrane related side-effects.

X-ray and neutron scattering techniques, as well as Molecular Dynamics simulations, are capable

of providing the molecular details. Synthetic membranes may be prepared with any lipid or drug

composition and are tools for modelling interactions. In this thesis, I used scattering experiments

on synthetic systems to study drug-membrane interactions on the atomic and molecular scales, in

order to understand how the drugs influence membrane properties. I optimized the use of scattering

techniques for determining drug effects on membranes.

From my research, there are two main insights.

1. Drug-membrane interactions disrupt local membrane structure. This is based on a case study

of aspirin where, over three studies, I presented evidence that the aspirin disrupts cholesterol in

the lipid membrane. X-ray and neutron scattering techniques, in combination with Molecular

Dynamics simulations were used to determine that aspirin’s impacts are the result of locallized

disruptions to the lipid structure.

2. I also present three case studies for how the properties of the membrane itself play a role in

shaping the drug interaction. Biophysical properties, such as hydration and stiffness, tune how

the drug interacts with the membrane. X-ray and neutron scattering are required to generate

the molecular picture for why the specific biophysical membrane properties are relevant.

The set of interactions discovered here are not, by any means, exhaustive. However, the work

demonstrates that molecular level details reveal unique insights on drug-membrane interactions,

details that may be useful when designing drugs and mitigating their side effects.
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Chapter 1

Preface

Western medicine relies heavily on specialized chemicals intended to specifically alter the human

body. These active pharmaceutical ingredients (APIs) are typically designed to bind some target,

typically a protein, and change the function of that target, thereby providing therapeutic effect.

However, the set of organs, tissues, cells, and molecules that compose the human body are not

a set of unique “locks” for the APIs to interact with, like a “key”. Side-effects are an inevitable

consequence of introducing foreign molecules such as drugs into the body, as drug molecules are more

than likely to interact non-specifically with various cellular structures. Observing and measuring

these interactions is a unique experimental challenge in drug design.

Understanding the interaction with lipid membranes is especially challenging. The membrane is

a ubiquitous biological interface, that defines the surface of cells and also most internal organelles. It

is not an inert structure and plays a important role in the regulation of membrane bound proteins,

as well as controlling passive diffusion [1]. Drug molecules have been shown to disrupt membrane

structure by simple, non-specific Van-der-Waals interactions [2]. However, many membrane phenom-

ena occur on nanosecond timescales and nanometre length scales that are well outside the realm of

standard biological techniques, making a comprehensive understanding of these interactions difficult.

Understanding these interactions is necessary, in order to design drugs that optimize or minimize

them.

X-ray and neutron scattering techniques, as well as Molecular Dynamics simulations, are able to

access the necessary length and time scales. These techniques measure structure and dynamics on

nanometre and nanosecond scales. Native biological systems are generally too disordered for these

techniques to be useful, so model systems have been developed. Oriented membranes stacks on solid

support can be prepared with any lipid or drug composition, and provide exquisite resolution of

drug-membrane effects.

In this thesis, I studied how drugs interact non-specifically with lipid bilayers on the nanometre

length scales. This is a sandwich thesis, where six individual case studies of drug membrane inter-

actions are synthesized. I took common drugs, introduced them into model lipid bilayer systems,

and measured their effects primarily using scattering techniques. I optimized the use of scattering
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experiments, and the analysis of scattering experiments, for drug-membrane research. The studies

I conducted yielded two main insights.

For one, drugs can disrupt the local structure and function of lipid membranes. In this thesis,

I present a case study of aspirin disrupting cholesterol rafts in lipid bilayers. Cholesterol is an

important component of eukaryotic membranes as it stiffens the structure and gives it integrity.

Cholesterol also creates highly ordered patches in membranes, commonly known as rafts, that are

important for sorting membrane proteins. At high concentration, cholesterol even forms cholesterol

crystals in the bilayer that contribute to atheroslerosis. We observe that aspirin, by making the

membrane more fluid, mitigates the effect of cholesterol and homogenizes the membrane, dissolving

rafts and plaques. The specificity of neutron scattering provided support that aspirin locally disrupts

the raft structure.

Secondly, the membrane itself plays a role in the drug interaction. For example, the common

analgesic ibuprofen creates pores in lipid membranes at high concentrations, but not in bilayers

containing cholesterol. The Indian spice curcumin embeds in fluid membranes and increases fluidity,

but does not do so in dehydrated bilayers. Our studies conclude that the biophysical properties of

the membrane influence the interaction.

1.1 Thesis Overview

This thesis is written such that a scientist, who is not an expert in this field, can understand

and appreciate the major findings of my PhD work. It is sandwich style, combining the six most

important first-author papers in my portfolio into a coherent package. See Section 1.2 for a full list

of my contributions.

Chapter 2 will give the reader a background understanding of the necessary scientific concepts.

The material properties of lipid membranes and lipids are discussed, with an emphasis on the lipids

used in the experiments I conducted. In addition, the importance of cholesterol is discussed and a

review of the controversial topic of lipid rafts is conducted. The most important parts of X-ray and

neutron scattering theory are presented, followed by Molecular Dynamics simulations.

Chapter 3 then presents a tutorial on the systems used for investigation. As alluded to above,

model systems need to be used with scattering technqiues and I primarily used stacked membranes on

solid support. Preparation of these stacks is not trivial, and the optimized procedures are outlined.

I then give the reader a walk-through of how measurements are made, both using our in-house X-ray

diffractometer and using triple-axis neutron spectrometers. Finally, I explain how we use MacSim

for computer simulations!

This takes us into the scientific findings of the thesis. Chapter 4 presents, over three papers, a

case study of aspirin aleviating the effect of cholesterol. Acetylsalicylic Acid (ASA) Increases the

Solubility of Cholesterol When Incorporated in Lipid Membranes illustrates, using X-ray diffraction,

how aspirin increase area per lipid, permitting more cholesterol in the membrane and eliminating

plaques. Aspirin Inhibits Formation of Cholesterol Rafts in Fluid Lipid Membranes using neutron

2
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diffraction to present evidence that aspirin also eliminates ordered cholesterol structures, and finally,

Aspirin Locally Disrupts the Liquid Ordered Phase uses inelastic neutron scattering to show aspirin

locally disrupts cholesterol rafts causing changes to the material properties of the structure.

The second results Chapter, Chapter 5, contains three papers where the effect of drug membrane

interaction was influenced by the membrane itself. Cholesterol Expels Ibuprofen from the Hydrophobic

Membrane Core and Stabilizes Lamellar Phases in Lipid Membranes Containing Ibuprofen demon-

strates how ibuprofen creates pores in membranes, but not when cholesterol is present. Curcumin

Protects Membranes Through Carpet or Insertion Model Depending on Hydration presents evidence

that curcumin embeds in fluid membranes, but also rests on the surface of gel membranes. Finally

The Lipid Bilayer Provides a Site for Cortisone Crystallization at High Cortisone Concentrations

demonstrates that cortisone uses the bilayer as a substrate for crystallization.

A concluding section then wraps up the thesis by synthesizing the findings and provide outlook.

1.2 Scientific Contributions

First Author Publications

• Alsop, R.J., Himbert, S., Schmalzl, K., and Rheinstädter, M.C. Aspirin Locally Disrupts the

Liquid Ordered Phase. Submitted.

• Alsop, R.J., Dhaliwal, A., Rheinstädter, M.C. Curcumin Protects Membranes Through Carpet

or Insertion Model Depending on Hydration. Langmuir, 33(34), 8516-8524.

• Alsop, R.J., Khondker, A., Hub, J.S., Rheinstädter, M.C. (2016). The Lipid Bilayer Provides

a Site for Cortisone Crystallization at High Cortisone Concentrations. Scientific Reports, 6,

22425.

• Alsop, R.J., Soomro, A., Zhang, Y., Pieterse, M., Fatona, A., Dej, K., Rheinstädter, M.C.

(2016). Structural Abnormalities in the Hair of a Patient with a Novel Ribosomopathy. PLoS

ONE, 11(3), e0149610.

• Alsop, R.J., Rheinstädter, M.C. (2016) Lipid Rafts in Binary Lipid/Cholesterol Bilayers in

“Membrane Organization and Lipid Rafts in the Cell and Artificial Membranes”. Pages 17-42,

ISBN 978-1-63484-589-2.

• Alsop, R.J., Schober, R., Rheinstädter, M.C. (2016). Swelling of Phospholipid Membranes

by Divalent Metal Ions Depends on the Location of the Ions in the Bilayers. Soft Matter, 12,

6737-6748.

• Alsop, R.J., Armstrong, C.L., Maqbool, A., Toppozini, L., Rheinstädter, M.C. (2015).

Cholesterol Expels Ibuprofen from the Hydrophobic Membrane Core and Stabilizes Lamellar

Phases in Lipid Membranes Containing Ibuprofen. Soft Matter, 11(24) 4756-4767.
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• Alsop, R.J., Toppozini, L., Marquardt, D., Kucerka, N., Harroun, T.A., Rheinstädter, M.C.

(2015). Aspirin Inhibits Formation of Cholesterol Rafts in Fluid Lipid Membranes. BBA-

Biomembranes, 1848, 805-812.

• Alsop, R.J., Barrett, M.A., Zheng, S., Dies, H., Rheinstädter, M.C. (2014). Acetylsalicylic

Acid (ASA) Increases the Solubility of Cholesterol When Incorporated in Lipid Membranes.

Soft Matter, 10(24), 4275-4286.

Other Publications

• Mueller, A., Alsop, R.J., Scotti, A., Bluel, M., Rheinstädter, M.C., Hoare, T. Dynamically-

Crosslinked Self-Assembled Thermoresponsive Microgels with Homogeneous Internal Struc-

tures. Submitted.

• Dhaliwal, A., Alsop, R.J., Khondker, A., Rheinstädter, M.C. Glucose Vitrifies the Membrane

Core in Dehydrated Lipid Membranes. Submitted.

• Gilbert, T., Alsop, R.J., Babi, M., Rheinstädter, M.C., Moran-Mirabal, J.M., Hoare, T.

Nanostructure of Fully Injectable Hydrazone-Thiosuccinimide Interpenetrating Polymer Net-

work Hydrogels Assessed by Small-Angle Neutron Scattering and dSTORM Single-Molecule

Fluorescence Microscopy. Submitted.

• Schmidt, A., Alsop, R.J., Lenzig, R.P., Gervasi, N.N., Grunder, S., Rheinstädter, M.C.,

Wiemuth, D. Amphiphilic Substances Modulate DEG/ENACS by Modifying Membrane Struc-

ture and Density. Submitted.

• Khondker, A., Dhaliwal, A.K., Alsop, R.J., Tang, J., Backholm, M., Shi, A-C., Rheinstädter,

M.C. Caffeine in Drug Cocktails: The Formation of ”Water Pockets” in Membranes. Physics

in Canada, in-press.

• Khondker, A., Alsop, R.J., Rheinstädter, M.C. (2017) Membrane-Accelerated Amyloid-β

Aggregation and Formation of Cross-β Sheets. Membranes, 7(3), 49.

• Bakaic, E., Smeets, N., Barrigar, O., Alsop, R.J., Rheinstädter, M.C., Hoare, T. (2017).

pH-Ionizable In situ-Gelling Poly(Oligo ethylene glycol methacrylate)-Based Hydrogels: The
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• Khondker, A., Alsop, R.J., Dhaliwal, A., Saem, S., Moran-Mirabal, J.M., Rheinstädter,
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Aspirin inhibits the formation of cholesterol rafts in fluid lipidmembranes. Chemical Biophysics

Symposium, Toronto, Ontario, 04/2015.

• Alsop, R.J., Toppozini, L., Kucerka, N., Rheinstädter, M.C. Aspirin Reorganizes the Lipid
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Chapter 2

Introduction

2.1 Biological Membranes

Biological lipid membranes play a number of vital roles in the cell. In a particularly important role,

they define the surface of the cell and provide the barrier which encapsulates all cell contents. In

that sense, membranes are fundamental building blocks and a necessary requirement for even the

earliest forms of life [4]. In eukaryotes, they also define the surface of many organelles, which are

structures that further sub-encapsulate the cell and permit cell complexity and differentiation.

The membrane is a bilayer structure of surfactant molecules known as lipids. The bilayer struc-

ture allows for the passive diffusion of small molecules such oxygen and carbon dioxide, but blocks

larger items, such as proteins, from crossing into the cell [1]. . Large molecules such as these often

must be transported across the membrane by active processes that require energy.

However, biological membranes are much more than passive barriers. In addition to lipids,

proteins are a major membrane component. In fact, 20-30% of all proteins are membrane proteins,

and as proteins are work-horses of the cell, they convey great importance to membrane structure

cholesterol

lipid raftlipid bilayer

Figure 2.1: A schematic representation of the plasma membrane. The membrane contains lipids,
cholesterol, integral and peripheral proteins, carbohydrates, and water. Modified from a public
domain figure [3].
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and function [1]. Peripheral membrane proteins bind to the surface of the membrane, and often

chaperone other proteins to the membrane. Integral membrane proteins imbed directly into the

membrane, and act as channels for ions, other proteins, and for cell adhesion [5].

Shortly after membrane-associated proteins were discovered, the first accepted model for their

interaction with the lipid bilayer was devised by Singer and Nicholson and called the fluid mosaic

model [6]. In this model, proteins embed within the lipid bilayer and diffuse randomly in the plane

of the bilayer, effectively “swimming” in the fluid 2-dimensional matrix that is the bilayer. This

model does not convey importance to specific lipids, despite the fact that there is great diversity in

lipid composition within and between different cell membrane types. Over 100 different lipid species

may be present in a single membrane [1].

A landmark discovery was lipid rafts, which are lipid structures that have a distinct functional

purpose [7, 8, 9]. Rafts are regions of the membrane rich in saturated lipids and cholesterol and

proteins may choose to embed in the raft or non-raft region. Proteins may even be transported

and sorted using rafts as platforms [10, 11]. Therefore, in contrast to the model by Singer and

Nicholson, the current view is that the structure, dynamics, and composition of the lipids as well as

the proteins is important to the health of the cell. The membrane is also susceptible to perturbation

by external agents [2]. The modern image of a lipid membrane, with lipid rafts and membrane-

embedded proteins, is depicted in Fig. 2.1.

Understanding lipid structure and dynamics is therefore important for understanding proper cell

function. Perhaps more importantly, theories are needed for how lipid structure and function can

be disturbed, for example by a drug molecule. However, the complexity of the biological membrane

makes studying many of these relevant processes almost intractable. Many processes are too small

and too fast to be studied by, for example, an optical microscope. The relevant lipid structural

parameters are ∼Ångstroms in size and lipid dyamics occur on ∼nanosecond timescales, as will be

discussed below.

For these reasons, model lipid bilayers are a common and accepted tool for isolating and studying

membrane phenomena. The lipid composition, as well as the phase of the lipids, can all be varied.

Using X-ray and neutron scattering techniques, the relevant parameters can be measured. Model

lipid membranes were the predominant tool of study in this thesis. In this Chapter, I will discuss

the biophysics of lipids and lipid membranes.

2.1.1 Lipids and Model Lipid Bilayers

Lipids are surfactant molecules, and have a hydrophilic head group and a hydrophobic tail group.

Due to their amphiphilic nature, lipid molecules spontaneously aggregate in aqueous environments,

into bilayer structures. There are many classes of lipids, such as glycerophospholipids, sphingolipids,

and cholesterol. Cholesterol will be discussed in the next section. Here, we focus on glycerophos-

pholipids, aka phospholipids, as they are the dominant lipid in biological membranes and also the

only lipid used in this thesis [12]. A conceptual overview of lipids is given in Fig. 2.2a).

Phospholipids vary in the chemistry of the heads as well as the number of carbons on the lipid
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Figure 2.2: a) Schematics illustrating the relevant properties of lipids. i) A cartoon representation of
a lipid, highlighting the lipid head groups and tail groups. ii) A molecular image, where each atom is
represented by beads. iii) Chemical image of a DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine)
molecule next to iv) a DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) molecule, showing the
similarity in head group structure of the two molecules combined with the difference in chain length.
b) A vesicle model membrane system. c) A multi-lamellar vesicle. d) A single, oriented bilayer on
solid substrate. e) Multi-lamellar, oriented membranes.
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chains, and the saturation of the lipid tail groups. Saturation refers to the number of double bonds

on the tails: fully saturated chains have no double bonds (are “saturated” with hydrogen), and

unsaturated chains have one or more double bonds. The chemistry in the head group is slightly

more complex. For phospholipids, the head group contains a gycerol group, a phosphate group, and

a choline group. The head group can be neutral, positive or negatively charged, or zwitterionic (net

neutral charge, but possessing physically separated charges), thereby making it hydrophilic.

Common lipids used in this study are 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

(POPC). DMPC is a zwitterionic phospholipid with the glycerol, phosphate, and choline groups, and

two fully saturated, 14-carbon long tails. DPPC is the similar to DMPC, with longer, 16-saturated-

carbon tails. POPC has the same head group as DPPC and DMPC, but is an unsaturated lipid.

One tail is 18-carbons long with an unsaturated bond, the other is 16-carbons long and is saturated.

The typical image of a bilayer is depicted in Fig. 2.1, where lipids form a symmetric, two-leaflet

system, and the bilayer forms a surface encapsulating the cell and its contents. However, model

bilayers can be arranged in a number of different geometries, and a few of these are illustrated in

Fig 2.2 b) - e). Vesicles are single bilayers with spherical geometry similar to plasma membranes.

Bilayers in a spherical geometry can also be stacked radially outward, forming multi-lamellar vesicles.

A flat geometry is also possible, in the presence of solid support. The supported lipids may exist as

a single bilayer, or as stacked bilayers.

Each model system has its own advantages, depending on the experimental question. Vesicles

and multi-lamellar vesicles are useful in studies of bulk bilayer properties, such as mechanical and

thermodynamic properties in solution. Oriented systems are useful for isolating and studying nano-

scale bilayer properties using atomic force microscopy or scattering experiements, as will be discussed

below.

It is the nano-scale properties that are the focus of this thesis. There are two main length scales

important to describing lipid bilayers, and are related to the volume occupied by the lipids. The

bilayer thickness is typically determined based on the head group-head group distance across the

bilayer and is denoted dHH . Secondly, the in-plane lateral area occupied, on average, by a lipid in

the bilayer is called the area per lipid (AL). For a POPC bilayer dHH ∼40 Å, and AL ∼65 Å2 [13].

However, these properties vary significantly depending on the chemistry of the lipid species [14].

DPPC is thicker (has higher dHH and has a smaller AL) compared to POPC [14]. This is because

DPPC is a saturated lipid, and the hydrocarbon tails of DPPC molecules pack tightly together

by adopting an all-trans configuration in the tails. The double-bond of the POPC prevents tight

packing by introducing a gauche defect, increasing the area per lipid and minimizing the membrane

thickness.

2.1.2 Lipid Phases

The properties of the lipid also depend on thermodynamic phase. Lipid bilayers undergo phase

transitions depending on temperature and hydration. At low temperature and humidity, lipids enter
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Figure 2.3: Phases observed for single lipid bilayers. a) A lamellar fluid phase, with low chain order
and high hydration. b) The gel phase, with high chain order and low hydration. c) With increasing
lipid curvature, lipids in the lamellar phase transition to a cubic phase, with three-dimensional
symmetry. d) At even higher curvatures, the hexagonal phase is formed. e) Diagrams illustrating
the physical origin of positive and negative curvature. Images are adapted from [15, 16].

a “gel” phase, denoted by the Lβ symbol. In the gel phase, Van-der-Waals forces dominate over

entropic forces causing lipid tails to pack tightly together. Consequently, lipid diffusion is slow,

the bilayer thickness is maximum, and AL is small. With increasing temperature and humidity,

entropic forces become stronger and lipid tails fluctuate more. The bilayer melts from the gel to the

liquid phase (symbolized by Lα), causing increased AL and decreased dHH , and resulting in rapid

diffusion. The temperature at which the chains melt from Lβ to Lα is known as the main transition,

and varies depending on the head group size, chain length, and chain saturation [17]. POPC melts

at 271 K. In comparison, DPPC melts at 313 K as more thermal energy is necessary to melt the

longer, saturated tails. The fluid and gel phases are visualized in Fig. 2.3 a) and b).

Head group hydration also plays an important role in determining bilayer phase and properties

[18]. At low hydration, the number of water molecules in the head groups is small, and head groups

pack closer together, decreasing the area per lipid. Increasing hydration causes the tails to melt (if

the tempearture is above the main transition), as water molecules cause the head groups to increase

in area. For bilayers exposed to air, the hydration is controlled by the relative humidity of the

atmosphere. In aqueous systems, bilayer hydration is controlled by the osmotic pressure, which in

turn is tuned by the concentration of solutes near the bilayer [19]. Solutes may include salt and

proteins. In conditions of high osmotic pressure, the bilayer becomes dehydrated.

The Lβ and Lα refer to lipid phases where all the head groups exist in the same plane and have

one-dimensional symmetry. These are the phases most relevant to physiological bilayers. However,

there are structures where lipids are curved into phases with higher-symmetry, due to the physical

properties of the bilayer system. For example, lipids can pack in so-called hexagonal phases, where

lipids curve into cylinders, and the cylinders pack into a two dimensional cylindrical lattice [20].

These phases occur when the lipids have negative intrinsic curvature, which is a property of lipids

that have greater volume in the tails than heads. Cubic phases are also caused by negative curvature
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lipids, but at curvatures less than the hexagonal phase. Cubic phases have 3-dimensional symmetry

and repeating distances on the order of 120 Å. [21]. See Fig. 2.3 c)-e) for images of inverse phases

and curved lipids. Bilayers initially in a planar lipid phase can be transitioned to a curved phase by

introducing a curved lipid or by embedding surfactants causing curvature [22]. Positive curvature

lipids may also exist, where the volume of the heads is greater than the tails, and these lipids produce

micellar structures [21].

The area per lipid, bilayer width, bilayer curvature, and bilayer phase of biological membranes

are all relevant to physiological function. For example, increased AL provides greater diffusion for

small molecules [23]. Also, intrinsic membrane proteins will only embed in membranes where the tail

thickness, dc, matches the hydrophobic thickness of the protein. Alternatively, the protein may cause

the membrane to deform around the peptide. The lipid composition of the membrane is important

to tuning this thickness [24]. Proteins may also have intrinsic curvature, and curved lipids have been

observed assembling around curved proteins to stabilize the lipid-protein structure [25]. However, if

lipids in a plasma membrane possess enough curvature to transition from a lamellar to curved phase,

the integrity of the bilayer and of the cell will be compromised. This emphasizes the importance of

lipid composition to cell function. In mammalian cells, cholesterol, in addition to phospholipids, is

a membrane component that plays a very particular and profound role.

2.1.3 Cholesterol and Lipid Rafts

Cholesterol is a sterol molecule highly abundant in eukaryotic plasma membranes, present in con-

centrations of 20-50% [27]. It is characterized by a stiff, hydrophobic ring structure that encourages

it to embed into lipid bilayers and position upright with the bilayer normal. This is known as the

umbrella molecule [28]. Cholesterol then causes the lipid tails to straighten and the bilayer to be-

come stiffer [29]. The area per lipid decreases, and the bilayer width increases. For this reason,

cholesterol prefers to interact with more ordered saturated lipid tails [30]. Cholesterol is essential to

eukaryotic membranes, and provides vital integrity to the structure. In fact, at high concentration,

a distinct lipid phase emerges, known as the liquid-ordered phase, `o [1]. This phase has properties

intermediated between the fluid and gel phases. See Fig. 2.4 for illustration. The `o phase known

to be stiff, like the gel phase, but softer than the fluid phase [31]. While the phase has integrity,

it also permits lipid diffusion [31]. Cholesterol is most abundant in the plasma membrane, which

allows the plasma membrane to hold the cell shape [28].

An extremely common observation, in both real and model systems, is that membranes with

cholesterol are not homogeneous in structure [28]. Patches, that are nm to µm in size, exist in these

membranes that are enriched in cholesterol and often saturated lipids, and are more ordered. These

structures float in a surround of less ordered lipids. These are known as lipid “rafts”. In physiological

systems, protein molecules may embed in the raft region or the non-raft region, depending, for

instance, on their hydrophobic thicknesses [7]. In this way, rafts can “sort” integral membrane

proteins [10, 11].

However, little is known about the properties of lipid rafts. This is largely because experimental
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Figure 2.4: Cholesterol has a profound effect on the lipid membrane. a) Cholesterol is a largely
hydrophobic molecule with a stiff sterol ring. b) Cholesterol inserts into the bilayer and condenses
fluid tails. The main model for this interaction is the “umbrella model” which suggests that choles-
terol interacts with the tail to avoid water contact. High concentrations of cholesterol create the `o
phase, an entirely unique phase. c) At concentrations above ∼30 mol%, the `o phase is formed at
all temperatures [26]. d) A cartoon of a membrane with lipid rafts and cholesterol plaques. Rafts
are modelled as regions enriched in cholesterol and ordered lipid that host proteins. Plaques are
cholesterol-only crystals that co-exist with the lipid bilayer and occur at cholesterol concentrations
37.5 mol%.
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measurement is difficult, and evidence for rafts is often indirect [32]. Initial theories of rafts were

built from the observation that proteins clustered on plasma membrane, and that the clustering

could be eliminated by removing cholesterol and saturated lipids. Then, rafts were associated with

detergent-resistant plasma membrane fractions, despite the fact that detergents distort membrane

structure [33]. Fluorescent microscopy of tagged proteins has identified protein clusters that are

small (∼nm in size) and transiently short-lived (∼ µs to ms lifetimes) [34, 8]. All these studies

confirm that cholesterol and saturated lipids are necessary for rafts, but probing the underlying

lipid structure has been an experimental challenge. Experiments focussed on proteins do not answer

why rafts form, or shed light on the forces determining raft size and lifetime.

Attempts have been made, using model lipid systems, to understand raft phenomena. So-called

“raft-mixtures” are used that contain saturated lipids, unsaturated lipids, and cholesterol [35]. At

particular temperatures, these systems form relatively larg,e µm sized domains that are stable [36].

These systems suggest that the driving force for domain formation is coalescence of ordered lipids

with larger hydrophobic thickness to minimize mis-match with disordered lipids. This mis-match

produces a line-tension that can be minimized by forming domains [36]. The mechanisms preventing

complete coalescence (i.e. all thick lipids in one structure) of domains are not known, although

popular theories suggest that dielectric repulsion or curvature effects play a role [35, 37].

However, the lipid structure of rafts in real membranes has not been directly observed [38]. The

likely reason is that they are smaller than the phase separated domains observed with fluorescence

in model membranes. This has led to speculation that rafts are not separate phases, but instead

non-equilibrium structures caused by critical-point fluctuations or microemulsions [39, 40, 41]. These

theories still do not provide complete theories for the size, lifetime, and composition of rafts. However

rafts are ubiquitous: even in binary lipid/cholesterol bilayers they are observed [28]. What is common

among the different systems is that cholesterol drives domain formation by sharply increasing local

lipid organization.

At abnormally high concentrations of cholesterol (>40 mol%), cholesterol domains of a different

form are observed. Cholesterol becomes no longer miscible in the bilayer and forms two-dimensional,

cholesterol-only crystals that coexist with the lipid bilayer [42, 43]. In biological systems, these

plaques have been known to leave the bilayer and deposit on arterial walls, thereby causing arterial

blockage and the disease known as atherosclerosis [44]. The homeostasis of membrane cholesterol is

therefore essential to the health of the cell and the organism. It is crucial to not only have cholesterol,

but also to maintain healthy levels within the membrane.

2.2 Scattering Theory of X-rays and Neutrons

Section 2.1 illustrated that understanding membranes is an exercise in studying the small. Lipids

exist on Å length scales and many of the relevant structures and processes (such as rafts) occur on

nanosecond timescales. A full structural understanding of membranes is challenging with optical

microscopy, fluorescence microscopy, or even super-resolution microscopy, because of their spatial
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resolution. Precision techniques such as X-ray or electron microscopy require frozen samples and

only measure small regions at a time. Therefore, they often struggle to capture the complexity of

biologically relevant membranes.

X-ray and neutron scattering are robust and popular techniques for probing the molecular struc-

ture of both hard and soft matter. The techniques exploit the quantum mechanical wave-particle

duality intrinsic to matter, especially subatomic particles. The De Broglie wavelength of X-rays and

neutrons is on the order of 1-8 Å, which is ideal for studying structures 1-500 Å in size, so perfect for

studying lipid membranes. Inelastic neutron scattering techniques probe processes from picoseconds

up to microseconds in timescale. With the use of temperature and humidity controlled chambers,

membranes can be studied in various phases. In this section, I will outline the physics of scattering

(in particular, diffraction) to highlight how scattering is useful for studying membrane phenomena.

2.2.1 General Scattering Principles

To understand how to study the molecular structure using scattering, consider first a particle (X-ray

or neutron) with wave vector ~ki. The momentum of the wave is related to the wavelengh, λ:

|~ki| =
2π

λ
. (2.1)

Then, consider that the incoming particle is incident on an atom, and scatters with new ~kf . The

resultant vector, ~Q, is determined by:

~Q = ~kf − ~ki. (2.2)

This scattering condition is visualized in Fig. 2.5a) and b). Now lets consider the condition where

|~ki| = | ~kf |, or where elastic scattering occurs. From Fig. 2.5b), we see that Q = 2ki sin θ. By

combining with Eq. 2.1:

| ~Q| = 4π

λ
sin θ, (2.3)

where θ is the scattering angle. Diffraction of regular structures, such as atomic or molecular lattices,

is depicted in Fig. 2.5c). In this real-space view, plane waves are incident on a regular lattice of

atoms at some angle to the lattice plane, and are reflected from different layers of the lattice. In
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this example, ~ki, ~kf , and ~Q are always in the same plane and ~Q = ~qz always points along the z-axis.

At specific angles from the scattering plane, θ, waves scattered from adjacent lattice planes will

constructively interfere. This condition occurs at:

nλ = 2dz sin θ, (2.4)

where dz is the lattice spacing. This is the well known Bragg’s law for constructive interference.

Combinining equations Eq. 2.3 and Eq. 2.4:

qz =
2πn

dz
, (2.5)

which illustrates that based on the qz-position of high-intensity, the lattice spacing of atoms in

the material, dz is determined. A typical diffraction experiment is the methodical scanning of ~Q

to identify regions of with high intensity due to constructive interference. Eq. 2.5 is then used to

determine the length scale associated with the constructive interference. From a bilayer, for example,

constructive interference may occur at qz ∼ 0.11 Å−1, or dz ∼ 60 Å, related to the distance between

two stacked membranes in the stack..

However as noted in Eq. 2.4, constructive interference occurs at more than one angle for a given

dz-spacing. Many peaks can occur at higher angles for different n, and these are known as overtones.

These peaks will occur at qn, where qn+1 - qn = ∆qz. The relative intensity of the different overtones

is related to the structure of the material. The intensity of the scattered wave is proportional to the

Fourier transform of the density, ρ(z) of the material along the z-axis:

ρ(z) ∼
∫
I(qz)e

−iqz·zdqz. (2.6)

When the intensity is sampled at discrete Bragg peaks, the continuous Fourier transform becomes

discrete [45]:

ρ(z) =
2

dz

∑

n

√
Inqnνn cos(∆qzz), (2.7)

where In are the integrated intensities of the Bragg peaks at positions qn. νn = ±1 are the phases,

and the method for determining these is outlined in Chapter 3. Using this treatment for a membrane

system, the density of the bilayer along the axis perpendicular to the bilayer plane is determined.

Changes in density are used to determine the position of peptides or molecules in the membrane, as

will be discussed in the next chapter.

With oriented membranes, the scattering vector, ~Q, can be directed into the membrane plane (it

is “in-plane”), such that it measures the in-plane structure and ~Q = ~q||. In-plane structure yields

information such as the AL, and the molecular structure within lipid rafts.

The discussion so far has been general and applicable to both X-ray and neutron scattering.

However, there are important differences between the two techniques. X-rays scatter off the electron

shell of atoms, whereas neutrons scatter off of the nucleus. While both techniques involve the analysis
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of scattered wave intensity, the distinction creates a clear separation between the two techniques

based on contrast. Contrast in a material is necessary for the X-rays or neutrons to distinguish

between atoms. Differences in scattering power create contrast. X-rays scatter more strongly off of

atoms that have more electrons, whereas neutrons scatter more strongly off of atoms which have a

larger nuclear scattering length. Electron number scales directly with atomic number, but the nuclear

scattering length is an effectively random function of atomic number, as highlighted in Fig. 2.6. In

addition, isotopes of an atom may have entirely different nuclear scattering lengths. For example,

while hydrogen scatters X-rays extremely weakly, hydrogen and deuterium strongly scatter neutrons.

Fig. 2.6 illustrates the difference in scattering power for different, membrane-relevant atoms. Next,

I will discuss neutron scattering in more detail and highlight other key differences between neutron

and X-ray scattering.

2.2.2 Neutron Scattering

In the previous section, we discussed the elastic scattering scenario where |~ki| = | ~kf |. However, in

general, |~ki| 6= | ~kf | due to energy transfer between the system and the scatterer. In this case the

intensity is now a function of energy I( ~Q)→ I( ~Q,E). For neutron scattering, I( ~Q,E) is proportional

to the scattering function S( ~Q,E), convoluted with an instrumental resolution, R( ~Q,E) [47]:

I( ~Q,E) =

∫
S( ~Q,E)R( ~Q,E)d~QdE. (2.8)
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S( ~Q,E) is explicitly derived by considering each atomic scatterer in the sample in both space

and time. By assigning the jth scatterer a nuclear scattering length bjand position ~Rj :

S( ~Q,E) =
kf
ki

1

2π~
∑

j′j

〈bj′bj〉
∫
〈ei ~Q·(~Rj(t)−~Rj′ (0))〉e−iEt/~ dt. (2.9)

Expanding the sum over bj : ∑

jj′

〈bjbj′〉 = 〈b2〉+ 〈b〉2, (2.10)

Gives:

S( ~Q,E) =
kf
ki
〈b〉2 1

2π~
∑

j′j(j′ 6=j)

∫
〈ei ~Q·(~Rj(t)−~Rj′ (0))〉e−iωt dt (2.11)

+
kf
ki
〈b2〉 1

2π~
∑

j

∫
〈ei ~Q·(~Rj(t)−~Rj(0))〉e−iωt dt

= Scoh( ~Q,E) + Sinc( ~Q,E). (2.12)

Eq. 2.12 demonstrates that neutron scattering signals are in fact a superposition of two contributions:

Scoh( ~Q,E) is from coherent neutron scattering, and Sinc( ~Q,E) is from incoherent scattering. The

coherent scattering arises from correlations between different atoms over time, whereas the incoherent

scattering comes from self-correlated motions. The term 〈b2〉 is called the coherent cross-section, or

bcoh, whereas the incoherent cross-section is binc =
√
〈b2〉 − 〈b〉2.

The coherent scattering arises from collective structure and motions of atoms. This corresponds

to the lattice structure and collective motion of atoms within the lattice, known as phonons [48].

Phonons are excited at specific energies, and therefore produce peaks at those exact energy transfers.

Incoherent scattering describes the motion of individual atoms over time, and is therefore related

to diffusion processes. Diffusion processes are continuous, and produce broad peaks centred at zero

energy transfer.

Each isotope of an atom has a different coherent and incoherent cross section, as shown in

Fig. 2.7a). For example, hydrogen has a very large binc but a small (even negative) bcoh, while

deuterium has large bcoh but small binc. The signal from a sample with large hydrogen content

will be dominated by the incoherent term, whereas the signal from a deuterium-rich (or simply

low-hydrogen) sample will be dominated by coherent scattering. This fact introduces a powerful

degree of freedom into neutron scattering experiments: by substituting hydrogen and deuterium,

the incoherent or coherent signal for the sample, or even a specified component of the sample, can

be turned on or off. For example, when performing an experiment with lipids, the static structure

of the tails can be enhanced by deuterating the tails, as depicted in Fig. 2.7.

A generic energy scan is shown in Fg. 2.8. Energy scans are conducted at some fixed ~Q, with

varying E. The image shows the main three components of an inelastic neutron scan: A sharp peak

at E = 0 resulting from elastic scattering; a broad peak also centred at E=0 which is a result of

incoherent scattering; and peaks at |E| >0 that result from phonon scattering. Since the frequency,
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Figure 2.8: A sample graph illustrating the three components of an inelastic neutron scattering
experiment. 1) Elastic scattering appears at ~ω = 0 due to instrument resolution effects. 2) Quasi-
elastic scattering occurs due to relaxation dynamics in the sample (incoherent scattering). 3) Peaks
occur at ~ω > 0 due to collective motions in the sample (coherent scattering).
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a) b)

c)

Figure 2.9: Images from Molecular Dynamics simulations. a) A snapshot of a 128-lipid POPC
bilayer simulated with 25 water molecules per lipid. The phosphorous atom in the head groups is
emphasized using the gold spheres. b) A representation of a single, all-atom POPC molecule. c) A
single POPC in a united-atom configuration.

ω, of the neutron wave-packet is related to the energy by E = ~ω, energy is often represented by

~ω.

From Heisenberg’s Uncertainty Principle, the energy resolution of a molecular process is inversely

proportional to the time scale of the process by ∆E∆t ∼ ~. Neutron scattering achieves resolutions

of ∆E ∼ 10-100 µev or ∼meV. Therefore, it can resolve processes on picosecond to nanosecond

timescales, making it ideal for the study of structure and dynamics in membranes.

2.3 Molecular Dynamics Simulations

Scattering experiments of model lipid system provide molecular level detail into membrane processes.

The techniques provide an ensemble measurement of the bilayer. While these properties represent a

strength of the scattering technique, they also pose weaknesses. Scattering does not provide access to

atomic level membrane detail, nor does it provide information on the motions of individual molecules

or atoms. A technique highly complementary to scattering is Molecular Dynamics (MD) simulation,

as it can provide the atomistic and individualistic detail.

MD simulations are designed to generate an atomic resolution image of bilayer phenomena using

a computation representation of the membrane. The exact composition of the membrane system is

explicitly controlled. MD simulations are performed on bilayers with ∼128 total lipids, more than

30 waters per lipid, and with protein or other molecules included. Simulations are performed on

freely available software, such as GROMACS [49]. Processing power is provided by supercomputers
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or GPU accelerated workstations. Molecules used in the simulations are derived from PDB files,

or calculated using tools such as the Automated Topology Builder [50]. An image of a simulated

bilayer is in Fig. 2.9a).

To perform a MD simulation, all atoms in the system are assigned positions, velocities, and

the appropriate bonds are identified. In addition, the energies required to deform (bend, twist,

extend) are obtained. Next, the force on each atom is determined by summing interactions with all

neighbouring atoms, and the equations of motion are solved for each atom to find new positions and

velocities [51]. This constitutes one simulation step. To start another simulation step, the potential

on each atom is re-calculated based on the new positions. A simulation step occurs on the timescale

of femptoseconds, and a typical simulation time is 100-200 ns.

To solve the potential on each atom using an exact many-body quantum-mechanical solution

would require many variables. Therefore, quantum potentials are approximated to reduce the calcu-

lations to a set of two-body problems that are solved using Newton’s equations. These “force-fields”

describe the potentials between each atom type, and the appropriate bond lengths and angles. Dif-

ferent force fields have been developed and are freely available. They must reproduce known physical

quantities to be considered a reasonable approximation for real potentials [52]. For example, a key

test for lipid force-fields is to generate areas per lipid that match experiment.

For bilayer systems, further approximations may be made to increase efficiency. For example,

the hydrogen atoms on lipid tails may not be explicitly simulated, but instead the masses and

interactions are incorporated into the associated carbon atoms, as in Fig. 2.9b). This “united-atom”

representation of the lipid still reproduces bilayer properties. In situations where greater accuracy

is needed, “all-atom” representations are used (Fig. 2.9c)) [53].

A simulation may be run to test a structural hypothesis, such as how lipid tail conformation

or head group hydration are impacted by a temperature change or a drug. Alternatively, since the

postion of atoms and molecules are traced over time, dynamic information is available. One could

test the insertion time of a drug in the membrane, or the diffusion of water across the bilayer.

Simulations provide atomistic detail, but are limited in the accessible length and timescales, due

to limits on computational resources. Bilayer patches beyond 250 nm3 are not often used in all-

atom simulations, which means that long length-scale phenomena such as bilayer undulations are not

measured in all-atom. In addition, it is costly to simulate beyond a few hundred nanoseconds, which

means that processes beyond ∼ µs are not easily accessible. An event such as protein insertion can

often not be observed. For these reasons, MD simulations can provide complementary information

to scattering experiments.

2.4 A Review of Drug Membrane Interactions

Drug-membrane interactions have been a topic of research since the Mayer-Overton experiment.

The experiment found a correlation between the potency of anesthetic drugs and their partitioning

coefficient in olive oil [54]. The more potent the anesthetic, the more it partitioned into olive oil. This
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experiment suggests a link between the hydrophobicity of the drug and its anesthetic action. As the

lipid membranes is a ubiquitous hydrophobic interface, this led to speculation that the anesthetics

exerted their effect through membrane interactions.

Early molecular hypothesis for this membrane effect suggested that the drug partitioned into the

membrane and physically altered the structure. For example, the drug would enter the hydrophobic

region and swell the tail volume, and influencing the structure of the membrane and membrane

bound ion channels [55]. This theory has largely been discredited, as subtle changes to the drug

structure can have large influence on anesthetic effect, suggesting a simple volume effect is not the

source [56].

However, modern theories of anesthetic action are reintroducing the membrane as a factor.

Anesthetic action is believed to be caused by altered function of membrane bound ion channels.

New hypotheses suggest that the drug influences the dynamics of the membrane, as opposed to the

structure. Drugs may influence the lateral pressure profile of the membrane: drugs may increase the

pressure in the tail and exert pressures on the channel, forcing them closed [57]. Awareness of the

potential membrane-effect of anesthetics has created a general interest in studying drug-membrane

interactions.

Understanding drug membrane interactions is particularly important for phamacokinetics and

pharmacodynamics [2]. Pharmacokinetics is concerned with the movement of drugs within the

body. When quantifying kinetics, it is important to understand retention by membranes, as it

could influence passage of the drug into the cell. Pharmacodynamics is the “mechanism of action”

of a drug. This subject is concerned with how to design drugs that have the intended effect on

the body, and minimize potential side effects. When optimizing pharmacokinetics and dynamics,

understanding of membrane interactions, and how they correlate with the chemistry and molecular

structure of the drug, is necessary during design.

Common techniques are differential scanning calorimetry (DSC) and Langmuir troughs. DSC

studies how a drug influences the phase behaviour of a membrane system [17]. To perform this

experiment, multilamellar lipid vesicles are prepared in water. They are then slowly heated and the

instrument measures the heat necessary to raise the water temperature. Specifically, it measures

the differential heat: by recording the slope of the heat vs temperature plot. If a first order phase

transition occurs, a peak is registered. For example, for DMPC bilayers, a sharp peak is measured at

T = 24◦C, related to the gel to fluid phase transition (the main transition). Drugs can influence the

appearance of this peak by broadening or shifting it. Aspirin is known to broaden and shift the main

transition peak in DSC thermograms, as is iron and several other drugs [58, 59, 60]. Broadening

the main transition implies reduced collective lipid motion during the transition, whereas shifting it

implies reduced energy needed to melt the chains.

Another common drug-membrane probe is a Langmuir trough [2]. This is typically a monolayer

experiment: lipids are spread over a bath of highly pure water. Only enough lipid is deposited to

create a single layer, where the heads are in the water phase and the tails stick in the air. Next, a

physical barrier moves across the surface and reduces the accessible area to the lipids, and a Wilhemy
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plate measures the surface pressure of the lipid film. A drug may be dissolved into the lipid film,

or it may be dissolved in the water subphase and permitted to interact with the lipids from the

subphase. Changes in lipid pressure or compressibility are associated with drug interactions. For

example, cholesterol will decrease the pressure at a given area due to its condensing effect, and will

also decrease compressibility.

It is difficult to ascertain, based on experiments such as these, the molecular details of the lipid

interaction. For example, in a DSC thermogram, lipids partitioning into the heads or tails could

disrupt tail ordering and broaden the main transition. Therefore, more nano-scale information

is necessary. There are several groups performing Molecular Dynamics simulations of drugs in

membranes, and determining the molecular partitioning of the drug [61]. Nuclear magnetic resonance

measurements can also give insight on the drug location in the membrane, and relate it to membrane

perturbations [2].

Scattering experiments of oriented membranes provide a unique innovation to the field of drug-

membrane research. Since the stacked membranes create a repeating unit cell, they permit greater

structural resolution, by Fourier reconstruction, yielding a better model for where the molecule

partitions into the membrane. Since the membranes are oriented, the in-plane (q|| ) and out-of-

plane (qz) structures scatter along different axis. The two structures can therefore be decoupled.

Information on the effect of drugs on membrane bending, phase, area per lipid, lamellar spacing,

lipid tilt, and orientational order are all accessible from a single measurement. When combined with

MD simulations, as well as bulk experiments such as DSC or Langmuir, the oriented membrane

systems can provide rich information into the pharmacokinetic properties of drugs. At the same

time, they can provide insight into the mechanism of action for how the drug creates both intended

effects and side effects.
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Chapter 3

Experimental Methods

3.1 Sample Preparation

The system of choice for the majority of the experiments in this work was oriented, solid-supported

bilayers. These bilayers are built bottom-up, such that the composition of the bilayer is easily

tuned, adding cholesterol, saturated lipids, etc. Solid-supported bilayers are useful in scattering

experiments, as the in-plane and out-of-plane structure of the membranes are decoupled from the

scattering signal. All samples are prepared by depositing lipids, that are dissolved in a solvent, onto

a silicon wafer. The materials & methods required to prepare the wafers, the lipid solutions, and

prepare the oriented membranes will be described below.

3.1.1 Chemicals and Materials

Si substrates

The silicon wafers used for X-ray (and some neutron) scattering were obtained from Silchem

(a) (b) (c) (d)

Figure 3.1: Images of preparing oriented lipid membrane samples. a) Depositing lipid solution on
2 inch diameter wafers. b) the solution dried, leaving the lipid film. c) Stacked 2 inch wafers before
measurement, in Paper III. d) 1×1 cm2 wafers in the sample holder designed for experiments on
IN12.

27



Ph.D. Thesis - R. Alsop McMaster University - Physics and Astronomy

and pre-cut into 1 cm × 1 cm or 2 cm × 2 cm chips. In addition, round 2-inch diameter wafers

were obtained from WRS Materials and used for some neutron scattering experiments. All wafers

used were single-side polished, and cut along the [100] crystal face. The thickness of the wafers was

∼250 µm.

Solvents

A number of organic solvents were used in the process of making oriented bilayers:

• Methanol (CH3OH): general equipment cleaning as part of the wafer cleaning protocol.

• Dichloromethane (DCM, CH2Cl2): used for deep cleaning of the wafers to produce a hydropho-

bic surface.

• Chloroform (CHCl3): one part of the solution used to dissolve and deposit lipids on the wafers.

• 2,2,2-trifluoroethanol (TFE, C2H3F3O): the second part of the wafer solution.

• Ultra-pure water: produced by the Cascade LS Water System with a resistivity of 18.2 MΩ·cm.

All organic solvents Organic solvents were obtained from Sigma Aldrich in HPCL grade..

Molecules

The the molecules in this study can all be classified into phospholipids, cholesterol, and drug

molecules.

• Lipids: Three types of lipids were used in this thesis. All lipids were acquired from Avanti Polar

Lipids and used without further purification. The lipids were packed and shipped with dry-ice

and, upon arrival to the lab, were stored in the freezer at -20◦C until use. 1,2-dimyristoyl-

sn-glycero-3-phosphocholine (DMPC, CAS 18194-24-6) is a 14-carbon saturated phospholipid.

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, CAS 63-89-8 ) is a 16-carbon saturated

phospholipid. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, CAS 26853-31-6) is a

lipid with a 16-carbon long saturated chain and an 18-carbon monounsaturated chain. Chain-

deuterated lipids were also used in the thesis. DMPC-d54 (CAS 78415-49-3) is chemically iden-

tical to DMPC, but with every hydrogen on the carbon chains replaced with deuterium. Sim-

ilarly, DPPC-d62 (CAS 25582-63-2) is chemically identical to DPPC with the chain-hydrogen

atoms replaced.

• Cholesterol: Cholesterol(C27H46O, CAS 57-88-5)) was also acquired from Avanti Polar Lipids,

transported and stored at -20◦C.

• Molecules: Four different drug molecules were studied in this thesis. All molecules studied

were acquired in powder form

1. Aspirin (acetylsalicylic acid, ASA, CAS 50-78-2). Chemical formula C9H8O4. Acquired

from Sigma in powder form and stored at room temperature.

2. Ibuprofen (chemical formula C13H18O2, CAS 15687-27-1) was acquired from Sigma and

stored at room temperature.
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3. Cortisone (chemical formula C21H28O5, CAS 53-06-5 ) was acquired from Sigma and

stored at room temperature.

4. Curcumin (trade name turmuric, formula C21H20O5, CAS 458-37-7) was acquired from

Sigma and stored at -20◦.

3.1.2 Preparation of solid-supported, stacked lipid membranes

Single side polished silicon wafers were first cleaned to prepare the surface for lipid deposition. There

were two protocols used to clean wafers that were used for X-ray and neutron scattering experiments,

respectively.

1. Preparation of wafters using dichloromethane (DCM). This procedure was used to prepare

1 cm × 1 cm or 2 cm × 2 cm wafers. Wafers were placed in a glass dish and covered with

DCM. The dish was sealed with a glass top (and secured with parafilm) and placed in a bath

sonicator (Branson 2510) that was filled with ultra-pure water heated to 37◦C. The wafers

were sonicated for 25 minutes. Following sonication, the wafers were removed from DCM and

rinsed three times with ∼50 mL ultra-pure water and methanol. The wafers were then dried

and lipid solution was deposited, or the wafers were stored in fresh methanol for use later that

day.

2. Preparation of wafers using water and methanol. This procedure was used for the circular,

5 inch diameter wafers. Initially, the wafers were placed in a plastic container and filled with

ultrapure water. The container was then placed in the sonicator (also filled with ultrapure

water) and allowed to equilibrate to 37◦C, then sonicated for 12 min. The process was repeated

with methanol, then repeated again each for water and methanol. Following the final methanol

cleaning, the wafers were dried under N2 and lipid solution was deposited.

Lipid were weighted with a micro-balance (Ohause Discovery) and mixed with a 1:1 solution

of chloroform and trifluoroethanol (TFE). Cholesterol and drug molecules were also weighed and

dissolved in chloroform:TFE mixtures. The different solutions were then combined to achieve the

desired molecular concentrations, to a total mass concentration of 20 mg/mL.

Dried wafers were then placed on a level granite block. To ensure that the lipids are deposited

in their fluid phase, the granite block and wafers are heated well above the transition temperature

of the lipid. For example, when DPPC is deposited the wafers are heated to 50◦C (10◦C above the

main transition). The lipid solution is then deposited. Depending on the size of the wafers, slightly

different procedures are followed:

1. For square wafers, 80 µL of lipid solution is placed on the wafer. The wafers and granite block

are on a rotating platform (VWR Rotating Wave) to ensure even coverage of lipid solution.

2. For the circular, 5 inch diameter wafers, 1.2 mL are deposited. The granite block is then lifted

and gently rocked until the solution is evaporated.
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After the lipid solution has evaporated, the samples are placed in vacuum overnight.

Next, the samples are hydrated. Hydration is required to anneal the lipids on the wafer into

bilayers. They are placed in a sealed vial with a beaker of pure water. The sealed container is placed

in an incubater at a temperature high enough to put the lipids in the fluid phase. The membranes

are hydrated for at least 24 hours.

For X-ray analysis, the wafers are now ready for measurement as a single prepared wafer was

sufficient. Neutron flux at reactor sources is significantly lower than even laboratory X-ray sources,

so several wafers were required for neutron scattering and the wafers must be packed into sample

cans specially designed for the specific neutron instrument. In the paper Aspirin Inhibits Formation

of Cholesterol Rafts in Fluid Lipid Membranes, 20 prepared 5 inch wafers were stacked into an

aluminum can. Each wafer was separated by 100 µm thick aluminum spacers (Fig. 3.1c)). For the

paper Aspirin Locally Disrupts the Liquid Ordered Phase, 20 1×1 cm2 wafers were placed vertically

into a container (Fig. 3.1d)).

3.2 Protocols for Scattering Experiments

3.2.1 X-ray Experiments

All X-ray scattering data were obtained using the Rigaku SmartLab X-ray diffractometer within the

Laboratory for Membrane and Protein Dynamics at McMaster University. This diffractometer is

referred to as the Biological Large Angle Diffraction Experiment (BLADE), see Fig. 3.2. X-rays are

generated using a rotating anode that uses a 9 kW (45 kV, 200 mA) of power to generate X-rays

peaked at a 1.5418 Å wavelength (CuKα). The rotating anode X-ray generator is a vacuum sealed

enclosure in which electrons are ejected from a high-voltage filament, by thermionic emission, and

travel toward a copper target. The target is rotating and also water-cooled in order to dissipate

heat over a large area, thus ensuring a consistent X-ray flux.

When electrons from the filament strike the copper target, they cause electrons in the K-shell

to be ejected. Electrons in outer shells then relax to fill the inner shell, releasing radiation in

the process. The copper Kα emission is selected and guided to the sample by the Rigaku optics

[62]. BLADE’s beam geometry provides intensities of up to 1010 counts/(mm2·s), this high-intensity

illumination of the samples ensures a high scattering signal. The sample is stationary on a flat

sample stage, and the source and detector move. The source and detector move along an angle

perpindicular the normal of the stage, θ. The detector is also capable of swinging into the sample

plane and measuring scattering at an angle θχ. BLADE samples θ and θχ to form a 2-dimensional

scattering image, Fig. 3.2b).

Information from the measurement of the out-of-plane Bragg peaks from the membrane stacks

allows the determination of a density profile perpendicular to the plane of the membranes. With

X-ray scattering we determine the electron density profile, whereas for neutron scattering we deter-

mine a scattering length density profile. The Fourier transform in this case is discrete due to the

convolution with the lamellar structure factor. The integrated intensities of the out-of-plane Bragg
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Figure 3.2: Image of the X-ray diffraction setup. a) A photograph of inside BLADE, with arrows
indicating the relevant axis. b) A 2-dimensional X-ray diffraction image of oriented membrane
stacks acquired by BLADE. A single lipid peak is observed in-plane (q||) and a set of Bragg peaks
are observed in the out-of-plane axis (qz).

peaks are simply the Fourier components. We use one-dimensional Fourier analysis to approximate

the electron density, ρ(z),

ρ(z) = ρW +
F (0)

dz
+

2

dz

N∑

n=1

F (qn)νn cos (qnz)

= ρW +
F (0)

dz
+

2

dz

N∑

n=1

√
Inqnνn cos

(
2πnz

dz

)
, (3.1)

where N is the highest order of observed Bragg peaks and ρW the electron density of water (or

other solvent) [45]. In are the integrated peak intensities, which are combined with the qz value at

which the peak occurs, qn, to obtain the form factors, F (qn). The membrane form factor F (qz),

is in general a complex quantity, however, in this case it is real-valued due to centro-symmetry.

Therefore, the phase problem of crystallography simplifies to the sign problem: F (qz) = νn|F (qz)|.
A given phase can only take on two values, νn = ±1. By measuring the bilayer form factor F(qz) at

several qz values, we can construct a related, continuous function, T(qz),

T (qz) =
∑

n

√
Inqnsinc

(
1

2
dzqz − πn

)
, (3.2)

which can be fit using the data [63]. Fitting the Bragg peak intensities from the data allows for an

analytical expression of T (qz), from which the phases, νn can be assessed. Electron density profiles

are calculated and used in Papers I, IV, V, VI.
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Figure 3.3: A diagram illustrating the operation of a triple axis spectrometer measuring a) in-plane
(q||) and b) out-of-plane (qz) scattering.

3.2.2 Neutron Scattering Experiments

Two of the papers included in this these contain neutron data. Both of these experiments were

performed using triple-axis spectrometers (TAS) at reactor sources. Paper II used the N5 spec-

trometer at the Canadian Neutron Beam Centre and Paper III used the IN12 spectrometer at the

Institut Laue-Langevin (ILL). Neutrons arrive from the core of the reactor with a distribution of

wavelengths. The neutrons are incident on a polylytic graphite (PG). Using Bragg’s law (Eq. 2.4), a

monochromatic beam with momentum ~ki is scattered from the crystal and incident on the sample.

After scattering from the sample, the neutrons are incident on a second PG crystal to select neutrons

with momentum ~kf that are then guided to a detector (Fig. 3.3).

~ki and ~kf can therefore be independently varied, and ~ω = ~2

2mn
(ki − kf )2. The angle between

~ki and ~kf is the scattering angle θ. The triple-axis measures S( ~Q, ~ω) by either holding ~Q constant

and varying ~ω (constant-Q scans) or by holding ~ω fixed and varying ~Q (constant-energy).

The third axis of the spectrometer is the sample axis. Membranes are mounted vertically on the

spectrometer, such that the scattering vector can be rotated from in-plane (q||) to out-of-plane (qz)

by rotating the sample by 90◦ as illustrated in Fig. 3.3.
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(a)

(b)
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Figure 3.4: Pictures of the various hydration chambers used for the scattering experiments. a)
The double-walled chamber, with yellow kapton windows, used on BLADE. b) The X-ray chamber
assembled and placed on BLADE. c) The windowless chamber used at N5 for Paper II. The wafers
are mounted vertically and suspended. d) Securing the lid of the chamber on N5. e) An overhead
view of the sample chamber for IN12, showing the presence of filter paper at the bottom that is
designed to capture D2O. f) The wafers placed on the chamber (filter paper is below the wafers),
and the lid about to be placed on top.

3.2.3 Hydration Chambers for Scattering Experiments

Temperature and humidity controlled chambers are required to perform scattering experiments on

supported membranes under different conditions. Typically, the goal of these chambers is to achieve

100% relative humidity in the atmosphere of the chamber. In order to maintain this humidity,

temperature gradients inside the chamber need to be eliminated, otherwise rapid loss of humidity

will be caused by condensation. Thermoelectric heating at multiple locations in the chamber is

necessary to set the temperature evenly over the chamber. The design principles associated with

chambers for X-ray and neutron scattering are significantly different.

The primary material used for the chambers is aluminum. X-rays cannot penetrate aluminum,

so windows are required to permit X-rays to enter into and scatter out of the chamber and to the

detector. The material used for the window is kapton, a polymeric material that is fabricated into

sheets 13 µm thick, in order to minimize X-ray attenuation. The chamber used inside BLADE

contains a trough for water at the base. The sample is placed on the central stage and a lid with
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the windows is placed on top, creating a tight seal. Temperature control is not used in BLADE, as

the ambient temperature in the machine is 28◦C which is above the melting temperature for both

DMPC and POPC: the lipids measured on BLADE for this thesis. Images of the chamber are shown

in Fig. 3.4a)-b).

Neutrons are in fact able to penetrate even cm thick aluminum walls, which means that humidity

chambers for neutron scattering do not require special windows, as can be seen in Fig. 3.4c)-d). For

Aspirin Locally Disrupts the Liquid Ordered Phase, the wafers were suspended above a trough of

water. The water trough was heated by an external water bath, and the chamber walls and roof are

heated by separate Peliter elements, to remove gradients. However, a different setup is used for the

Aspirin Locally Disrupts the Liquid Ordered Phase experiment. The 1×1 cm2 wafers are placed in

a sealed vessel (Fig. 3.4e)-f)) with a damp filter paper prepared with enough water to achieve full

hydration. Temperature is then controlled with an orange crystat.

3.3 Molecular Dynamics Simulations

Simulations were mostly run in-house on MacSim, a GPU accelerated workstation with 20 physical

Intel XeonCPU cores and two GeForce GTX 1080 high power graphics cards resulting in 5120 CUDA

Cores. This system produces 50-180 ns of MD simulations in standard 128 lipid membrane patches

in GROMACS per day (B24 h), depending on the system in question. The exception is Paper V:

The Lipid Bilayer Provides a Site for Cortisone Crystallization at High Cortisone Concentrations,

where simulations were performed by Jochen Hub.

The GROMACS (GROningen Machine for Chemical Simulations) software was used [49]. Force-

fields are downloaded and used un-altered. Two force fields were used in this thesis: the SLipids

forcefields was used for the Paper V [64], while GROMOS 54a7 forcefield was used for the other

works [65]. Simulations are generally run with 128 lipids in a bilayer patch (64 per leaflet), and a

variable number of water molecules per lipid.

The forcefield parameters identify the interactions between atoms that are bonded, non-bonded,

the interaction parameters for torsional bond rotation, etc. However, to use a molecule in the

simulation, the forcefield needs to be able to identify atomic groups to assign interaction parameters

to. These “topology” files are typically built by leading groups such as the Tieleman group and

made freely available for download. All-atom POPC molecules were used with the SLipids forcefield

in Paper V, while united atom DMPC molecules were used for the others. Drug molecules, such

as aspirin, cortisone, and curcumin, also require topology files. These are built either using the

Generalized Amber Force Field, or downloaded from online repositories such as the Automatic

Topology Builder [50].

Before performing simulations for analysis (denoted production runs), a three stage equilibration

protocol is performed. . First of all, an energy minimization step is run that removes extreme forces

within the system. This is performed by conducting simulations at zero temperature, and minimizing

the total force on all atoms. Secondly, a simulation is run at constant volume to ensure the system
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achieves the designed temperature. After the equilibration, the thermodynamic parameters of

the system, such as temperature and pressure, should no longer depend on simulation time. This

typically requires 500 ps of simulation. Lastly, a simulation is run at constant pressure to ensure that

the pressure is stabilized, typically taking 1 ns. Finally, production runs typically ran for 200 ns.
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Chapter 4

Aspirin Impacts Local Membrane

Structure and Function:

Publications I, II, & III

Many drug molecules, similar to lipid membranes, are amphiphilic. They will embed in the mem-

brane to satisfy both hydrophilic and hydrophobic interactions. In addition, charge or hydrogen

bonding interactions will attract drugs to the bilayer [2]. There are a variety of possible responses to

the drug binding the membrane: it could increase the lipid fluidity, it could tighten the lipid much

like cholesterol, or it could cause increased curvature. This information is available from various

experimental techniques, including fluorescence techniques, and NMR [2]. However, as outlined in

Section 2, key events for the membrane happen on small length and timescales. How could a drug

influence ephemeral phenomena such as raft formation and structure, for example? Molecular level

techniques are required to ellucidate these effects.

In this thesis, to start answering those questions, a case study of aspirin was performed. Aspirin

(chemical name acetylsalicylic acid, ASA) is a common analgesic that has been on the market for

over 100 years. Salicylic acid, from which Aspirin is derived, is found in willow trees, and extract

or tea made from these trees had been used to cure pain or fever [66]. Bayer trademarked Aspirin

in 1899 but the rights to name expired and aspirin is now a trade name. It is still widely used for

treating pain or fever. The main mechanism for curing pain was discovered in 1962: aspirin binds

to cyclo-oxygenase (COX) and inhibits the production of prostaglandins [67].

In recent decades, aspirin has also been used as a secondary measure in the prevention of heart

attacks for patients with high cholesterol [68]. Some evidence suggests the COX inhibition is the

reason for a benefit for high cholesterol [69]. However, this is not the whole story, as, for example,

patients who are “aspirin resistant” (they don’t see any benefit from aspirin therapy) experience

COX inhibition [70]. Our hypothesis was that aspirin in fact influenced cholesterol by interacting

with lipids membranes.
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We therefore prepared oriented membranes with high cholesterol, as well as aspirin, and studied

the systems using X-ray and neutron scattering. Over three papers, we determined that aspirin has

a clear effect on membranes with cholesterol. In particular we learned that aspirin creates local dis-

tortions in the membrane, local changes in the area per lipid, and frustrates cholesterol organization.

This effect appears to eliminate plaques, and also causes increased solubility for cholesterol in mem-

branes. At high concentrations, cholesterol leaves the membrane and forms immiscible cholesterol

crystals. These “plaques” then aggregate outside the membrane and cause blocked arteries [44].

Our conclusion that aspirin homogenizes membranes, increasing cholesterol solubility, may explain

the so-called Low Dose Aspirin Therapy.

A key insight from these experiments is that the effect of aspirin on the `o phase is distinctly

local. This means that aspirin does not require a critical threshold to produce effect. Even though

the experiments discussed sometimes use physiologically unrealistic drug concentrations, small con-

centrations of the drug influence the membrane structure.

4.1 Paper I: Acetylsalicylic Acid (ASA) Increases the Solu-

bility of Cholesterol When Incorporated in Lipid Mem-

branes

Richard J. Alsop, Matthew A. Barrett, Songbo Zheng, Hannah Dies, Maikel C. Rheinstädter. (2014).

Acetylsalicylic Acid (ASA) Increases the Solubility of Cholesterol When Incorporated in Lipid Mem-

branes. Soft Matter. 10(24), 4275-4286.

4.1.1 Preface to Paper I

This was the first test of both aspirin and high cholesterol in the same membrane. Our choice of

experimental system is DMPC in the gel phase. While the gel phase is not generally considered the

most physiologically relevant phase, by suppressing fluctuations associated with the fluid phase, a

greater number of Bragg peaks are available for structure refinement.

We prepared membranes with cholesterol concentrations of up to 40 mol%. Cholesterol con-

centrations in human plasma membranes vary from 30-50%, but in our gel-phase DMPC systems,

40 mol% is already above the the solubility threshold, causing cholesterol to leave the membrane

and form cholesterol plaques [44].

The evidence for plaques is present in both measurements along qz and along q||. Along qz, a

homogenous lamellar membrane diffracts evenly spaced Bragg peaks. At high cholesterol concentra-

tions, however, extra peaks exist between the lamaller peaks. Indexing these peaks reveals a spacing

of ∼34 Å, which is the thickness of two cholesterol molecules stacked. Along q||, peaks appear that

are indexed to a unit cell in agreement with crystalline cholesterol. The high cholesterol data, there-

fore, point to cholesterol crystals that coexist with the lamellar membrane. We then added aspirin
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to the membranes. We used an electron density analysis to show that aspirin sits in the lipid head

groups, at |z| ∼ 20 Å from the membrane core. Aspirin also decreases dz and increases AL.

The most relevant result, however, is that it causes the volume fraction of the cholesterol plaques

to decrease. This was measured by integrating the in-plane cholesterol peaks and normalizing by the

lipid peaks. At 10 mol% aspirin, there is zero evidence for plaques and that is also true at 12.5 mol%.

This result is best explained by increased lipid area, allowing more cholesterol to incorporate into

the membrane. The experiment provided the first piece of evidence that aspirin, by increasing the

area per lipid, actually influences the formation of cholesterol structures. The position of the plaque

peaks did not change, meaning the structure was not affected. Instead, we related the intensity of

the peaks to the volume of the plaques.

Author Contributions:

• Experimental Concept: Maikel Rheinstädter

• Sample Preparation: Richard Alsop, Matthew Barrett, Songbo Zheng

• X-ray diffraction Experiments: Richard Alsop, Songbo Zheng, Maikel Rheinstädter

• Data Analysis: Richard Alsop, Hannah Dies, Maikel Rheinstädter

• Manuscript Preparation: Richard Alsop, Maikel Rheinstädter
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Acetylsalicylic acid (ASA) increases the solubility of
cholesterol when incorporated in lipid membranes

Richard J. Alsop,a Matthew A. Barrett,a Songbo Zheng,a Hannah Diesa

and Maikel C. Rheinstädter*ab

Cholesterol has been well established as a mediator of cell membrane fluidity. By interacting with lipid tails,

cholesterol causes the membrane tails to be constrained thereby reducing membrane fluidity, well known

as the condensation effect. Acetylsalicylic acid (ASA), the main ingredient in aspirin, has recently been

shown to increase fluidity in lipid bilayers by primarily interacting with lipid head groups. We used high-

resolution X-ray diffraction to study both ASA and cholesterol coexisting in model membranes of

dimyristoylphosphatidylcholine (DMPC). While a high cholesterol concentration of 40 mol% cholesterol

leads to the formation of immiscible cholesterol bilayers, as was reported previously, increasing the

amount of ASA in the membranes between 0 to 12.5 mol% was found to significantly increase the fluidity

of the bilayers and dissolve the cholesterol plaques. We, therefore, present experimental evidence for an

interaction between cholesterol and ASA on the level of the cell membrane at elevated levels of

cholesterol and ASA.

1. Introduction

The biological membrane is a complex structure, composed of
various lipid species, sterols, proteins, and other small mole-
cules. An important consequence arising from the complexity of
the structure is uidity.1–3 By being uid, the structure allows for
fast diffusion of small molecules and lateral diffusion of
membrane proteins.4 The uidity of a membrane also deter-
mines its bending modulus, and ability to form pores.5,6

Cholesterol, with its stiff hydrocarbon ring structure, is known
to increase membrane rigidity acting as a physiological medi-
ator of membrane uidity. The liquid-ordered (lo) phase, which
is observed at high concentrations of cholesterol,7 was reported
to combine the properties of gel and uid phases, in other
words, it is as well ordered as the gel phase, but ‘soer’ than the
uid phase,8,9 with smaller viscosity and restoring forces. In
addition, cholesterol is speculated to be un-evenly distributed
in the membrane. Regions with high cholesterol among a larger
membrane are labeled lipid ras,10 which are oen implicated
in cell signalling and neuro-transmission, among other
roles.10–21

However, a high concentration of cholesterol causes a
disadvantageous decrease in uidity and a change in homeo-
stasis, leading to reduced health of the individual. Possible
effects of high cholesterol include high blood pressure and
hypertension. As well, high cholesterol serves as a risk factor for

myocardial infarctions. Biochemical and physiological studies
have allowed for the discovery of many pharmaceuticals to
specically lower cholesterol levels, along with medications to
reduce the symptoms and effects of high cholesterol. A common
treatment for the primary and secondary prevention of
myocardial events, in patients with high cholesterol, is the daily
intake of the analgesic aspirin (acetylsalicylic acid, ASA) as part
of a regimen known as low-dose aspirin therapy.22–24

Despite progress in the treatment of high cholesterol,
explaining andmitigating the adverse effects of cholesterol is still
a rich area. In particular, the eld of membrane biophysics has
proven effective in explaining and quantifying the effects of
cholesterol in the context of model membrane systems. X-Ray
and neutron scattering experiments have been able to probe the
position of cholesterol within the membrane and quantify and
understand the effects of cholesterol.3,8,9,25–35 The hydrophobic
cholesterol molecule partitions itself in the hydrophobic
membrane core. In saturated lipid bilayers, the cholesterol
molecules are known to alignparallel to the lipid acyl chains, well
known as the umbrella model.34,36 In the umbrella model each
lipid molecule is associated with two cholesterol molecules,
which cause themembrane tails tobe constrained, suppress lipid
tail uctuations thereby increasing membrane thickness and
reducing membrane uidity. The lipid head group is thought to
act as an ‘umbrella’, which protects the hydrophobic part of the
cholesterol molecules from the aqueous environment. In highly
unsaturated membranes, cholesterol was found to reside also in
the centre of the membranes.28,37 Small, transient cholesterol
domains at physiological cholesterol levels were recently repor-
ted from computer simulations38 and experiments.35 At high
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concentrations of cholesterol, above �40 mol%, immiscible
cholesterol bilayers may form spontaneously.39–45

Aspirin and other non-steroidal anti-inammatory drugs
(NSAID's) are able to interact with lipid membranes leading to
increased bending ability and pore formation in real and model
membranes.47–49 ASA was found to incorporate in lipid
membranes and to primarily interact with the head groups,
increasing lipid uidity.46 However, given the opposing effects
of ASA and cholesterol in the membrane, a direct interaction
has never been investigated.

We investigated DMPC membranes containing varied
amounts of cholesterol and ASA using high-resolution X-ray
diffraction. Lamellar stacks of bilayers containing ASA, choles-
terol, and the saturated phospholipid dimyristoylphosphocho-
line (DMPC) were prepared. Samples contained up to 12.5 mol%
ASA and 40 mol% cholesterol. We used 2-dimensional X-ray
diffraction, covering large areas of reciprocal space, to probe the
in-plane and out-of-plane structure of the membranes in their
liquid-ordered phase. We nd experimental evidence for an
interaction between cholesterol and ASA in model membranes.

2. Materials and methods
2.1. Preparation of the highly-oriented multi-lamellar
membrane samples

Highly oriented multi lamellar membranes were prepared on
single-side polished silicon wafers. 100 mm diameter, 300 mm
thick silicon (100) wafers were pre-cut into 2 � 2 cm2 chips. 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC, C36H72NO8P),
acetylsalicylic acid (ASA, C9H8O4) and cholesterol (C27H46O), as
depicted in Fig. 1a, were mixed in different ratios and dissolved
in a 1 : 1 chloroform–2,2,2-triuoroethanol (TFE) solution at a
concentration of 15 mg mL�1.

The lipid solution did not spread well on ultrasonic-cleaned
wafers and de-wetted during drying. The silicon substrates
were, therefore, cleaned in a piranha acid solution made of 98%
concentrated H2SO4 and 30% concentrated H2O2 at a ratio of
3 : 1 by volume. Wafers were placed in this solution, covered
with paralm and kept at 298 K for 30 minutes. This treatment
removes all organic contamination and leaves the substrates in
a hydrophilic state. The 1 : 1 mix of chloroform–TFE, which was
used to dissolve lipids and chloroform, is a non-polar solvent. In
order for the solvent to spread well and cover the substrate
uniformly, the silicon wafers were made hydrophobic to match
the solvent properties. We used silanization to cover the silicon
surface through self-assembly with organo-functional alkox-
ysilane molecules (APTES). The organic part of the APTES
molecules was found to provide a perfect hydrophobic interface
for the formation of the biological tissue.39,46

A 1% (by volume) solution of APTES and 99% ethanol was
prepared. A 1 mL syringe was lled with 0.2 mL of dry nitrogen.
This nitrogen was ejected into 99% APTES, and 0.2 mL of APTES
was drawn into the syringe. This syringe is then submerged in
19.8 mL of ethanol before ejecting the APTES. The wafers were
immersed in the APTES solution and covered with paralm,
kept at 298 K and placed on a tilting incubator (20 speed, 3 tilt)
for 12 hours. The tilting incubator creates a circular ow in the

beaker to ensure an even APTES distribution and prevent
buildup on the surface of the wafers. The wafers were then
placed in a clean Pyrex dish and annealed in vacuum at 388 K
for 3 hours to create a uniform coverage of the APTES molecules
on the surface.50

Each wafer was thoroughly rinsed three times by alternating
with �50 mL of ultra pure water and methanol. The methanol
was cleaned using a 0.2 mm lter before use to avoid surface
contamination. The tilting incubator was heated to 313 K and
the lipid solution was placed inside to equilibrate. The wafers
were rinsed in methanol, dried with nitrogen gas and placed in
the incubator. 200 mL of lipid solution was applied on each
wafer and the wafers were covered with a Petri dish to let the
solvent evaporate slowly during a period of �15 minutes. The
slow drying allows time for the lamellar membranes to form on
the substrate. Wafers were tilted during the drying process for
30 minutes (speed 15, tilt 1) such that the lipid solution spread
evenly on the wafers.

Aer drying, the samples were placed in vacuum at 313 K for
12 hours to remove all traces of the solvent. The bilayers were
annealed and rehydrated before use in a saturated K2SO4

solution which provides �98% relative humidity (RH). The
hydration container was allowed to equilibrate at 293 K in an
incubator. The temperature of the incubator was then increased
gradually from 293 K to 303 K over a period of �5 hours to
slowly anneal the multi lamellar structure.

This procedure results in highly oriented multi lamellar
membrane stacks and a uniform coverage of the silicon
substrates. About 3000 highly oriented stacked membranes
with a total thickness of �10 mm are produced using this
protocol. The samples were stored in a refrigerator at 5 �C and
heated to 55 �C for 1 h before scanning to erase a possible
thermal history. This procedure in particular destroys possible
crystalline LC or sub-gel phases that may form during storage at
low temperatures and low hydration.51

The high sample quality and high degree of order is a
prerequisite to determine the in-plane structure of the
membranes and the arrangement of cholesterol and ASA
molecules. Table 1 lists all samples prepared for this study.

Fig. 1 (a) Lipid, ASA and cholesterol molecule. (b) Schematic diagram
of the X-ray scattering experiment. The in-plane and out-of-plane
structure of the membranes was determined from 2-dimensional
intensity maps. Highly oriented multi lamellar membranes were
prepared. 2q and 2qc are the out-of-plane respective in-plane
diffraction angles.
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2.2. X-ray scattering experiment

X-ray diffraction data was obtained using the Biological Large
Angle Diffraction Experiment (BLADE) in the Laboratory for
Membrane and Protein Dynamics at McMaster University.
BLADE uses a 9 kW (45 kV, 200 mA) CuKa rotating anode at a
wavelength of 1.5418 Å. Both source and detector are mounted
on movable arms such that the membranes stay horizontal
during the measurements. Focussing multi-layer optics
provides a high intensity parallel beam with monochromatic X-
ray intensities up to 1010 counts per (s � mm2). This beam
geometry provides optimal illumination of the solid supported
membrane samples to maximize the scattering signal.

A sketch of the scattering geometry is shown in Fig. 1b). By
using highly oriented membrane stacks, the lateral in-plane (qk)
and out-of-plane (qz) structure of the membranes could be
determined with sub-nanometer resolution. A point detector
was used in combination with slits and collimators in front and
aer the samples to optimize the signal-to-noise-ratio. The
detector was moved along a spherical surface around the
sample, as dened by the two angles 2q and 2qc. The result of
such an X-ray experiment is a 2-dimensional intensity map of a
large area (0.03 Å�1 < qz < 1.1 Å�1 and 0 Å�1 < qk < 3.1 Å�1) of the
reciprocal space, as sketched in Fig. 1b. This information was
used to develop the molecular structure of the membrane
samples.

All scans were measured at 20 �C and 50% RH, in the gel
phase of the bilayers.52,53 Fully hydrated liquid-crystalline
samples are generally assumed to best mimic physiologically

relevant conditions.54,31 However, these disordered bilayers do
not diffract well (i.e. give rise to a limited number of quasi-Bragg
peaks), and as such do not lend themselves ideally to traditional
crystallographic analysis. In order to obtain high resolution
diffraction data, the membranes in this study were measured
below the gel–uid transition temperature of T ¼ 296.6 K in
multi-lamellar DMPC systems55,56 and at a reduced hydration.
As high resolution structural data are needed to determine the
location of the different molecular components, this protocol
permits the measurement of high order Bragg peaks, and
thereby achieve a high spatial resolution, as demonstrated by
Hristova and White.57 Consequently, the membranes were in
their gel (Lb) phase.33,52,53 All conclusions drawn, therefore, refer
to this phase state of the system.

2.3. The calculation of electron densities

The out-of-plane structure of the membranes was determined
using specular reectivity, see, for instance ref. 31 and 54 for
recent reviews. The electron density, r(z), is approximated by a
1-dimensional Fourier analysis:58

rðzÞ ¼ rW þ Fð0Þ
dz

þ 2

dz

XN
n¼1

FðqnÞnn cosðqnzÞ

¼ rW þ Fð0Þ
dz

þ 2

dz

XN
n¼1

ffiffiffiffiffiffiffiffi
Inqn

p
nn cos

�
2pnz

dz

�
: (1)

Table 1 List of all the samples prepared for this study and their molecular composition. Unit cell dimensions, area per lipid and cholesterol
molecules and the lamellar spacings for lipid and cholesterol bilayers (dlipidz and dcholz ) are given. See text for details

Sample
DMPC
(mol%)

cholesterol
(mol%)

ASA
(mol%) Unit cell

Area per
lipid (Å2) dlipidz (Å)

Area per
cholesterol (Å2) dcholz (Å)

1 100 0 0 Head groups: aH ¼ 8.77 Å, bH ¼ 9.31
Å, gH ¼ 90�; Lipid tails: aT ¼ 4.97 Å,
bT ¼ 8.25 Å, gT ¼ 94.18�

40.84 � 0.1 52.6 � 0.1 — —

2 80 20 0 aT ¼ 5.03 Å, gH ¼ 120� 44 � 1 50.1 � 0.1 — —
3 70 30 0 aT ¼ 5.12 Å, gH ¼ 120� 45.2 � 2 50.5 � 0.1 — —
4 60 40 0 Lipid tails: aT ¼ 4.48 Å, gT ¼ 120�;

Chol monoclinic: a ¼ 10.70 Å,
b ¼ 8.60 Å, g ¼ 103.0�

34.8 � 0.1 50.9 � 0.1 44.83 � 0.1 32.5 � 0.3

5 95 0 5 aT ¼ 4.86 Å, gH ¼ 120� 41 � 1 55.3 — —
6 80 15 5 aT ¼ 4.90 Å, gH ¼ 120� 41.6 � 1 49.1 — —
7 65 30 5 aT ¼ 5.10 Å, gH ¼ 120� 45.2 � 1.5 48.89 — —
8 55 40 5 Lipid tails: aT ¼ 4.45 Å, gT ¼ 120�;

Chol monoclinic: a ¼ 10.37 Å,
b ¼ 8.4 Å, g ¼ 103.0�

34.2 � 0.5 43.8 � 0.3 42.44 � 0.1 34.3 � 0.1

9 90 0 10 aT ¼ 4.86 Å, gH ¼ 120� 41 � 1 53 — —
10 75 15 10 aT ¼ 4.91 Å, gH ¼ 120� 42 � 1.5 51.55 — —
11 60 30 10 aT ¼ 5.06 Å, gH ¼ 120� 45.2 � 2 44.5 — —
12 50 40 10 Lipid tails: aT ¼ 4.58 Å, gT ¼ 120�;

Chol monoclinic: a ¼ 10.4 Å,
b ¼ 8.27 Å, g ¼ 103.0�

36.3 � 0.1 44.4 � 0.1 42.0 � 0.1 34.4 � 1.7

13 62.5 30 7.5 aT ¼ 5.15 Å, gH ¼ 120� 45.9 � 1.5 50 — —
14 57.5 30 12.5 aT ¼ 5.18 Å, gH ¼ 120� 46.5 � 1.5 50 — —
15 52.5 40 7.5 Lipid tails: aT ¼ 4.62 Å, gT ¼ 120�;

Chol monoclinic: a ¼ 10.64 Å,
b ¼ 8.4 Å, g ¼ 103.0�

37.0 � 0.1 43.1 � 0.1 43.5 � 0.1 34.2 � 0.1

16 47.5 40 12.5 Lipid tails: aT ¼ 4.83 Å, gT ¼ 120� 40.5 � 0.1 41.8 � 0.5 — 34.11 � 0.1
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N is the highest order of the Bragg peaks observed in the
experiment and rW the electron density of bulk water. The
integrated peak intensities, In, are multiplied by qn to receive the
form factors, F(qn).59,60 The bilayer form factor F(qz), which is in
general a complex quantity, is real-valued in the case of centro-
symmetry. The phase problem of crystallography, therefore,
simplies to the sign problem F(qz) ¼ � |F(qz)| and the phases,
nn, can only take the values �1. The phases nn are needed to
reconstruct the electron density prole from the scattering data
following eqn (1). When the membrane form factor F(qz) is
measured at several qz values, a continuous function, T(qz),
which is proportional to F(qz), can be tted to the data:59–62

TðqzÞ ¼
X
n

ffiffiffiffiffiffiffiffi
Inqn

p
sinc

�
1

2
dzqz � pn

�
: (2)

Once an analytical expression for T(qz) has been determined
from tting the experimental peak intensities, the phases nn can
be assessed from T(qz).

In order to put rz on an absolute scale, the electron densities
were scaled to full the condition r(0)¼ 0.22 e Å�3 (the electron
density of a CH3 group) in the centre of the bilayer, and r(dz/2)¼
0.33 e Å�3 (the electron density of water, rW) outside the bila-
yers. All samples were well t by the phase array [�1�11�11�11�11�1].
Up to 11 pronounced Bragg peaks were observed resulting in a
high spatial resolution.

The dz-spacing between two neighbouring membranes in the
stack was determined from the distance between the well
developed Bragg reections (dz ¼ 2p/Dqz). The reectivity peaks
were well t by Gaussian peak proles. To assign the peaks to
different phases, Bragg's law can be re-written as sin(q)¼ l/(2dz)
� n. By plotting the sine of the Bragg angles versus the order of
the different Bragg reections, sin(q(n)) vs. n, peaks which
belong to the same dz-spacing fall on a straight line through the
origin, whose slope is proportional to 1/dz. Note that not all
diffraction orders are necessarily observed for the different dz-
spacings as their scattering intensity depends on the form
factor of the bilayers and oscillates between zero and maximum
intensity as a function of qz.

3. Results

Sixteen different samples were created containing varied
amounts of DMPC, ASA and cholesterol. Samples with up to
12.5 mol% ASA and 40 mol% cholesterol were prepared, as
listed in Table 1. Two-dimensional X-ray intensity maps were
gathered for all samples, with select samples displayed in Fig. 2.

Some qualitative conclusions can be drawn from the 2-
dimensional maps. As shown in Fig. 2a, a number of Bragg
peaks are scattered for pure DMPC along qk, caused by long
range order of lipid tails and lipid head groups in the plane of
the membrane, as discussed for instance in ref. 46, 63 and 64.
However, as shown in Fig. 2b at 30mol% cholesterol, long range
lateral order is suppressed and a single broad Bragg peak is
observed along qk, indicative of a disordered system with a
range of nearest-neighbour distances due to the inclusion of
cholesterol.30,46,65

At 40 mol% cholesterol in Fig. 2c, additional Bragg peaks
were observed along the out-of-plane and in-plane axes, related
to the formation of immiscible cholesterol plaques, i.e.,
cholesterol bilayers coexisting with the lamellar membrane
structure, as reported previously by Barrett et al.39 The intensity
of these peaks was found to increase in the presence of 5 mol%
ASA in Fig. 2d. Addition of 10 mol% ASA in part (e) led to a
decrease of the intensity of the cholesterol Bragg peaks indi-
cating a shrinking fraction of cholesterol plaques.

For a quantitative analysis of the diffracted intensity, the
2-dimensional data were cut along the out-of-plane and in-plane

Fig. 2 Two-dimensional X-ray intensity maps of: (a) 100 mol% DMPC,
(b) 30 mol% cholesterol, (c) 40 mol% cholesterol, (d) 5 mol% ASA + 40
mol% cholesterol, (e) 10 mol% ASA + 40 mol% cholesterol in DMPC.
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axes. As in-plane features are usually orders of magnitude
weaker than the pronounced out-of-plane reections, slices 0.03
Å < qz < 0.3 Å were integrated to enhance the data quality.

3.1. Out-of-plane structure and electron densities

The position of ASA and cholesterol molecules along the
membrane normal, and the bilayer spacing, dz, were deter-
mined from the out-of-plane scans. Reectivities for samples 1,
3 and 11 are shown in Fig. 3a–c. The peaks are pronounced and
equally spaced, indicative of a well-organized lamellar
membrane structure. The assembled electron density proles
are shown in Fig. 3d and e, along with cartoons suggesting
approximate positions for the molecules along the membrane
normal.

Fig. 3d displays the electron density proles for a pure DMPC
membrane as well as for a membrane prepared with 30 mol%
cholesterol. The prole for pure DMPC corresponds to a DMPC
molecule in the well ordered gel state with both chains in all-
trans conguration, as has been reported previously by the
Nagle group.46,58 The electron rich phosphorous group in
the head group region can easily be identied by the peak in the
electron density at �22 Å. rz monotonically decreases towards
the bilayer centre at z ¼ 0 to r(0) ¼ 0.22 e Å�3, the electron
density of a CH3 group.46,66

The electron density in the central region of the lipid tails
was found to increase in the presence of cholesterol, as shown
in Fig. 3d. As depicted in the gure, a cholesterol molecule can
be tted at z values of 2 Å < z < 19 Å, with the hydrophilic,
electron-rich oxygen groups at a z position of �18 Å. This
orientation is compatible with the umbrella model34,36 and
“protects” the hydrophobic part of the cholesterol molecule
from the aqueous environment, as reported previously for

cholesterol in saturated phospholipid bilayers made of DMPC
and DPPC.8,39,67 The umbrella model suggests68,69 that choles-
terol molecules associate strongly with ordered hydrocarbon
chains (usually ones that are fully saturated) in such a manner
that they are shielded from contact with the aqueous environ-
ment by the lipid head group. The electron density in Fig. 3d
also demonstrates that the cholesterol molecules are not lying
at between the two leaets, as was reported recently for highly
unsaturated lipid bilayers.28,37

Fig. 3e shows the prole of the 30 mol% cholesterol sample,
along with a sample prepared with 30 mol% and 10 mol% ASA.
This mixture was found to still form homogenous, multi
lamellar structures. The sample prepared with ASA shows an
overall reduced electron density because more electron rich
lipid molecules were replaced by smaller ASA molecules. A
pronounced loss of electron density is observed near the head
group region at z values of �21 Å, as was shown previously by
Barrett et al.46 As depicted in the gure, an ASA molecule can be
tted at z values of 16 Å < z < 21 Å, with the hydrophilic, electron-
richer oxygen groups at a z position of �21 Å, pointing towards
the hydration water. This orientation “protects” the hydro-
phobic part of the ASA molecule from the aqueous environ-
ment. Fig. 3e also demonstrates that ASA and cholesterol
molecules coexist in lipid membranes, in particular at high
concentrations of cholesterol and ASA. While the cholesterol
molecules take an upright position in the hydrophobic
membrane core parallel to the lipid acyl chains, the ASA mole-
cules reside preferably in the lipid head group region.

The lamellar spacing, the distance between two bilayers in
the membrane stack, was determined from the position of the
out-of-plane peaks. When the data is presented as sin(q), the
Bragg angle of the lamellar peaks versus the order of the
reection, n, the slope of the tted line is a function of the

Fig. 3 Reflectivities and corresponding electron density profiles. (a) Reflectivity for a sample with 100mol% DMPC, (b) 30mol% cholesterol, (c) 30
mol% cholesterol and 10mol% ASA. T(qz) is shown exemplarily for 30mol% cholesterol as inset to part (a). (d) Electron density profiles for samples
with 100% DMPC (blue) and 70 mol% DMPCwith 30 mol% cholesterol (red). (e) Electron profiles for a samples with 30mol% cholesterol (red) and
30 mol% cholesterol with 10 mol% ASA (green). Approximate positions of the molecules are shown.
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lamellar spacing, dz. The corresponding data for samples 4, 8,
12, 15 and 16 for DMPC/40 mol% and ASA concentrations from
0 mol% to 12.5 mol% are shown in Fig. 4.

As was reported previously, two lamellar spacings are
observed at 40 mol% cholesterol due to the presence of
immiscible cholesterol plaques. As described by Barrett et al.,39

these extra peaks are due to a coexisting, immiscible choles-
terol bilayer within the larger lipid structure.39 The data in
Fig. 4 were all well t by two lines through the origin corre-
sponding to two distinct dz-spacings. Three lines could be
assigned to the 12.5 mol% sample in Fig. 4e, as will be dis-
cussed below. The different dz-spacing, labeled as dz, d

0
z and d

00
z,

were determined from the slopes and are given in the gures
as well as in Table 1.

3 2. Lateral membrane structure

Molecular order of lipids, cholesterol, and ASA molecules in the
plane of the membrane was determined from scattering
patterns observed along qk, as shown in Fig. 5. As discussed in

ref. 46, 63 and 64, Bragg peaks of a pure DMPC sample are
indexed by an orthorhombic head group lattice, while the tails
form a monoclinic unit cell.

Only one peak was observed for samples up to 30 mol%
cholesterol, and up to 12.5 mol% ASA (for samples with 30 mol%
cholesterol or less). The presence of small amounts of ASA or
cholesterol inhibits long range order, as evidenced by the absence
of Bragg peaks as described previously.39,46 This is likely due to a
stochastic distribution of ASA and cholesterol molecules in the
plane of the membrane. The lipid tails form a densely packed

Fig. 4 Position of out-of-plane peaks, sin(q) vs. Bragg order n for (a)
40 mol% cholesterol, (b) 40 mol% cholesterol and 5 mol% ASA, (c) 40
mol% cholesterol and 7.5 mol% ASA, (d) 40 mol% cholesterol and 10
mol% ASA, (e) 40 mol% cholesterol and 12.5 mol% ASA. The slope of
the line is proportional to the lamellar spacing, dz. The corresponding
bilayer distances are indicated next to the slopes. (f) Cartoons depict
two adjacent lipid bilayers, a lipid bilayer adjacent to a cholesterol
bilayer and two stacked cholesterol bilayers.

Fig. 5 (a) Cartoon depicting a cholesterol bilayer coexisting with a
DMPC bilayer. (b)–(e): In-plane scans for samples with 0 mol% ASA, 5
mol% ASA, 7.5 mol% ASA, and 10 mol% ASA all with 40 mol% choles-
terol. The vertical lines indicate the positions of the monoclinic Bragg
peaks associated with cholesterol molecules in the cholesterol bilayer,
with the appropriate Miller indices indicated in (b).
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structure with hexagonal symmetry.35 In the absence of uctu-
ations, the area per lipid molecule can be determined from the
position of the Bragg peak scattered in-plane at a qk position of
qT. The area per lipid is calculated using AL ¼ 16p2=ð ffiffiffi

3
p

qT2Þ.
The distance between two acyl tails is determined to be
aT ¼ 4p=ð ffiffiffi

3
p

qTÞ; with the area per lipid simplies of
AL ¼ ffiffiffi

3
p

aT2. The area per lipid for all samples are listed in
Table 1.

Additional in-plane Bragg peaks were observed at 40 mol%
cholesterol and were assigned to the structure of cholesterol
molecules in coexisting cholesterol bilayer plaques. A cartoon
depicting one of these plaques is shown in Fig. 5a. In-plane
intensity from the sample prepared with 40 mol% cholesterol is
shown in Fig. 5b, plotted as function of the in-plane scattering
angle 2qc. The data show a broad Bragg peak at z20�, and a
number of additional, narrow peaks. The structure of the
cholesterol bilayers could be determined from the additional
narrow peaks. As detailed in ref. 39, for a sample with 40 mol%
cholesterol the additional in-plane Bragg peaks can be assigned
to a monoclinic unit cell, with parameters a ¼ 10.7 Å, b ¼ 8.6 Å,
a ¼ b ¼ 90� and g ¼ 103�. Based on this model, the additional
Bragg peaks are labelled with their corresponding Miller indices
in Fig. 5.

In-plane peaks from Samples containing 40 mol% cholesterol
and between 5 mol% and 10 mol% ASA are depicted in Fig. 5c–e.
These samples also show additional, narrow Bragg peaks along
with the broad lipid tail peak. Additional Bragg peaks are located
at nearly identical positions along 2qc, suggesting that the
structure of the cholesterol plaques is unchanged by the addition
of ASA. However, the intensity of these peaks was found to
drastically decrease with increasing ASA.

4. Discussion
4.1. Effect of aspirin

The impact of aspirin and its metabolites on the body are
usually studied with regards to their effects on the cyclo-oxy-
genase (COX) pathway. The COX pathway contributes to platelet
aggregation. The inhibition of COX-1 and COX-2 by higher dose
aspirin is understood to cause analgesic and anti-inammatory
effects, whereas lower doses, enough to inhibit COX-1 activity,
are sufficient for anti-platelet activity.70,71 The anti platelet
activity leads to reduced blood clot formation and hence
reduced blockage of arteries and increased blood ow.
However, there is growing evidence for the inuence of aspirin
beyond the COX pathway, and for an inuence of aspirin and
other NSAID's on the lipid membrane.72–74 Aspirin has been
shown to have a high affinity for phospholipids,47 and to per-
turb lipid bilayers in a concentration dependent manner.75

Suwalsky et al.75 found that ASA strongly perturbed model
membranes made of DMPC and DMPE, predominantly found
in the outer and inner monolayers of the human erythrocyte
membrane and observed that aspirin affects the human eryth-
rocyte shape. In addition, non-steroidal anti-inammatory
drugs such as aspirin and ibuprofen have been shown to
increase membrane uidity and the incidence of pores,

decrease the hydrophobic surface barrier, leading to diffusion
of acid and cellular injury.47,49,76

There is also growing evidence for the effect of lipid orga-
nization on platelet function. Increased platelet aggregation has
been associated with decreased platelet membrane udity,77–79

and platelet aggregation has been associated with lipid ras. In
addition, b-carbolines were found to inhibit platelet activity by
modifying platelet membrane uidity.80 Our results add to the
growing evidence for aspirin's effect on the lipid membrane,
and highlight the ability of aspirin to re-organize the
membrane.

4.2. The interaction of aspirin with membranes

Membranes containing ASA were previously studied using X-ray
diffraction.46,75,81 While cholesterol is known to reside in the
hydrophobic membrane core and to align parallel to the satu-
rated lipid tails (see, e.g., ref. 8 and 67), in agreement with the
umbrella model, ASA is located among the head groups of the
lipid molecules. The formation of cholesterol plaques in model
membranes at high cholesterol levels was reported recently39

and a model for initiation of atherosclerosis from cholesterol
crystal nuclei formed at the cell membrane interface has been
proposed.82

As reviewed recently by Pereira-Leite, Nunes and Reis,74

studies are typically performed with NSAID concentration in the
range of mM, which is close to the plasma concentration of
NSAIDs, but also in the range of mM.75

Kp values of up to Kp � 3200 were reported for different
NSAIDs in DMPC suspensions83 (see the Appendix for a
conversion between Kp and molar concentrations). These coef-
cients correspond to molar concentrations on the order of�10
mol%, i.e., concentrations of 1 ASA molecule per about 10 lipid
molecules in the bilayers. The ASA concentrations in Table 1 are
certainly elevated as compared to plasma concentrations of less
than 1 mol%, however comparable to ASA concentrations typi-
cally used in the literature. We note that the measurements in
this study were conducted in synthetic model membranes at
very high ASA concentrations. Despite the fact that our ndings
are very conclusive, we can, at this point, not comment on their
physiological relevance.

The formation of cholesterol plaques depends on the solu-
bility limit of cholesterol in membranes, which is strongly
dependent on the lipid composition of the corresponding
bilayers. The solubility limits for model membranes made of
saturated DMPC and DPPC were recently reported to be 40 mol
% (ref. 39) and 37.5 mol% (ref. 35) cholesterol, respectively.
Plaques were observed already at physiological concentrations
of 30 mol% cholesterol in anionic lipid model membranes
consisting of 97 mol% DMPC/3 mol% DMPS84 such that the
observed effect of ASA should be even more pronounced in
charged membranes. We can, at this point, not comment on the
relevance of the effect in unsaturated or poly-unsaturated lipid
membranes, which more closely mimic the composition of
plasma membranes, as the corresponding solubility limits have
not yet been reported in the literature. However,
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dimyristoylphosphatidylcholine represents phospholipid
classes in the human erythrocyte membranes.75

4.3. Structure of the membranes containing cholesterol and
ASA

The lamellar spacings of the membrane complexes together
with the areas per membrane molecule were determined from
the analysis of the out-of-plane and in-plane diffraction data, as
listed in Table 1. The corresponding data are plotted in Fig. 6.
The area per lipid was found to increase from �41 Å2 to �45 Å2

with increasing cholesterol content until immiscible cholesterol
plaques formed at �40 mol% cholesterol, in agreement with
Barrett et al.39 We then studied the effect of ASA on the
cholesterol plaques at a cholesterol concentration of 40 mol%,
close to the solubility limit of cholesterol in DMPC model
membranes. The area per lipid was found to increase with the
addition of ASA. Up to 12.5 mol% ASA were added to the DMPC/
40 mol% cholesterol membranes. The lamellar dz-spacing was
approximately constant with increasing cholesterol and drop-
ped from �52 Å to �43 Å when ASA was added. Increasing the
amount of ASA did not change the dz-spacing within the reso-
lution of this experiment. The increase in the lipid area at
constant dz in Fig. 6 is indicative of an increase in lipid volume
by �20%, from �1400 Å3 to 1700 Å3. This increase in volume is
indicative of an increase in uidity of the bilayers in the pres-
ence of ASA.

Given the high lipid : cholesterol ratio of about 1 : 1, where
precipitation was observed, different scenarios can be envi-
sioned. A given membrane in the stack can be adjacent to (1)

another membrane, (2) a cholesterol bilayer or (3) two choles-
terol plaques stack, as pictured in Fig. 4f.

Three dz-spacings, dz, d
0
z and d

00
z were observed in the data in

Fig. 4e for the highest concentration of ASA of 12.5 mol%. The
larger dz-spacing agrees well with the distance between two
membranes in the stack. This dz-spacing is equivalent to the
thickness of a bilayer including the water layer that separates
neighbouring bilayers in the stack. The second, smaller dz (d

0
z in

Fig. 4f and in Table 1) spacing was indicative of a coexisting,
smaller repeat distance. d 0

z-spacing involved a bilayer and an

adjacent cholesterol bilayer such that d0
z ¼

1
2
dlipid þ 1

2
dchol;

which gives dchol ¼ 2 � d 0
z � dbilayer. The corresponding values

for dchol vary between 32.5 Å and 34.2 Å and are listed in Table 1.
Given the length of a cholesterol molecule of �17 Å, these
values are in excellent agreement with a cholesterol bilayer,
where the cholesterol molecules are oriented along the
perpendicular z direction, as sketched in Fig. 5a. The smallest
lamellar spacing, d

00
z, was directly equivalent to the thickness of a

cholesterol bilayer, dchol, as depicted in Fig. 4f. We note that
dchol determined from d 0

z and d
00
z, are in excellent agreement,

which strongly supports the model in Fig. 4f.
Additional in-plane Bragg reections were observed in

Fig. 5a when the immiscible cholesterol plaques formed. As
reported previously,39–42,45 the cholesterol molecules in the
cholesterol bilayer organize laterally in a monoclinic unit cell at
this concentration.

4.4. Effect of ASA on cholesterol plaques

The intensity of the corresponding Bragg peaks in Fig. 5 is
directly proportional to the volume fraction of the cholesterol
molecules participating in plaques. The corresponding area of
the monoclinic peaks was determined by tting the peaks to
Lorentzian peak proles and normalized to the total intensity
scattered into monoclinic and lipid peaks. The normalized area
is plotted in Fig. 7.

The fraction of cholesterol plaques initially increased when 5
mol% ASA molecules were included. The ratio between lipid
and cholesterol molecules increased from 40 mol% to �42 mol
% as lipid and cholesterol molecules made only 95% of the
bilayers. However, despite the fact that the ratio between lipid
and cholesterol kept decreasing when increasing the amount of
ASA molecules, the volume fraction of cholesterol plaques
drastically decreased until no peaks could be detected at an ASA
concentration of 12.5 mol%.

From the data in Fig. 6 and 7, the inclusion of ASA molecules
in membranes containing cholesterol led to a re-uidication
of the bilayers and to a decomposition of immiscible cholesterol
plaques. We note that signs of cholesterol plaques were still
detected in the out-of-plane scans in Fig. 4e while no in-plane
signals could be detected within the resolution of this experi-
ment. The lamellar Bragg peaks are usually orders of magnitude
stronger in highly-aligned stacked membrane systems than the
in-plane scattering. We can, therefore, not exclude that small
cholesterol plaques were still present at 40 mol% cholesterol
and 12.5 mol% ASA. We note that the cholesterol : lipid ratio

Fig. 6 (a) Area per lipid, AL, and (b) dz-spacing as function of increasing
cholesterol concentration in the DMPC bilayers. The red line indicates
the solubility limit of cholesterol in model DMPC membranes of �37.5
mol%.39 Parts (c) and (d) show the effect of addition of ASA to a DMPC/
40 mol% cholesterol membrane, where cholesterol plaques formed.
Addition of ASA leads to an increase in lipid area, while the lamellar
spacing did not change within the resolution of the present
experiment.
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was increased to 46 mol% in this sample. However the volume
fraction of plaques was drastically reduced as compared to a
DMPC/40 mol% cholesterol system.

5. Conclusion

The molecular out-of-plane and in-plane structures of highly
oriented, solid supported membranes containing up to 12.5
mol% ASA and 40 mol% cholesterol were studied using high-
resolution X-ray diffraction. ASA and cholesterol were found to
coexist within saturated lipid membranes made from DMPC,
even at high levels of cholesterol and ASA of up to 40 mol%
cholesterol and 12.5 mol% ASA. The cholesterol molecules
partitioned in the hydrophobic membrane aligning parallel to
the lipid acyl chains, in agreement with the umbrella model,
while the ASA molecules were found to reside in the lipid head
group region.

High cholesterol concentrations above 40 mol% lead to the
formation of immiscible cholesterol plaques, in agreement with
previous studies. Increasing the amount of ASA in the
membranes resulted in a signicant increase in uidity of the
bilayers and dissolved the cholesterol plaques. These results
add to the growing evidence for aspirin's effect on the lipid
membrane and present experimental evidence for a potential
interaction between cholesterol and ASA on the level of the cell
membrane. Further investigations will clarify if the observed
effect is the result of a direct ASA–cholesterol interaction or a
general effect of the increased uidity of the membranes due to
the presence of ASA.

6. Appendix: calculation of
partitioning coefficients

The molar coefficient of ASA partitioning into lipid bilayers, Kp,
is dened as Kp ¼ XASA

lipid/X
ASA
water, where XASA

lipid and XASA
water are the

mole fractions of ASA in lipid and water phases, respectively.
Kp can also be expressed using molar ratios

Kp ¼ 677:933
18:015

�molar ratioASAlipid=molar ratioASAwater; with Mlipid ¼
677.933 g mol�1 the molar weight of a DMPC molecule and
Mwater ¼ 18.015 g mol�1 the molar mass of water.
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76 C. Sousa, C. Nunes, M. Lúcio, H. Ferreira, J. L. Lima, et al.,
Effect of nonsteroidal anti-inammatory drugs on the
cellular membrane uidity, J. Pharm. Sci., 2008, 97, 3195–
3206.

This journal is © The Royal Society of Chemistry 2014 Soft Matter, 2014, 10, 4275–4286 | 4285

Paper Soft Matter

Ph.D. Thesis - R. Alsop McMaster University - Physics and Astronomy

50



77 S. J. Shattil and R. A. Cooper, Membrane microviscosity and
human platelet function, Biochemistry, 1976, 15, 4832–4837.

78 K. Gousset, W. F. Wolkers, N. M. Tsvetkova, A. E. Oliver,
C. L. Field, et al., Evidence for a physiological role for
membrane ras in human platelets, J. Cell. Physiol., 2002,
190, 117–128.

79 P. Padmavathi, V. D. Reddy, P. Maturu and
N. Varadacharyulu, Smoking-induced alterations in platelet
membrane uidity and na+/k+-atpase activity in chronic
cigarette smokers, J. Atheroscler. Thromb., 2010, 17, 619–627.

80 H. Tsuchiya and S. Ohmoto, Comparative effects of b-
carbolines on platelet aggregation and lipid membranes,
Pharmacol. Rep., 2010, 62, 689–695.

81 A. Nasedkin, J. Davidsson and M. Kumpugdee-Vollrath,
Determination of nanostructure of liposomes containing

two model drugs by x-ray scattering from a synchrotron
source, J. Synchrotron Radiat., 2013, 20, 721–728.

82 D. S. Ong, J. J. Anzinger, F. J. Leyva, N. Rubin, L. Addadi,
et al., Extracellular cholesterol-rich microdomains
generated by human macrophages and their potential
function in reverse cholesterol transport, J. Lipid Res.,
2010, 51, 2303–2313.
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4.2 Paper II: Aspirin Inhibits Formation of Cholesterol Rafts

in Fluid Lipid Membranes

Richard J. Alsop, Laura Toppozini, Drew Marquardt, Norbert Kucerka, Thad A. Harroun, and

Maikel C. Rheinstädter. (2015). Aspirin Inhibits Formation of Cholesterol Rafts in Fluid Lipid

Membranes. BBA-Biomembranes. 1848, 805-812

4.2.1 Preface to Paper II

Paper I observed cholesterol plaques using X-ray diffraction in gel phase membranes. Plaques are

relevant cholesterol structures, that contribute to atherosclerosis. However, they are believed to

nucleate from cholesterol rafts [44]. Therefore, we theorized that aspirin may impact rafts as well.

As alluded to in the introduction, rafts are functionally important domains in membranes that are

enriched in cholesterol and high in molecular order [7, 8]. To observe an effect on cholesterol raft

structure, we needed to use neutron diffraction.

The reason X-ray diffraction is inadequate is the long coherence length of X-rays. Understanding

the importance of coherence length requires a return to scattering theory. The picture of an X-ray or

neutron impinging on a material is as a wavefront, as in Fig. 2.5. However, the particle wave-packet

is not an infinitely coherent wavefront. The packet only scatters from an area proportional to the

neutron coherence length [71].

If the structure the particle scatters from contains domains that are much smaller than the

particle coherence length, then the domain will be coherently averaged with the surround. X-

rays typically have coherence lengths of ∼1000 nm, so raft structures that are ∼10 nm are not

distinguishable. If the coherence length is smaller than domain size, then the measured neutron

signal is an incoherent sum of coherent averages over both domain and non-domain structure, thereby

granting representation to the raft structure. Neutrons have coherence lengths of ∼1-10 nm, which

span the speculated size of lipid rafts [72].

Armstrong et al. measured the in-plane structure of fluid phase DPPC bilayers with 32.5 mol%

cholesterol using neutrons with different coherence lengths [72]. At low coherence length, and only

at low coherence, peaks appeared that were indexed by a monoclinic lipid lattice. These peaks are

associated with domain structures in the membranes. In this experiment, the tails were deuterated

such that the lipid structure was most pronounced. The result was verified by Toppozini et al. using

deuterated cholesterol [73].

Therefore, we knew that deuterated DPPC bilayers with cholesterol/DPPC ratio of 32.5 mol%

contained ordered domains measurable with neutrons. We therefore prepared this system and added

10 mol% aspirin, hypothesizing that it would diminish or alter the domain structure. We performed

a neutron diffraction experiment using the N5 Triple Axis Spectrometer at the Canadian Neutron

Beam Centre, Chalk River, Ontario, with the help of instrument scientist Dr. Norbert Kucerka.

The membranes were hydrated using a customized humidity chamber as detailed in Chapter 3. In

the triple-axis setup, the coherence length (ξ) is a function of the wavelength resolution (∆λ) as
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well as the wavelength of the neutrons (λ), by ξ= λ2

∆λ . λ is determined by the monochromating

crystal, while ∆λ is a function of the instrument properties and the columnation used. Therefore,

coherence length could be varied by simply changing λ (rotating the monochromating crystal),

without changing anything on the sample stage.

As expected, at low neutron coherence, sharp peaks appeared that were not present at high

coherence. The peaks, based on their position in q||, indicated lipid organization into a repeating

unit with structure on length scales of ∼20 Å or a lipid superlattice.

Such a structure had never been observed before. To gain additional insight, we performed

additional experiments in collaboration with Drew Marquardt and Dr. Thad Harroun at Brock

University. First, Langmuir trough experiments were conducted using lipid monolayers on a water

surface. The isotherm measurements measure surface tension of the lipid monolayer. Aspirin was

dissolved in the lipid subphase and, as predicted, decreased the surface pressure. In addition,

differential scanning calorimetry (DSC) measurements on multi-lamellar vesicles observed changes

in the lipid phase behaviour. Membranes with 32.5 mol% cholesterol show no temperature transition

[72]. However, when aspirin is present, peaks do appear in the thermogram that change with time.

This indicates that new, transient structures form when aspirin is present [17].

There was one other unique feature observed in neutron scattering. A broad peak was found at

q|| ∼1.26 Å−1, implying lipid-lipid correlations 10% larger than without cholesterol, likely caused

by interactions with aspirin. We combined the neutron, Langmuir, and DSC results to form a

picture of how aspirin fluidifies the `o phase. We proposed that aspirin creates hyperfluid patches

that spontaneously organize. Similar results have been reported in simulations with melatonin and

cholesterol. These hyper-fluid patches frustrate cholesterol organization and therefore eliminate

rafts, and in turn, the plaques. This is in agreement with Paper I, which saw a global increase in

AL with aspirin. The experiment confirms that, in addition to plaques, aspirin dissolves cholesterol

rafts.
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Aspirin and other non-steroidal anti-inflammatory drugs have a high affinity for phospholipidmembranes, alter-
ing their structure and biophysical properties. Aspirin has been shown to partition into the lipid head groups,
thereby increasing membrane fluidity. Cholesterol is another well known mediator of membrane fluidity, in
turn increasing membrane stiffness. As well, cholesterol is believed to distribute unevenly within lipid mem-
branes leading to the formation of lipid rafts or plaques. Inmany studies, aspirin has increased positive outcomes
for patients with high cholesterol. We are interested if these effects may be, at least partially, the result of a non-
specific interaction between aspirin and cholesterol in lipid membranes.
We have studied the effect of aspirin on the organization of 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine
(DPPC) membranes containing cholesterol. Through Langmuir–Blodgett experiments we show that aspirin in-
creases the area per lipid and decreases compressibility at 32.5mol% cholesterol, leading to a significant increase
of fluidity of the membranes. Differential scanning calorimetry provides evidence for the formation of meta-
stable structures in the presence of aspirin. The molecular organization of lipids, cholesterol and aspirin was
studied using neutron diffraction. While the formation of rafts has been reported in binary DPPC/cholesterol
membranes, aspirinwas found to locally disruptmembrane organization and lead to the frustration of raft forma-
tion. Our results suggest that aspirin is able to directly oppose the formation of cholesterol structures through
non-specific interactions with lipid membranes.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Lateral heterogeneity in lipid composition in membranes permits
the existence of so-called lipid rafts: regions of the membrane believed
to contain elevated cholesterol composition and increased molecular
order [1–4]. Domains serve a functional purpose as they are thought
to take part in membrane-associated events such as lipid/protein
sorting and signal transduction, among other roles [5–10]. Experimental
observation of rafts has been challenging as they are believed to be both
small and short lived [11–14].

Cholesterol is suggested to drive domain formation through lipid in-
teractions with cholesterol's stiff ring structure leading to the so-called

liquid ordered (lo) phase [15–18]. Small, transient cholesterol domains
in binary lipid bilayers at physiological levels of cholesterolwere recent-
ly reported from computer simulations and experiments [18–23]. At
high concentrations of cholesterol, above ~40 mol%, immiscible
cholesterol bilayers were reported to form spontaneously in model
lipid bilayers [24–28].

There is growing evidence for an influence of various pharmaceuti-
cals on lipid membrane organization and stability [29]. In particular,
non-steroidal anti-inflammatory drugs (NSAID's) have been shown to
disturb bilayer structures in real andmodel membranes [30,31]. Aspirin
(acetylsalicylic acid, ASA) is the most common NSAID and has been
shown to have strong interactions with bilayer structures [30,32]. Aspi-
rin strongly perturbs model membrane structures in a concentration
dependent manner and influences human erythrocyte shape [33]. As
well, aspirin decreases the hydrophobic surface barrier in mucosal
membranes, leading to a diffusion of acid and gastrointestinal injury
[34] and has an effect on protein sorting [35]. Recently, a direct interac-
tion between aspirin and cholesterol was reported as aspirin was
observed to reduce the volume of cholesterol plaques in model
membranes with elevated cholesterol concentrations of 40 mol% [36].

Biochimica et Biophysica Acta 1848 (2015) 805–812

Abbreviations:DPPC, dipalmitolyphosphatidylcholine; ASA, acetylsalicylic acid; DSC,
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However, an influence of aspirin on membranes with physiological
levels of cholesterol has not been explored.

We examined the effect of aspirin onmembranes composed of DPPC
and physiological levels of cholesterol. The molecules are depicted in
Fig. 1. By combining Langmuir–Blodgett isotherms, calorimetric
measurements and neutron diffraction, we present evidence that the
presence of 10 mol% ASA leads to a significant re-fluidification of
DPPC/32.5 mol% cholesterol bilayers. The neutron diffraction patterns
are indicative of ASA super-structures in the fluid bilayers, which
seem to frustrate the formation of cholesterol rafts.

2. Results

2.1. Langmuir–Blodgett monolayer compression isotherms

Pressure versus area isotherms were recorded for DPPC monolayers
with andwithout cholesterol in order to determinemolecular areas and
compressibility. ASAwas dissolved in the aqueous sub-phase at concen-
trations of 0 mM and 3 mM. All experiments were performed with a
sub-phase temperature of 50 °C. Fig. 2a) shows the compression iso-
therms for all experiments. The addition of 32.5 mol% cholesterol to
the monolayer shifts the isotherm towards lower pressures and lower
area per lipid compared to a monolayer composed of pure DPPC. How-
ever, with the addition of 3mMASA into thewater sub-phase, the com-
pression isotherm shifted to higher pressures and higher area per lipid,
for both pure DPPC monolayers and monolayers containing 32.5 mol%
cholesterol. To best capture trends observed in the compression iso-
therms, a pressure of 27 mN/m was chosen to compare the changes in
the monolayer area per molecule as well as in the compressibility
modulus due to the incorporation of cholesterol and ASA.

The meanmolecular area for all isotherms at a pressure of 27mN/m
is plotted in Fig. 2b). At this pressure, a DPPCmonolayer has amean area
of AL=71.9± 0.5 Å2. The addition of 32.5 mol% cholesterol to the DPPC
monolayers decreases AL significantly to 38.6 ± 0.2 Å2. Inclusion of
3 mM ASA in the sub-phase leads to an increase of the area per lipid
to 74.4 ± 0.7 Å2. The same effect is observed in the presence of choles-
terol: the addition of 3 mM ASA in the sub phase leads to a significant
increase of the area per lipid in DPPC/32.5 mol% cholesterol from
38.6 ± 0.2 Å2 to 44.3 ± 0.3 Å2.

The compressibility of the monolayers is determined by the slope of
the isotherms (as detailed in the Materials and methods section,
Section 4). The addition of ASA to the water sub-phase decreases the
elastic compressibility modulus, CS

−1, from 84 ± 1 mN/M for pure
DPPC to 63 ± 1 mN/M for DPPC/3 mM ASA as depicted in Fig. 2c), at a

pressure of 27 mN/m. This is in strong contrast to cholesterol, which
increases the compressibility modulus when added to the monolayer
from 84 ± 1 mN/M to 89.8 ± 0.3 mN/M, as reported previously
[37,38]. Addition of ASA to the DPPC/32.5 mol% cholesterol monolayers
reduces the compressibility from 89.8 ± 0.3 mN/M to 80.6 ± 0.5 mN/M.

A decreased compressibility modulus is indicative of membranes,
which are softer and more compressible. The increase in molecular
area and decrease in compressibility for a pure DPPC bilayer in the pres-
ence of aspirin points to a general increase in fluidity of themembranes.
The increase in molecular area and decrease in compressibility for
DPPC/32.5 mol% cholesterol bilayers is strong evidence for a re-
fluidification of the bilayers at a physiological cholesterol concentration
with ASA.

2.2. Differential scanning calorimetry

The effect of ASA on the phase behavior of membranes was exam-
ined using differential scanning calorimetry. Multi-lamellar vesicles
(MLVs) of different composition were prepared for these experiments.
Heating thermograms are plotted in Fig. 3a). A thermogram taken
from a pure DPPC sample shows two endothermic transitions. There is
a pre-transition from the gel to ripple phase (Lβ→Pβ0 ) at T ~ 308 K.
Themain transition to the fluid phase (Lα) occurs at 314K, in agreement
with literature values [39]. Addition of ASA resulted in a decrease in the
main transition temperature and broadened the main transition peak
(and eliminated the pre-transition). Similar results have been reported
when ASA is added to DMPC liposomes [33]. A reduction or suppression
in transition temperatures and transition enthalpy is evidence that ASA
reduces the cooperativity of themain and pre-transitions, indicative of a
more fluid structure.

As expected, thermograms of samples composed of DPPC with
32.5mol% cholesterol in Fig. 3b) showno transitions, aswas reportedpre-
viously for the lo phase [20,40]. The absence of a transition proves that a
cholesterol concentration of 32.5 mol% is high enough to induce the lo
phase in DPPC bilayers. No change was observed after addition of 1 mM
ASA (data not shown). However, as shown in Fig. 3b), addition of 6 mM
ASA led to the appearance of an exothermic transition at T= 313.6 K.

The bilayers were then cooled and the heating thermogramwas re-
peated. After this second cycling the transition peak shifted to T=308K
and significantly broadened. The temperature cyclingwas repeated, and
a third thermogram shows no transition peak. We note that no peak
was observed upon cooling, regardless of cycle number. The depen-
dence of the thermogram upon temperature cycling indicates the
presence of inhomogeneities and kinetically trapped states existing on

1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC)

Acetylsalicyclic acid (ASA) Cholesterol

Fig. 1. Schematic representations of the 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC), cholesterol, and acetylsalicylic acid (ASA, aspirin) molecules used in this study.
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timescales comparable to the rate of cycling [41–43]. The caloric data
point, therefore, to the existence ofmeta-stable structures in cholesterol
bilayers in the presence of ASA, as will be discussed below.

2.3. Neutron diffraction

Lateral molecular order of chain perdeuterated DPPC bilayers con-
taining 32.5 mol% cholesterol and 10 mol% ASA was studied using in-
planeneutrondiffraction. Rafts have been reported at this concentration
of cholesterol in DPPC bilayers from computer simulations and experi-
ments [18–23]. Highly oriented, solid supported membranes were
prepared and placed in a humidity chamber at T=50 °C and a D2O rel-
ative humidity of ~100%, ensuring full hydration of bilayers. Bilayers
made of DPPC/32.5 mol% cholesterol were previously studied using
this setup by Armstrong et al. [20] and dz-spacings of 64 Å were ob-
served, in good agreement with lamellar spacings reported by Gallová
et al. [53] in multi-lamellar DPPC liposomes with 33.3mol% cholesterol.

This proves that fully hydrated bilayers can be prepared using our
technique.

Two different neutron scattering setups were used: (1) a conven-
tional high energy andmomentum resolution setup and (2) a low ener-
gy and momentum resolution setup, which permits greater spatial
resolution for detecting small structures and weak signals, as reported
previously [20,23,44,45]. The two setups were achieved by changing
the incoming neutron wavelength, λ, without any need to re-align the
sample or change the hydration state of the bilayers. By using chain
perdeuterated DPPC-d62, our experiment was predominantly sensitive
to molecular structure and arrangement of the lipid acyl chains. The
samplewas aligned in the neutron beam such that the scattering vector,

Q
!
, was always in the plane of themembranes. This in-plane component

of the scattering vector is referred to as q||.
Data taken using the conventional setup is shown in Fig. 4a). Sharp

peaks occur at q|| = 1.1 Å−1 and 1.65 Å−1, which are assigned to scatter-
ing from silicon (in higher orders) and are highlighted in gray. The
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diffraction pattern shows a single broad peak centered at q|| ~ 1.36 Å−1,
indicated in blue. The broad correlation peak was well described by a
Lorentzian peak profile, and was previously assigned to a hexagonal
packing of the lipid acyl chains in the hydrophobic membrane core
with parameters alipid−lo = blipid−lo = 5.58 Å and γ = 120° [20,23]. The
data in Fig. 4a) show a diffraction pattern typical of a fluid, liquid-
ordered (lo) membrane.

The diffraction pattern obtained using a high spatial resolution is
shown in Fig. 4b). In addition to a broad correlation peak and sharp
peaks originating from silicon, three narrow and pronounced correla-
tion peaks are visible, indicating a coexisting and well-ordered lateral
structure. The broad correlation peak at q|| ~ 1.36 Å−1 is no longer
well described by a single distribution. Rather, two Lorentzian profiles
were required to fit the observed scattering: (1) a peak located at
q|| ~ 1.37 Å−1 (in agreement with part a)); and (2) a weaker peak at
q|| ~ 1.28 Å−1. The latter is highlighted by the green profile in Fig. 4b).
The observation of two peak profiles suggests the presence of two envi-
ronments for the lipid tails in the presence of ASA. The integrated area of
the green Lorentzian at smaller q||-values in Fig. 4b) is ~1/3 the integrat-
ed area of the blue profile. The concentration of ASA and DPPC in the bi-
layers is 10 mol% and 60.75 mol% respectively, resulting in a ratio
between ASA and lipid molecules of ~1/6. The ratio between the inte-
grated intensities is then indicative that one ASA molecule interacts
with two lipid molecules leading to a lipid environment with a larger
tail spacing.

The position of the sharppeaks (q||=0.305 Å−1, q||=0.41 Å−1, q||=
0.705Å−1) are best indexed by the [100], [110] and [020] reflections, re-
spectively, of amonoclinic unit cell with parameters asuperlattice=21.2 Å,
bsuperlattice = 18.2 Å, γ = 104°. The dimensions of the unit cell suggest
the formation of a super-lattice-type structure, containing several lipid
and cholesterol molecules. The corresponding molecular structure is
depicted in Fig. 5. We note that the diffraction pattern in Fig. 4b) does
not show evidence for the highly ordered, monoclinic lipid raft struc-
ture, which was observed previously by Armstrong et al. in DPPC/
32.5 mol% cholesterol bilayers through neutron diffraction.

3. Discussion and conclusions

When introduced into the body, aspirin and its metabolites are
understood to interact through specific biochemical reactions. Aspirin
is known to interact with the cyclo-oxygenase (COX) pathway. The in-
hibition of both COX isoforms, COX-1 and COX-2, by higher dose aspirin
is believed to lead to analgesic and anti-inflammatory effects, while
lower doses, sufficient to inhibit COX-1 activity, leads to anti-platelet ac-
tivity [46,47]. However, there is evidence for the role of platelet mem-
brane composition and fluidity in determining platelet cell function
[48–50]. Platelet aggregation has also been associated with lipid rafts
[51]. As discussed in the Introduction, there is growing evidence for an
interaction of aspirin with lipid membranes through non-specific
effects.

As a prerequisite for such non-specific interactions, aspirin was re-
ported to partition into lipid bilayers and position itself in the lipid
head group region [32,36]. Our experiments suggest that aspirin is
able to directly interact with model lipid membranes and oppose the
molecular level organization induced by cholesterol.

We studied the interaction between DPPC bilayers containing
32.5 mol% cholesterol and ASA using three different techniques, namely
Langmuir–Blodgett experiments, differential scanning calorimetry and
neutron diffraction. At this physiological cholesterol concentration, the
DPPC bilayers are in their liquid-ordered phase. The lo phase in binary
DPPC/cholesterol bilayers was recently reported to form rafts [18–23]
from experiments and simulations.

In order to use the different experimental techniques, different sys-
tems were prepared: monolayers were used in the Langmuir–Blodgett
experiments, fully hydrated multilamellar vesicles in the calorimetric

experiments and highly oriented solid supportedmultilamellar bilayers
hydrated through the vapor phase in the neutron diffraction experi-
ments. We note that the area per molecule in the lipid monolayers of
~72 Å2 is larger than the area per lipid reported for multilamellar
DPPC bilayers of ~64 Å2 [52]. The lamellar spacing that we determine
at ~57 Å is significantly lower than the dz-spacing of ~65 Å reported
for fully DPPC/32.5mol% cholesterol bilayers [20,53].Whilewe attribute
the reduction in dz-spacing mainly to the presence of ASA in the bilay-
ers, we cannot exclude that the bilayers in our study did not achieve
full hydration, as no reference values are published in the literature.
Nevertheless, qualitatively similar results were observed when ASA
was added to each of the systems: the bilayers showed an increase in
fluidity and the effects of cholesterol are countered. We, therefore, can
argue that the conclusions we draw below are robust and supported
by the experiments.

10 mol% ASA was added to the membranes, i.e., 1 ASA molecule per
10 lipid molecules. This ASA concentration is elevated as compared to
plasma concentrations of less than 1 mol%, however, comparable to
ASA concentrations typically used in the literature [54]. Floating mono-
layers were used to determine the area per molecule and compressibil-
ity in the presence of ASA. Multi-lamellar vesicles were studied in the
calorimetric experiments to determine the effect of ASA on the phase
behavior. Finally, solid supported bilayerswere used for neutron diffrac-
tion experiments to study arrangement of themolecules in the plane of
the membranes.

Several conclusions can be drawn from this combination of
techniques and systems. ASA interacts with monolayers, vesicles and

asuperlattice

atail

Lipid Cholesterol

Aspirin

a)

b)

bsuperlatticebsuperlattice

Fig. 5.Cartoon of a DPPCmembrane containing 32.5mol% cholesterol and 10mol% ASA, as
deduced from the neutron diffraction data in Fig. 4a). A depiction of a bilayer containing
cholesterol and ASA. b) A cartoon of the super-lattice as imaged by the high spatial reso-
lution setup. The black arrows highlight a super-lattice cell, determined from the diffrac-
tion pattern in Fig. 4b). The different lipid environments are highlighted by the green
and red parallelograms.
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supported bilayers, independent of whether membranes were formed
first and ASA was added to the aqueous phase (monolayers and vesi-
cles) or included in themembranes at the time of the bilayer formation
(solid supported bilayers). From the trough experiments, ASA leads to
an increase in the area per molecule and a decrease in compressibility
in pure DPPC and in DPPC/32.5 mol% cholesterol systems, indicative of
a significant fluidification of the membranes. We note that ASA was re-
ported previously by Alsop et al. [36] to dissolve cholesterol plaques,
which form at higher cholesterol concentrations above ~40 mol%.

This increase in fluidity is also seen as a loss of cooperativity in the
calorimetric experiments as broadening of the endothermic main tran-
sition in DPPC bilayers [41]. As a fingerprint of the lo-phase, the main
transition is suppressed in DPPC/32.5mol% cholesterol bilayers. Howev-
er, addition of 6 mMASA to the aqueous phase led to the formation of a
meta-stable phase in DPPC/cholesterol bilayers, as evidenced by an exo-
thermic peak in the thermogram upon heating, which was shifted and
eventually disappeared upon temperature cycling. Similar results were
found when a quinoline antibiotic was studied with DPPC membranes
[55], and it was suggested that the inclusion interaction of the drug
with membranes led to the formation of meta-stable structures in the
bilayers. Similar behavior can be observed in orientational glasses
caused by a dynamic domain pattern and often related to aging and
memory effects [56,57].

Neutron diffraction of oriented bilayers, using deuterium labeled lipid
molecules, was used to study potential lateral structures in the presence
of aspirin. Neutron measurements were taken at a constant temperature
of 323 K, as continuous temperature cycling was not possible given the
long counting times required for data collection. At low spatial resolution,
the in-plane neutron diffraction pattern is indicative of a membrane in a
uniform, disordered fluid state as reported previously [20,58,59]. The
broad correlation peak in Fig. 4a) is the result of the hexagonal packing
of the lipid acyl chains in the hydrophobic membrane core (planar
group p6), as reported from, e.g., neutron diffraction [20].

With an increase in spatial resolution the lipid correlation peak is
best described by two Lorentzian peak profiles, suggestive of two
short-ranged lipid correlations and corresponding environments. A
small, broad peak at q|| ~ 1.28 Å−1, equivalent of an increased tail spac-
ing, is associated with lipids interacting with aspirin molecules. The ad-
ditional narrow and pronouncedmonoclinic super-lattice peaks are also
driven by the presence of aspirin in the membrane. The corresponding
molecular structure is depicted in Fig. 5. The ASA molecules, and the
interacting lipid molecules, organize in a regular pattern throughout
the membrane. Based on the ratio between the lipid chain peaks in
the neutron data, each ASA molecule associates with two lipid mole-
cules. This structure was observed with a neutron setup, which mea-
sured q|| with qz = 0. We can, therefore, not comment on whether the
observed in-plane superlattice is possibly correlated across bilayers in
the membrane stack.

This structure is different from the structure typically observed in bi-
nary DPPC/cholesterol membranes. While rafts were reported from
computer simulations [19,21,22] and experiments [20,23], the presence
of the ASAmolecules in the bilayers seems to frustrate the formation of
locally ordered cholesterol domains. While correlation peaks corre-
sponding to raft structures were reported from neutron diffraction by
Armstrong et al. [20] and Toppozini et al. [23] in DPPC/32.5mol% choles-
terol, these peaks were not observed in the diffraction data in Fig. 4,
indicative that raft formation is inhibited in the presence of ASA.

In summary, the effect of aspirin (acetylsalicylic acid, ASA) on
the structure of fluid lipid membranes made of DPPC containing
32.5 mol% cholesterol was studied at a concentration of 10 mol% ASA.
Langmuir–Blodgett experiments suggest that ASA interacts with DPPC
monolayers from the aqueous phase and leads to a fluidification of
DPPC and DPPC/cholesterol membranes. Signatures of meta-stable pat-
terns were observed in differential scanning calorimetry experiments.
The corresponding molecular structure was determined from neutron
diffraction. The observed diffraction pattern indicates that the presence

of ASA leads to the formation of a super-lattice and the frustration of
highly ordered cholesterol domains that were reported in binary
DPPC/cholesterol membranes previously.

Although an interaction between aspirin and cholesterol was stud-
ied using three different membrane systems, the results in all systems
suggest that ASA is able to counteract the effects of cholesterol when
interacting with fluid lipid membranes. ASA induces changes to both
the domain structure and the mechanical properties of DPPC mem-
branes. These results add to the growing evidence for the potential of
ASA to have a profound influence on the properties of membranes
through non-specific interactions.

4. Materials and methods

Lipids and cholesterol were purchased from Avanti Polar Lipids (Al-
abaster, AL) and used without further purification. Acetylsalicylic acid
(N99% crystalline) was purchased from Sigma Aldrich (Mississauga,
ON).

4.1. Preparation of Langmuir monolayers and measurement of isotherms

Langmuir isotherms were performed on a KSV NIMA Minitrough
(50 mm× 155 mm) and delrin barriers. Barrier control and data acqui-
sition were achieved using the LB measurement system provided by
KSV NIMA (Biolin Scientific, Linthicum Heights, Maryland USA). The
balance was calibrated using a 264.9 mg calibration standard provided
by the manufacturer prior to the commencement of the experiments.

Surface pressures were measured using pre-wetted paper Wilhemy
plates at temperatures of 50 °C. Ultrapure (18.2 MΩ cm) water per-
formed the role of the sub-phase. The sub-phase pressure was kept
below 0.1 mN/m prior to spreading the lipid. If the pressure exceeded
0.1 mN/m, the surface was re-cleaned and the procedure repeated.
Phospolipid films were spread by careful deposition of 2 μL volumes of
chloroform solution containing 3mg/mL lipid solution. After deposition,
10 min was allotted for solvent evaporation. The compression rate was
5 cm2/min. Two lipid solutions were prepared: a pure DPPC solution,
and a solution composed of DPPC/32.5 mol% cholesterol, both with con-
centrations at 3mg/mL. Sub-phase solutionswith two different concen-
trations of ASA were prepared: 0 mM ASA and 3 mM ASA.

The elastic compressibility can be determined from thepressure ver-
sus area isotherm, by calculating the corresponding slope:

C−1
s ¼ −A

dπ
dA

� �
; ð1Þ

with CS−1 being the compressionmodulus, A the area in the trough and
π the pressure.

4.2. Differential scanning calorimetry

Solutions of DPPC and DPPC with 32.5 mol% cholesterol were pre-
pared in chloroform, then dried. Mixtures were placed under vacuum
for ~6 h to ensure that all residual solvent was removed. Samples
were then hydrated with ultrapure water (18.2 MΩ cm), with ASA con-
centrations of 0 mM, 1 mM and 6 mM to final DPPC concentrations of
125 mg/mL. Samples were put through 5 freeze/thaw cycles with
vortexing, ensuring during the thaw step the solutions reached 50 °C.
25 μL of solution was loaded into Shimadzu Aluminum Hermetic Pans
and crimp sealed. Thermograms were collected at 1 °C/min and a
sampling rate of 1 s using a Shimadzu DSC-60 and a TA-60WS Thermal
Analyzer.

4.3. Supported bilayer preparation

Highly oriented bilayers of 1,2-dipalmitoyl-sn-glycero-3-
phosocholine (DPPC) containing cholesterol and acetylsalicylic acid
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(ASA) were prepared by lipid deposition onto silicon wafers. The
coherent scattering of lipid hydrocarbon chains was enhanced using
chain perdeuterated lipids, DPPC-d62. A solution of 16.67 mg/mL of
DPPC-d62 with 32.5 mol% cholesterol and 10 mol% ASA in 1:1 chloro-
formand 2,2,2-trifluoroethanolwas prepared. 2 inch circular siliconwa-
fers with a thickness of ~300 μm were cleaned with 12 min alternate
sonications in methanol and ultrapure water (18.2 MΩ cm) at 310 K.
This process was repeated twice. Clean, dry wafers were individually
placed on a 4 in. × 4 in. marble block. The marble block was heated to
323 K, well above the main transition temperature of DPPC, ensuring
that lipids were well in the fluid state during deposition. 1.2 mL of the
lipid solution was deposited on the silicon wafer. Immediately after de-
position, the marble block was manually lifted and gently rocked while
the bulk of the solution evaporated (~1–2 min), to ensure even cover-
age of material.

The wafers were kept under vacuum overnight at 310 K to remove
all traces of solvent. Nineteen such wafers were then stacked with
0.6mmalumium spacers placed in between eachwafer, to ensure prop-
er hydration control. This “sandwich” sample was then placed inside a
sealed container with a beaker of heavy water and placed in an incuba-
tor. The temperature of the incubator was increased in discrete steps
from 300 K to 323 K over a period of 24 h, then held at 323 K and incu-
bated for additional 24 h. Following this procedure, each wafer
contained ~3000 highly oriented stackedmembraneswith a total thick-
ness of ~10 μm.

During the neutron experiment, the sample was sealed in a temper-
ature controlled aluminium chamber (CNBC, Chalk River, Canada).
Hydration of the membranes from the vapor phase was achieved by
separately controlling the temperature of a heavy water bath, the sam-
ple, and the walls of the chamber. Temperature sensors were installed
close to the sample. A circulating water bath was used to control the
temperature of the reservoirs and peltier elements were used to control
the temperature of the sample and chamber. The sample was mounted

vertically in the neutron beam such that the scattering vector, Q
!
, could

either be placed in theplane of themembrane (q||) or perpendicular to it
(qz). The out-of-plane and in-plane structures could be measured
simply by rotating the sample by 90°.

The lamellar spacing, i.e., the distance between membranes in the
stack, dz, was determined from reflectivity scans. The corresponding
out-of-plane or reflectivity scans are shown in Fig. 6, and show a series
of pronounced and evenly spaced Bragg peaks indicative of uniform and
well developedmembrane stacks. Scans were performed with different
wavelengths and over the duration of the experiment of two weeks.
During the experiment, the bilayer spacing stayed within the range
55.8 Å and 57.9 Å. This setup has been used before to produce fluid
DPPC bilayers [20,44] with dz-spacings in agreement with literature
values for fully hydrated bilayers of ~64 Å [20,58]. The observed de-
crease in lamellar spacing is most likely the effect of the incorporation
of ASA in the bilayers, in agreement with the increased fluidification
found in the trough and calorimetric experiments. The main transition
of DPPC-d62 is reported as 313 K [60,61]. All scans were done with a
sample temperature of 323 K, well above the main transition, in the
fluid phase of the bilayers.

4.4. Neutron experiment

Experiments were conducted using the N5 triple axis spectrometer
at the Canadian Neutron Beam Centre (Chalk River, Canada). The
three axis of the spectrometer refer to the axis of rotation of the mono-
chromator, the sample and the analyzer. The incident and final wave-
lengths were defined by Bragg reflections from pyrolytic graphite (PG)
crystals. The divergence of the beam was controlled by Soller collima-
tors. The energy andmomentum (Q) resolution,ΔE andΔQ, of a neutron
triple axis spectrometer are determined by: (1) the incident energy of
the neutron beam; (2) the divergence of the neutron beam; (3) the
wavelength resolution of the monochromator and analyzer crystal.
Collimation of the beam was held constant during the experiment and
set to (c1-c2-c3-c4): 30-18-28-60 (in minutes). Small and large ΔE
setupswere achieved by varying the incident energy and corresponding
neutron wavelength selected by the monochromator.

monochromator analyzer

incoming 
neturon beam

detector

ki kf

q||

c1 c4
c2

c3

Fig. 7. A diagram of the setup used for the neutron scattering experiment. The orientation

of the sample was chosen such that the scattering vector, Q
!
, lies in the plane of the mem-

brane and is designated q||. ki and kf are the incident andfinal neutronwave vectors. The c's
indicate the collimation of the neutron beam at various stages. The resolution of the
experiment is changed by rotating the monochromating crystal and selecting a different
neutron wavelength.

Table 2
Instrumental parameters of the triple-axis spectrometer.

λ (Å) E (meV) ΔE (meV) ΔQ (Å−1)

2.37 14.6 0.757 0.020
1.49 37.3 3.239 0.032

Table 1
Peak parameters of the correlation peaks observed in Fig. 4a) and b) and the association
with the observed structures, such as the lo phase, lipids associated with ASA molecules
and the super-lattice driven by the presence of ASA molecules. T1 denotes the unit cell
of the lipid tails in the lo regions of themembrane. TAL denotes the peak assigned to corre-
lations between lipid molecules when influenced by ASA. Peaks were fitted using
Lorentzian peak profiles and the corresponding widths are listed as Lorentzian widths
(HWHM), γL.

Amplitude
(counts)

Center
(Å−1)

γL

(Å-1)
lo ASA bound

lipids
Super-lattice
phase

Fig. 4a) 48 1.36 0.14 T1
Fig. 4b) 85 0.306 0.01 [1 0 0]

89 0.406 0.014 [1 1 0]
50 0.705 0.011 [0 2 0]
14 1.26 0.14 TAL
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Fig. 6. Neutron reflectivities measured simultaneously with the in-plane data. Results
from the typical setup are shown in blue, and results from the high spatial resolution
setup are shown in green. The reflectivity shows a series of equally spaced and pro-
nounced reflections, indicative of a well-ordered multi-lamellar membrane structure.
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The instrumental parameters for the two setups used in this experi-
ment are listed in Table 2. Energy and Q-resolution (given as FWHM)
were calculated using the ResLib software package by A. Zheludev [62]
adapted to the N5 spectrometer. The longitudinal coherence length of
the neutron beam, ξ, is defined by ξ = λ2/Δλ.

While small collimation was used, the beam size was set to 2 in. by
2 in. to optimally illuminate the silicon wafers, leading to a significant
scattering contribution at small Q-values, close to the direct beam.
This background was accounted for by a Lorentzian peak centered at
q||= 0Å−1 including a constant. In contrast to coherent scattering, inco-
herent scattering is isotropic, Q-independent and well accounted for by
a constant background at larger Q-values of Q ≳ 0.45 Å−1. After back-
ground subtraction, the observed peaks were fit with Lorentzian pro-
files using a least squares method, and the results plotted in Fig. 4,
with the fitting parameters presented in Table 1.

Switching between the high and low energy resolution setups was
done by simply changing λ. A smaller neutron wavelength leads to
strongly relaxed ΔQ and ΔE. In addition, the longitudinal coherence
length of the neutron beam decreases. Themost significant changes be-
tween the high and low energy resolution setups are: (1) a more effi-
cient integration over larger q|| ranges to enhance small signals; and
(2) a reduction of the coherently added scattering volume. A diagram
of the scattering geometry for the in-plane measurements is depicted
in Fig. 7.
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4.3 Paper III: Aspirin Locally Disrupts the Liquid Ordered

Phaser

Richard J. Alsop, Sebastian Himbert, Karin Schmalzl, and Maikel C. Rheinstädter. Aspirin Locally

Disrupts the Liquid Ordered Phase. Submitted.

4.3.1 Preface to Paper III

Papers I & II demonstrated that aspirin eliminates structural evidence for cholesterol plaques and

rafts, homogenizing membranes with cholesterol. Neutron diffraction suggested that aspirin creates

highly localized disorder that frustrates cholesterol organization. Our own Langmuir and DSC

experiments, in combination with literature reports, provided evidence that the drug influences bulk

dynamical properties. However, what is not clear is if the local structural distortions influence

nanoscale collective lipid motions.

Collective motions in lipid membranes are believed to be important for the various membrane

functions [74]. Collective fluctuations in membranes encourage passive diffusion of small molecules.

Collective motions of proteins and lipids are likely relevant for protein organization and raft formation

[75].

Inelastic scattering experiments are required to measure collective motions. Neutrons interact

with the phonon-like collective fluctuations of the lipid tails and scatter with a change in energy

that can be measured by, e.g. a triple axis spectrometer. Neutrons used for inelastic scattering

experiments can be tuned to have low coherence length (∼30 Å), and are therefore sensitive to

small-scale structure. Our group has measured phonons in membranes with raft concentrations

of cholesterol using inelastic neutron scattering [76]. Phonons measured by a set of constant-q||

and constant-~ω scans are placed on a ~ω vs q||, plot known as a dispersion. A membrane has a

characteristic dispersion, as detailed in the paper and e.g. [77, 78]. When Armstrong et al. measured

phonons in membranes with cholesterol, they found that not all observed excitations could be placed

on a single dispersion [77]. Three dispersions were necessary, two of which were characteristic of gel

and fluid phases, and the third represented the `o phase. The `o phase was more ordered than the

fluid phase, but softer than the gel phase.

We prepared an analagous system with deuterated DMPC, 29 mol% cholesterol, and 10 mol%

aspirin, and measured the corresponding dispersion relation. A membrane with only DMPC-d54 and

32.5 mol% cholesterol was also prepared and measured. Experiments were conducted on the IN12

triple-axis spectrometer at the Institut Laue Langevin, with assistance from instrument scientist Dr.

Karin Schmalzl and masters student Sebastian Himbert. Three dispersions were measured that were

fit to gel, fluid, and `o phases. No change to the dynamic properties was observed in gel and fluid

phases within the resolution of our experiment. However, two significant changes were detected for

the `o phase: the phonons were seen to be more damped, and required more energy to excite. This

indicates the aspirin is suppressing collective motions, but in the `o phase only.

Molecular Dynamics (MD) simulations were performed to gain an atomistic picture of what
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aspirin is doing to the `o phase. All-atom simulations were performed in-house using MacSim on a

united-atom DMPC membrane. Aspirin, in the simulated system caused increased lipid disorder, as

expected. It also caused very local increases to AL, in agreement with the the neutron scattering

experiments in Paper II. Interestingly, MD also provided support for the in-plane, superlattice-like

ordering of the aspirin in the membrane also observed in Paper II. Finally, there was a hydrogen

bonding interaction between aspirin and cholesterol, which presents a truly unexpected finding.

To summarize papers I-III, aspirin has an affinity for the `o phase and causes local disruptions

to the structure that frustrate collective motions. These disruptions alleviate the segregation of

cholesterol into dense ordered phases, and this increases cholesterol solubility. The evidence for

local disruptions comes from scattering of neutrons with ∼20 Å coherence lengths. This case study

presents a testimony for how molecules can influence the functional purpose of a membrane. In a

phyisological system, eliminating rafts would theoretically impact protein function.

Paper III observed an affinity for the `o phase specifically. This demonstrates that membrane

composition matters for what effects are observed for aspirin. The drug would have different con-

sequences for membranes with cholesterol than without. The membrane therefore tunes the drug’s

effect. This topic is explored in more detail in the next chapter.

Author Contributions:

• Experimental Concept: Richard Alsop, Maikel Rheinstädter

• Sample Preparation: Richard Alsop, Maikel Rheinstädter

• Neutron Experiments: Richard Alsop, Sebastian Himbert, Karin Schmalzl, Maikel Rheinstädter

• MD Simulations: Richard Alsop

• Data Analysis: Richard Alsop, Maikel Rheinstädter

• Manuscript Preparation: Richard Alsop, Maikel Rheinstädter
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Aspirin Locally Disrupts the Liquid Ordered Phase1

Richard J. Alsop,1 Sebastian Himbert,1 Karin Schmalzl,2 and Maikel C. Rheinstädter1, ∗
2

1Department of Physics and Astronomy, McMaster University, Hamilton, Ontario, Canada3

2JCNS, Forschungszentrum Jülich GmbH, Outstation at Institut Laue-Langevin, Grenoble, France4

(Dated: October 23, 2017)5

Local structure and dynamics of lipid membranes play an important role in membrane function.
The diffusion of small molecules, the curvature of lipids around a protein, and the existence of
cholesterol-rich lipid domains (rafts) are important examples for the membrane to serve as a func-
tional interface. The collective fluctuations of lipid tails, in particular, are relevant for diffusion
of membrane constituents and small molecules in and across membranes, and for structure and
formation of membrane domains. We studied the effect of aspirin (acetylsalicylic acid, ASA) on
local structure and dynamics of membranes composed of dimyristoylphosphocholine (DMPC) and
cholesterol. Aspirin is a common analgesic, but is also used in the treatment of cholesterol. Using
coherent inelastic neutron scattering experiments and Molecular Dynamics simulations, we present
evidence that ASA binds to liquid ordered, raft-like domains and disturbs domain organization and
dampens collective fluctuations. By hydrogen bonding to lipid molecules, ASA forms ‘superfluid’
complexes with lipid molecules that can organize laterally in superlattices and suppress cholesterol’s
ordering effect.

Keywords: Lipid Membranes, Cholesterol, Aspirin, Liquid Ordered Phase, Membrane-Drug Interactions6

1. INTRODUCTION7

Membrane research progresses with ever-increasing8

levels of granularity. Initial models of the membrane as9

an inert, physical barrier were revised with the discovery10

of membrane-embedded proteins. Singer and Nicholson11

devised their famous “fluid mosaic” model to describe a12

system where proteins float in a featureless soup of var-13

ious lipid types [1]. Most-recently, membrane research14

has focussed on membrane details on the level of indi-15

vidual lipids and proteins. The lipid environment in the16

specific region around a protein, such as the hydropho-17

bic thickness or spontaneous curvature of the lipid tails,18

is now believed to be crucial to proper protein function19

[2]. Lateral diffusion of membrane constituents [3–7] and20

transmembrane diffusion of small molecules are believed21

to involve the local, collective motion of lipid tails [8–11].22

Lipid rafts are an example of function arising from23

nano-scale structure. Rafts are small lipid heterogeneities24

in plasma membranes [12, 13]. Rafts are typically de-25

scribed as structures that are enriched in cholesterol26

and exist to chaperone proteins from the golgi appa-27

ratus to the plasma membrane surface [14]. Although28

their existence in biological membranes is still a matter29

of debate [15], various raft-like structures have been ob-30

served in model membranes, and from studies on model31

membranes, plasma membrane rafts are believed to be32

manifestations of the so-called liquid-ordered (lo) phase33

[12, 16–27]. The lo phase is unique in that it is char-34

acterized by elevated cholesterol concentrations as well35

as high lipid positional and chain order, however, at the36

same time low viscosity [28] and high surface tension. It37

is soft and stiff at the same time by being more rigid38

∗ rheinstadter@mcmaster.ca

than a gel-state membrane, but less viscous than a fluid39

membrane.40

The effect of drug molecules on lipid membranes is41

typically characterized by their effect on bulk membrane42

properties, such as mechanical properties and area per43

lipid head group [29–31], which affect for instance perme-44

ability. Drug-membrane interactions can also indirectly45

influence the function of membrane proteins through46

their membrane effects, and they also effect membrane47

heterogeneities [30, 32, 33]. For example, there are48

numerous reports that the common analgesic aspirin49

(acetylsalicylic acid, ASA) interacts with the lipid mem-50

brane and makes it softer and more fluid, and also im-51

pacts the formation of lipid raft structures [34–39]. Neu-52

tron scattering experiments recently presented evidence53

that aspirin creates local structural distortions in the lo54

phase in model membranes [30], suppressing the forma-55

tion of cholesterol clustering.56

In this paper, we performed inelastic neutron scat-57

tering experiments and molecular dynamics (MD) sim-58

ulations on membranes containing cholesterol and as-59

pirin. The cholesterol concentration was chosen such60

that cholesterol rafts form, but well below the solubility61

limit of cholesterol [40]. We observed that aspirin cre-62

ates local increases in area per lipid, causing a decrease63

in positional order and a damping of collective lipid tail64

fluctuations. We find evidence for ‘superfluid’ ASA-lipid65

complexes that organize in the membranes and impact66

cholesterol’s effect on the bilayers. We also present ev-67

idence for a direct ASA-cholesterol interaction in mem-68

branes through hydrogen bonding of ASA to cholesterol69

molecules.70
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FIG. 1. a) Sketch of the scattering geometry. b) Sample
constant-q|| scans for the CHOL sample at q||=1.37 Å−1.
Data was fit using a Gaussian instrumental resolution, a
Lorentzian peak centred at q|| = 0 to capture incoherent
scattering contributions, and three phonon excitations. The
Gaussian instrumental resolution was fixed to values based on
resolutions calculated using the ResLib package. The position
of the incoherent peak was fixed at ~ω = 0 meV; all other
parameters are free. The inset shows that three phonon ex-
citations (P1, P2 and P3) in more detail. c) Constant-energy
scan for the ASA sample at an energy of ~ω=2.5 meV. All
parameters are free in the constant-energy scans.

2. RESULTS71

2.1. Inelastic Neutron Scattering72
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FIG. 2. Dispersion relations for (a) the CHOL sample and (b)
the ASA sample, as determined from constand q|| and energy
scans in Fig. 1. Three dispersion branches were observed,
related to lipid molecules in gel (Pβ), fluid (Lα) and liquid
ordered (lo) patches. The CHOL dispersion in part a) is in
good agreement with previous reports on the collective short-
wavelength dynamics in cholesterol-rich lipid membranes [41].
The meaning of the parameters α and ~ω in Eq. (2) are dis-
played in part a). The direction of constant-q|| and constant
energy scans is shown in part b).

Coherent, inelastic neutron scattering experiments73

were performed on oriented DMPC-d54 (1,2-dimyristoyl-74

sn-glycero-3-phosphocholine) bilayers containing choles-75

terol and ASA. The lipid chains were selectively deuter-76

ated, enhancing the contribution of collective tail dy-77

namics to the signal. In addition, the bilayers were78
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hydrated with D2O to reduce incoherent contributions.79

Two membrane systems were prepared: bilayers with80

32.5 mol% cholesterol (CHOL sample), and bilayers with81

29 mol% cholesterol and 10 mol% ASA (ASA sample).82

This cholesterol concentration has been shown to form83

rafts before and is well below the solubility limit of choles-84

terol in DMPC of ∼40 mol% [40]. Membranes were pre-85

pared by dissolving DMPC, cholesterol, and aspirin in86

a 1:1 solution of trifluoroethanol/chloroform, at the ap-87

propriate molar ratios, and depositing the solution on88

1 × 1 cm2 silicon wafers. Following drying in vacuum89

and incubation at 100% relative humidity for 48 hours,90

highly oriented bilayers are formed [30, 34, 36, 42]. 2091

such wafers were prepared and aligned with respect to92

each other to create a “sandwich sample” with a total93

mosaicity of <0.5◦ and a total mass (lipids, cholesterol,94

aspirin) of 34 mg.95

Neutron measurements were performed on the IN1296

cold triple-axis spectrometer at the high flux reactor of97

the Institut Laue-Langevin (ILL) in Grenoble, France.98

All experiments were conducted at a temperature of99

30◦C, in the fluid phase of the membranes. The scatter-100

ing vector Q was placed in the plane of the membranes101

(q||) to measure the static (S(q||)) and dynamic structure102

factors (S(q||, ω)). A sketch of the scattering geometry is103

shown in Fig. 1a).104

We note that IN12 was recently upgraded and was used105

in focussing mode, which significantly increases the neu-106

tron intensity at the sample position, however, at the cost107

of Q and energy resolution. When comparing our results108

to previous experiments in similar systems by Armstrong109

et al. [41] using a parallel beam configuration on IN12,110

signals in Q and energy appear slightly broader. In previ-111

ous experiments, however, 400 mg of material was needed112

to conduct inelastic experiments while only 34 mg was113

sufficient to see a clear signal in this paper.114

Typical constant-q|| scans, taken from the ASA and115

CHOL samples at q|| = 1.37 Å−1 are shown in Fig. 1b).116

The constant-q|| scans were well fit by analytical func-117

tions described by three contributions: the energy reso-118

lution of the spectrometer described by a Gaussian peak119

centred at ~ω = 0 meV. The corresponding Gaussian120

width was calculated using the ResLib software using121

the geometry of the IN12 spectrometer [? ]. Secondly, a122

Lorentzian peak, arising from incoherent molecular mo-123

tions in the sample, centred at ~ω = 0 meV. The re-124

maining scattering contributions were fit by three phonon125

peaks, positioned at ~ω 6= 0. The width of these peaks126

is proportional to the damping experienced by the col-127

lective motions. The overall fitted analytic function also128

includes a linear background and can be written as:129

I(q||) = Ael exp(−(q||)
2/(2σ2

el)) +mq|| + b (1)

+

3∑

i=1

A+,i

(1 + (q|| − µi)2/σ2
i )

+
A−,i

(1 + (q|| + µi)2/σ2
i )

+
Aincoherent

(1 + (q||)2/σ2
inel)

.

Fixed values were used for the position and width of the130

experimental resolution. The position of the incoherent131

peak was fixed to ~ω = 0 meV. The ration of the ampli-132

tudes A+ and A− was determined by detailed balance.133

A constant-energy scan at an energy of 2.5 meV is134

shown in Fig. 1c) as an example. Constant-E scans were135

fit with an empirical exponential background, as well as a136

broad background Lorentzian peak at q|| ∼2.5 Å−1. The137

background peak arises from convolution of dynamics at138

higher q|| values (see Fig. 9 in the Materials and Meth-139

ods Section). The position of the phonon branches are140

determined by the positions of the Lorentzian signals.141

The positions of phonons observed in both constant-q||142

and constant-E scans were combined to determine entire143

dispersion relations, shown in Fig. 2.144

Lipid dispersions have been measured previously in145

inelastic X-ray and neutron scattering experiments [9–146

11, 41, 43–47] and using MD simulations [46, 48, 49]. All147

dispersions show similar features: at low-q||, the disper-148

sion increases linearly with the slope related to the speed149

of sound. After reaching a maximum, the dispersion de-150

scends into a minimum at q|| = qT , where qT typically151

agrees well with the position of the chain correlation peak152

(the maximum in the static structure factor). Finally, the153

dispersion increases with increasing q|| to form a plateau.154

The dispersion in the region of the minima can empir-155

ically be described by a quadratic function [41]:156

~ω = α(q|| − q||0)2 + ~ω0, (2)

where ~ω0 is the minimum energy in the dispersion, and157

α is the width of the dispersion. ~ω0 is related to lipid158

order, as a lower value indicates better ordered, more159

“crystal-like” bilayer. α is an empirical measure of the160

“softness” of the bilayer [41].161

As previously observed by Armstrong et al., DMPC162

membranes containing cholesterol generate collective ex-163

citations belonging to three dispersions [41], related to164

coexisting gel, fluid, and lo phases. Evidence for this165

phase coexistence was also observed in the long wave-166

length fluctuations from neutron spin-echo measurements167

[28]. Armstrong et al. and Toppozini et al. later168

used neutron diffraction and demonstrated that lo phases169

coexist in DMPC and DPPC bilayers with cholesterol170

[26, 27, 41, 50, 51].171

Phonons were, therefore, assigned to three different172

phases. In the CHOL membranes shown in Fig. 2a), the173

gel phase (green) reaches ~ω >5 meV at q|| = 1 Å−1,174

then decreases to an energy minimum of ~ω ∼1.2 meV175

at q|| ∼1.4 Å−1. A second of the phases is observed, with176

a wider minimum at ~ω ∼1.5 meV (blue), and is assigned177

to the fluid phase. Finally, a third dispersion is recorded178

at lower energies, with a minimum ~ω ∼0.6 meV. Arm-179

strong et al. assigned the dispersion at low-energy, that180

is only observed in the presence of cholesterol, to the lo181

phase (red).182

With the phonons assigned to specific phases, the ef-183

fect of ASA on the collective motions of each phase is184

examined. First of all, the damping of the phonons can185
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α (meV/q2||) ~ω0 (meV)

Dispersion Armstrong et al. Cholesterol ASA Armstrong et al. Cholesterol ASA
(40 mol% chol) 30 mol% 10 mol% (40 mol% chol) 30 mol% 10 mol%

Gel 30.3 41±9 41.6±10 1.80 1.34±0.1 1.35±0.1
Fluid 10.7 14.9±3 17.1±5 2.63 1.49±0.1 1.47±0.1
lo 6.6 4.8±0.3 3.7±0.9 1.09 0.51±0.02 0.66±0.07

TABLE 1. Results of the fits to Eq. (2). α is a metric of the “stiffness” of the tails on nano-scale distances. ω0 can be related to
the order in the bilayer. Results are compared to Armstrong et al [41] for DMPC membranes containing 40 mol% cholesterol.
Parameters for the CHOL and ASA samples are also graphed in Fig. 3.

be ascertained from the width of the phonon peak. As186

described in the Materials and Methods Section, mea-187

surements along q||=1.37 Å−1 represent the truest rep-188

resentation of the phonon widths. An increase in peak189

width, from ∼0.14 meV to ∼0.31 meV, in the lo phase190

is observed in the ASA sample. However, no statisti-191

cally significant changes to the damping of the fluid or192

gel phases were observed, as displayed in Fig. 3a).193

Eq. (2) was fit to the phonon branches in the region194

1.0 Å−1 < q|| <2.0 Å−1, around the minimum. The195

fitting parameters are summarized in Table 1 and also196

plotted in Figs. 3b) and c). When comparing the disper-197

sions from the ASA sample to the CHOL sample, two198

distinct points become important. First of all, for all199

structures, there is no statistically significant difference200

in bilayer softness, α. Secondly, we observe an increase201

in ~ω0 in the lo phase for the ASA sample, indicating a202

decrease in lipid order.203

The increase in phonon damping and the decrease in204

lipid order are compatible with the occurrence of defects205

in the structure and a fluidification of the lo phase, as206

will be discussed below.207

2.2. Molecular Dynamics Simulation208

To gain an atomistic view of aspirin’s effect on the209

lo phase, MD simulations of membranes with 30 mol%210

cholesterol were performed. Simulations were performed211

on MacSim, a GPU accelerated workstation, using para-212

metrics described previously [52] and also in the Ma-213

terials and Methods Section. A united-atom DMPC214

+ 30 mol% cholesterol bilayer with 142 lipid + choles-215

terol molecules, was obtained from Hub et al. [53]. The216

number of water molecules per lipid was adjusted to 25,217

to mimic typical full-hydration conditions in agreement218

with the experiment, and the system was simulated for219

200 ns. The membranes equilibrated to an area per lipid220

(DMPC and cholesterol) of AL=41.1 Å2, which agrees221

closely with simulations by Hub et al. [53] and the exper-222

imentally determined area from Armstrong et al. [50]. In223

addition, the area per DMPC was determined using the224

GridMAT protocol, and was determined to be 48.6±1 Å2
225

[54], slightly smaller than the experimentally determined226

partial lipid area in membranes containing 32.5 mol%227

cholesterol [50].228

Afterwards, the water in the system was removed and229

the aspirin was added to the now-dehydrated aqueous230

phase. Next, all water molecules (25 water molecules per231

lipid) were replaced and the system was equilibrated us-232

ing the identical procedure as the pure bilayer. The equi-233

librated bilayer +aspirin system was then simulated for234

200 ns. A snapshot of the simulation is shown in Fig. 4a).235

The molecules spontaneously embedded in the membrane236

within 10 ns. The density decomposition of the bilayer237

with ASA in Fig. 4b) revealed that the molecules parti-238

tioned into the lipid head groups at z values of |z| ∼20 Å,239

in excellent agreement with past experiments [34, 36]. In240

order to compare the MD simulations with the exper-241

iment, Fig. 4c) shows mass density profiles of the bi-242

layers with and without ASA, which take into account243

the lipid acyl tails and the hydration water molecules,244

only. As MD simulations are typically conducted in pro-245

tonated systems, the simulated membranes do no reflect246

the deuteration labelling of the membranes prepared for247

the experiment, such that the calculated neutron scatter-248

ing length density can not directly be compared to the249

data. The mass density of lipid tails and water molecules250

shows an at least qualitative agreement with the experi-251

mental neutron scattering length density (in Fig. 8c)).252

A local change in the area per lipid near ASA molecules253

was observed. As depicted in Fig. 5a), DMPC molecules254

within a ∼5 Å radius around an ASA molecule have an255

area per lipid of >50 Å2, a 5% increase. As the area256

per lipid is a common proxy for membrane fluidity [55],257

these results suggest a local increase in fluidity due to258

ASA. The proportion of gauche defects in the lipid chains259

was calculated in Fig. 5b). The presence of ASA did not260

result in a statistically significant change in the number of261

tail gauche defects. So while ASA was found to increase262

positional disorder, the proportion of Gauche defects in263

the lipid tails was found to be unchanged, indicating that264

ASA did not influence chain segmental order [56].265

To probe the positional order of the different mem-266

brane constituents, radial distribution functions (RDFs)267

were calculated for DMPC-DMPC correlations. The268

RDF in Fig. 5c) is proportional to the probability of find-269

ing a DMPC tail a distance r from another DMPC tail. A270

peak at r ∼4.8 Å indicates a lipid tail separation of 4.8 Å,271

in agreement with diffraction experiments in bilayer sys-272

tems [41]. The RDF oscillates and decays at increasing r.273

By fitting an exponential decay to the maxima in the os-274

cillations, a decay constant was extracted from the RDF.275

This decay constant serves as a proxy for the positional276
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FIG. 3. a) Phonon widths for gel, fluid and lo phase in Fig. 2
from phonon lines measured at q|| = 1.37 Å−1. b) Parameters
α and ~ω from Eq. (2) from fits to the dispersion curves.
Statistically significant differences between CHOL and ASA
samples were observed in the phonon width (a) and energy
value of the minimum (c) in the lo phase, only. Statistically
significant results are indicated by the arrow.

order in the system. DMPC correlations were found to277

decay on a scale of 5 Å. While the lipid-lipid distance278

appears to be unchanged in the presence of ASA, the279

correlation length was found to be slightly reduced in280
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FIG. 4. Results of the Molecular Dynamics (MD) simulations.
Simulations were performed for 30 mol% cholesterol in DMPC
(CHOL), and the same system with 10 mol% ASA (ASA). a)
A snapshot of the ASA simulation. b) An electron density
breakdown for the components of the bilayer, indicating the
position of ASA (green) is in the head groups at |z| ∼20 Å. c)
Mass density profile including lipid acyl tails and hydration
water, only. This density can be compared to and is in quali-
tative agreement with the experimentally determined neutron
scattering length density shown Fig. 8c).

the ASA sample, to 4.5 Å. This agrees with a visual in-281

spection of Fig.5c), where the RDF for the ASA sample282

is observed to decay quicker than the CHOL sample.The283
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cholesterol-ASA and ASA-ASA interactions.

simulations, therefore, record increased positional disor-284

der with ASA.285

The simulations can in particular be used to search286

for correlations between cholesterol and ASA and ASA-287

ASA molecules. The cholesterol-ASA RDF is plotted288

in Fig. 5d). This function probes potential organization289

between cholesterol and ASA molecules in the bilayers.290

Peaks appear at r ∼11.5 Å and 19 Å, indicating a pre-291

ferred separation between ASA and cholesterol. Peaks292

are observed at length scales larger than a lipid-lipid dis-293

tance, suggesting superlattice ordering, as it has been294

suggested previously [30]. This ordering is further sup-295

ported by the ASA-ASA RDF, also plotted in Fig. 5d). A296

maximum is observed at 15 Å as is a second peak is just297

outside the measurement frame at 25 Å. Both peaks are298

compatible with a superlattice of lipid-ASA complexes,299

as will be discussed in the next section.300

We note that an additional peak in the choesterol-ASA301

RDF at |r| ∼3 Å was observed. This was an important302

finding as on visual inspection of the simulation results,303

ASA molecules were found to transiently hydrogen bond304

with cholesterol molecules, without embedding in the bi-305

layer.306

3. DISCUSSION307

Much literature exists showing that ASA has a disor-308

dering effect on membranes [30, 34, 37, 57]. This dis-309

ordering effect is for instance used to explain how as-310

pirin disrupts proteins embedded in lipid rafts [58]. So311

far, studies of drug-membrane interactions have mainly312

focussed on bulk, global changes in membrane proper-313

ties due to drugs, such as changes in phase behaviour314

(a decrease or broadening in the gel-fluid transition), or315

an overall change in bilayer thickness. However, physio-316

logical membranes are dynamic and heterogeneous, and317

their nano-scale properties, such as lipid curvature near318

a protein or the presence of domains, matter to the mem-319

brane’s function. In this paper, we used neutron scatter-320

ing and MD simulations to demonstrate that ASA prefer-321

ably interacts with the cholesterol rich lo phase and leads322

to local changes in the lipid arrangement and collective323

fluctuations.324

ASA is known to partition into the lipid head groups325

and decrease lamellar spacing and widen the main tran-326

sition in calorimetry experiments. Dispersion curves of327

the collective short-wavelength dynamics were measured328

in DMPC bilayers containing cholesterol and cholesterol329

and ASA. As was reported previously, the inelastic spec-330

tra present evidence for three dispersion branches, cor-331

responding to lipids in their gel, fluid and liquid ordered332

phase. By fitting an empirical function to the dispersion333

minimum, the degree of order and the softness of the cor-334

responding phases were estimated from the depth of the335

minimum (~ω0) and the width of the dispersion in the336

minimum (α). The only statistically significant differ-337

ence was observed in the energy value of the minimum.338

The increase in ~ω0 in the presence of ASA was assigned339

to a decrease in lipid order when ASA was present in340

the membranes. The decrease in order was accompanied341
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FIG. 6. A simulation snapshot that captures the main points
of the paper. The upper panel is an overhead view (along
qz). The black dashed lines indicate the lateral separation of
ASA into a lattice-like structure. The concentric red circles,
centred on ASA, illustrate that cholesterol molecules prefer
to be at regular distances from ASA.

by an increase in phonon line width, indicative of an in-342

creased phonon damping, likely related to the formation343

of defects.344

Our experiments, therefore, present evidence that as-345

pirin has the largest effect on lo phases, where it reduces346

the size of coherently coupled patches [4] and makes the lo347

phase overall more fluid. These observations are compat-348

ible with the idea that ASA forms superfluid complexes349

with lipid molecules, that act as defects in the otherwise350

well ordered lo phase, as has been proposed by Alsop351

et al. using neutron diffraction [30]. It has been sug-352

gested that these complexes can organize throughout the353

lo and form a superlattice-type structure in membranes354

with cholesterol and aspirin. The lattice spacing of355

this 2-dimensional structure was reported as a =21.2 Å,356

b =18 Å, γ = 103◦. In addition, lipid-aspirin complexes357

were observed where aspirin caused local increases in the358

area-per-lipid. The authors proposed that ASA inter-359

acted with the lo phase to create fluid patches and that360

these patches organize in the membranes and suppress361

cholesterol raft formation.362

In experiments using highly monochromatic beams,363

such as synchrotron X-rays, local structure much smaller364

than the coherence length will be averaged with the sur-365

rounding membrane [27, 50, 51, 59]. In a membrane366

at high coherence length, non-raft regions dominate in367

a diffraction measurement. By shrinking the coherence368

length of the X-ray or neutron probe, the scattering sig-369

nal becomes an incoherent sum of many smaller coherent370

averages, giving more weight to the smaller scale struc-371

ture. The longitudinal coherence length of a neutron372

beam, ξ, is defined by ξ = λ2/∆λ [60]. ξ has been es-373

timated to ξ =
√
E/∆E [50], where E is the energy of374

the neutron beam, and ∆E the energy distribution. In375

a typically monochromatic diffraction experiment, ∆E is376

small, making ξ large. Alsop et al. used a setup with377

a low beam monochromaticity in their diffraction exper-378

iments to observe small, local structures in membranes379

with ASA and cholesterol with a coherence length, ξ, in380

the order of ∼30 Å. The coherence length in our inelastic381

experiments is estimated to ξ = 18
√

5/1.5 ∼30 Å (with382

the energy of the incident neutrons of ∼5 meV measuring383

an excitation at ∼1.5 meV). This value is comparable to384

the above diffraction experiments and also other inelas-385

tic neutron experiments in membranes [4]. We, therefore,386

argue that inelastic neutron scattering experiments can387

provide information about local structures in membranes.388

Details of the molecular structure is assessed using our389

MD simulations. Lipid molecules in close proximity to390

ASA molecules were found to be more fluid, showing an391

increasing area per lipid and decreased positional order.392

ASA and cholesterol molecules are surprisingly well or-393

ganized, with well defined nearest neighbour distances.394

A snapshot of the structure of the membranes contain-395

ing cholesterol and ASA from MD simulations is shown396

in Fig. 6. Here, the ASA/lipid complexes indeed form397

superlattices in the membrane plane with dimensions398

of 15 Å × 25 Å, in very good agreement with the ex-399

perimentally determined dimensions. The peaks in the400

cholesterol-ASA RDF at 11.5 Å and 19 Å are roughly401

positioned at the minima in the ASA-ASA RDF, indi-402

cating that the cholesterol prefers to be in the lattice at403

positions not occupied by ASA.404

An interesting question is why aspirin seems to be405

preferably attracted to lo phases. It has been shown406

that ASA increases the solubility of cholesterol in lipid407

membranes [36] and has an effect on cholesterol rich lipid408
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FIG. 7. Photographs of the silicon wafers with highly oriented
membranes. Wafers were mounted in the sample holder, cus-
tom manufactured for the IN12 cryostat. The water reservoir
in the bottom of the can was filled with D2O to ensure hydra-
tion of the membranes during the elastic and inelastic scans.
Sample can was sealed and mounted in an orange cryostat for
temperature control (±0.01◦C).

rafts [30]. Aspirin’s affinity to lo phases has recently also409

been demonstrated in human red blood cell plasma mem-410

branes [38]. This affinity could be entropy driven, as411

ASA increases the fluidity of membranes and enhances412

lipid tail fluctuations. However, our results point to a413

free energy argument as the MD simulations also show414

evidence for ASA molecules hydrogen bonding to choles-415

terol molecules. To the best of our knowledge, this is416

the first report of a direct interaction between ASA and417

cholesterol molecules in lipid bilayers.418

4. CONCLUSION419

By combining coherent, inelastic neutron scattering ex-420

periments and Molecular Dynamics simulations, we in-421

vestigated the effect of ASA on the liquid ordered phase422

in phospholipid membranes. ASA was found to prefer-423

ably bind to the liquid ordered, raft-like domains. The424

dynamical experiments present evidence that ASA makes425

the lo phase more fluid by creating local defects. From426

MD simulations there is evidence that the ASA molecules427

form superfluid complexes by hydrogen bonding to lipid428

molecules, which organize laterally in superlattices and429

suppress cholesterol’s ordering effect. There is also evi-430

dence for ASA molecules directly hydrogen bonding to431

cholesterol molecules in the bilayers. Our results are432

in agreement with previous observations in the litera-433

ture and provide a molecular mode-of-action for aspirin’s434

known effect on membrane cholesterol.435

5. MATERIALS AND METHODS436

5.1. Membrane Preparation437

Highly oriented multi-lamellar stacks of 1,2-438

dimyristoyl-sn-glycero-3-phosphocholine (DMPC),439

cholesterol, and ASA were prepared on 1 cm × 1 cm,440

300 µm thick, single-side polished Si wafers. The441

coherent scattering of the lipid hydrocarbon chains442

was enhanced by using tail deuterated DMPC-d54.443

A 20 mg/mL solution of DMPC-d54 1:1 chloroform444

and 2,2,2-trifluoroethanol (TFE) was prepared. So-445

lutions of chloroform and ASA were also prepared446

in TFE:chloroform. DMPC, cholesterol, and ASA447

were then mixed to achieve the desired molecular448

concentrations.449

The Si wafers were cleaned with 30 minute sonications450

in dichloromethane (DCM) at 310 K to remove all or-451

ganic contamination and leave the substrates in a hy-452

drophobic state. The wafers were then thoroughly rinsed453

three times using alternating ∼50 mL of ultrapure wa-454

ter and methanol. The cleaned wafers were placed on455

a heated sample preparation surface, which was kept at456

40◦C (313 K). This temperature is above the main phase457

transition of DMPC, thus the heated substrates ensured458

that the lipids were in the fluid phase during deposition459

and the self-assembly of the lipids. 80 µL of the lipid so-460

lution was deposited on each Si wafer in a titling incuba-461

tor, which was set to a speed of 15 rev/min and tilt of 10462

degrees, such that the lipid solution spread evenly across463

the wafer. The temperature was kept at 313 K and464

the solvent was allowed to slowly evaporate for 10 min.465

The wafers were kept in vacuum overnight to remove all466

traces of the solvent and then incubated with heavy wa-467

ter, D2O, at 313 K for 48 h. Following this protocol,468

each wafer contained ∼3000 highly oriented membranes469

totally ∼10 µm in thickness.470

Eighteen sample-containing Si wafers were mounted in471

an aluminium sample holder fabricated to be inserted472

into IN12’s orange cryostat. A photo of the sample and473

the aluminum sample holder is shown in Figures 7. Hy-474

dration of the lipid membranes from the vapour phase475

was achieved by a D2O reservoir in the bottom of the476

sample can. The samples were mounted vertically in the477

neutron beam such that the scattering vector (Q) could478

either be placed in the plane of the membrane (q||), or479

perpendicular to the membrane(qz).480

5.2. Neutron Scattering481

Experiments were conducted using the cold triple-axis482

spectrometer IN12 at the high flux reactor at the Institut483

Laue-Langevin in Grenoble, France. Two instrumental484

setups were used: 1) A lower resolution setup with kf485

= 1.5 Å−1 and λ = 4.2 Å resulting in an energy resolu-486

tion of ∼0.3 meV; and 2) A higher resolution setup with487

kf = 1.1 Å−1 and λ = 5.71 Å resulting in an energy488

resolution of ∼0.2 meV. The higher resolution setup was489

implemented at q|| = 1.37 Å−1 to verify the presence of490

three phonon peaks. The three axis of the spectrometers491

refer to the axes of rotation of the monochromator, the492

sample and the analyzer. The incident and final neutron493

energies are defined by the Bragg reflections from py-494
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Sample dz (Å) dHH (Å) AT (Å2)
Cholesterol 61.1 46.0 23.9

ASA 60.6 45 24.4

TABLE 2. Structural parameters determined from neutron
diffraction.

rolytic graphite (PG) crystals. In-plane and out-of-plane495

structure can be measured simultaneously on a TAS by496

simply rotating the sample by 90◦.497

5.1. Elastic Scattering498

Elastic neutron scattering scans were taken along qz499

(q|| = 0) and q|| (qz = 0) to measure the static structure500

of the bilayers. Scans along qz (Fig. 8a)) observe a series501

of Bragg peaks, evenly separated by ∆qz, indicating well-502

ordered and lamellar samples. The lamellar spacing is503

calculated by dz = 2π
∆qz

. We obtained dz = 61.1 Å for the504

cholesterol sample and dz = 60.6 Å for the ASA sample,505

which agrees with previous reports of a decrease in dz for506

membrane samples with ASA [34, 36].507

By integrating the lamellar peaks, the neutron scatter-508

ing length densities (SLDs), ρz(n). The density is calcu-509

lated using:510

ρz(n) =

N∑

n=1

√
Inqnνn cos(

2πz

dz
), (3)

where In are the integrated peak intensities, qn the511

peak positions, and νn the Fourier phases, which are512

±1 for the stacked membrane systems. The phases for513

both samples are taken from Armstrong et al. and are514

[1 − 1 − 1 − 1 − 1 1 1 − 1 1] [41]. The resulting den-515

sities are shown in Fig. 8c) on a relative scale. Unlike516

bilayer electron density profiles, neutron densities, for517

bilayers with deuterated chains, show a minima in the518

headgroups at |z| ∼20 Å. The scattering length densities519

are maximum in the tails at |z| ∼10 Å and at the edge of520

the bilayer, |z|=dz/2, where deuterated water and tails521

contribute. The position of the minima at |z| ∼20 Å is522

used to determine the bilayer head-head spacing, dHH .523

In the cholesterol sample, dHH was determined to dHH524

= 46 Å and reduced to 45 Å for the ASA sample.525

Elastic scans along q|| measure the in-plane lipid struc-526

ture, and are displayed in Fig. 8b). For both samples, a527

single intense peak is observed, associated with lipid tail528

correlations, at q|| ∼1.37 Å−1. Additional, smaller peaks529

are observed at q|| ∼1.25 Å−1, q|| ∼1.7 Å−1 and 1.95 Å−1
530

associated with higher-order scattering of silicon and alu-531

minum [30].532

While the area-per-lipid is not directly accessible by533

in-plane scattering, the area-per-tail is calculated from534

qT by AT = 8π2
√

3q2T
. AT = 23.9 Å2 for the cholesterol535

sample and AT = 24.2 Å2 for the ASA sample, a slight536

increase.537

5.2. Resolution Considerations538

The phonon peak width in the constant-q|| energy539

scans is associated with phonon damping in the damped540

harmonic oscillator model. However, the width of the541

peak is not just a sample feature, but is convoluted with542

the instrumental resolution function. For a triple-axis543

spectrometer, this resolution function takes the form of544

a tilted elipsoid in the energy-momentum plane, where545

any excitation within the ellipsoid is recorded. A cartoon546

of the elipsoid on a lipid dispersion is in Fig. 9. When547

this ellipsoid intersects a region on the dispersion with548

high-slope the effect is to make peaks appear broader.549

Therefore, at the minima in the dispersion, where the550

slope is zero, a constant-q|| scan would produce a peak551

width closest to the true width.552

5.3. Molecular Dynamics Simulations553

All simulations were run in-house on MacSim, a GPU554

accelerated workstation with 20 physical Intel XeonCPU555

cores and two GeForce GTX 1080 high power graphics556

cards resulting in 5120 CUDA Cores. This system pro-557

duces about 180 ns of MD simulations in standard 128558

lipid membrane patches in GROMACS.559

A united-atom, DMPC + 30 mol% cholesterol bilayer560

with 142 lipid + cholesterol molecules, was obtained from561

Hub et al. [53]. Aspirin topology was obtained us-562

ing the Automated Force Field Topology Builder (ATB)563

[61, 62]. The SPC water model was used for system solva-564

tion [63]. All MD simulations were performed using the565

GROMACS 5.1.2 software package [64], implementing566

the GROMOS 54a7 force field [65] modified with Berger567

lipid parameters [66]. All simulations used a 2 fs time568

step, a periodic boundary condition applied to all direc-569

tions, the particle-mesh Ewald to solve for long-range570

electrostatics [67], a short-range van der Waals cutoff of571

1.2 nm, and the LINCS algorithm to determine bond con-572

straints [68]. Temperature coupling was controlled using573

a Nose-Hoover thermostat at 28◦C (τ = 0.5 ps) [69], and574

pressure was kept at 1.0 bar using Parrinello-Rahman575

semi-isotropic weak coupling (τ = 1 ps) [70].576

A total of two distinct simulations were conducted.577

First, the DMPC+cholesterol system is equilibrated with578

25 waters per lipid for 200 ns. . Next, the a bilayer sys-579

tem with 10 mol% aspirin was prepared, in a three-step580

process. First, all water in the system was removed, and581

the aspirin added to the now empty space outside the582

bilayer. Second, all water (25 per lipid) was replaced in583

the system. Finally, the system was re-equilibrated and584

then simulated for 200 ns. All analyses were performed585

with the final 50 ns of the simulations using GROMACS586

algorithms and simple scripts [71]. The electron density587

profiles were calculated for different constituents of the588

system. The function used calculates the relative dis-589

tance along the bilayer normal of each atom within the590

specified index group, assigns a weighting based upon the591
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number of electrons in each atom, and delivers an elec-592

tron density as averaged over the specified time range.593

The proportion of gauche dihedrals within a lipid sys-594

tem is commonly used as a measure of bilayer fluidity595

[72–74]. The proportion of gauche dihedrals as a function596

of increasing distance from aspirin was determined using597

dynamic scripting and GROMACS algorithms. A script598

was constructed to generate an index file containing only599

carbon chains belonging to lipids within the specified600

radius from the center of mass of any aspirin molecule601

within the system every 50 frames. This index file speci-602

fied the DMPC molecules whose carbons were to be used603

in calculation of the Ryckaert-Bellemans dihedral angles604

over that time interval. This was repeated over the final605

50 ns of the simulation and averaged for each carbon po-606

sition. Averaging across the SN1 and SN2 tails was then607

performed to generate the value shown in Fig. 5d) and608

h), and the script was run successively to consider each609

new distance from aspirin.610
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Maikel C Rheinstädter, “The organization of melatonin759

in lipid membranes,” Biochimica et Biophysica Acta760

(BBA)-Biomembranes 1848, 1032–1040 (2015).761

[32] Axel Schmidt, Pia Lenzig, Adrienne Oslender-Bujotzek,762

Jana Kusch, Susana Dias Lucas, Stefan Gründer, and763

Dominik Wiemuth, “The bile acid-sensitive ion channel764

(basic) is activated by alterations of its membrane envi-765

ronment,” PloS one 9, e111549 (2014).766

[33] Jens A Lundbæk, Roger E Koeppe, and Olaf S An-767

dersen, “Amphiphile regulation of ion channel function768

by changes in the bilayer spring constant,” Proceedings769

of the National Academy of Sciences 107, 15427–15430770

(2010).771

[34] Matthew A Barrett, Songbo Zheng, Golnaz Roshankar,772

Richard J Alsop, Randy KR Belanger, Chris Huynh, Nor-773
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ular dynamics simulations of a fluid bilayer of dipalmi-934

toylphosphatidylcholine at full hydration, constant pres-935

sure, and constant temperature.” Biophysical journal 72,936

2002 (1997).937

[67] Tom Darden, Darrin York, and Lee Pedersen, “Parti-938

cle mesh Ewald: An N! log (N) method for Ewald sums939

in large systems,” The Journal of chemical physics 98,940

10089–10092 (1993).941

[68] Berk Hess, Henk Bekker, Herman JC Berendsen, and Jo-942

hannes GEM Fraaije, “Lincs: a linear constraint solver943

for molecular simulations,” Journal of computational944

chemistry 18, 1463–1472 (1997).945

[69] Denis J Evans and Brad Lee Holian, “The nose–hoover946

thermostat,” The Journal of chemical physics 83, 4069–947

4074 (1985).948

[70] Michele Parrinello and Aneesur Rahman, “Polymorphic949

transitions in single crystals: A new molecular dynam-950

ics method,” Journal of Applied physics 52, 7182–7190951

(1981).952

[71] David Van Der Spoel, Erik Lindahl, Berk Hess, Gerrit953

Groenhof, Alan E Mark, and Herman JC Berendsen,954

“Gromacs: fast, flexible, and free,” Journal of computa-955

tional chemistry 26, 1701–1718 (2005).956

[72] Hiroaki Saito and Wataru Shinoda, “Cholesterol effect on957

water permeability through DPPC and PSM lipid bilay-958

ers: a molecular dynamics study,” The Journal of Phys-959

ical Chemistry B 115, 15241–15250 (2011).960
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Chapter 5

Membranes Influence the

Molecular Effects of Drugs:

Publications IV, V, & VI

Chapter 4 illustrated, using aspirin as a case study, how a drug can influence the molecular structure

and dynamics of the lipid membrane. The interaction with the membrane is based on hydrogen

bonding interactions with the lipids and cholesterol. Composition, therefore, plays a role in driving

the effect.

The membrane has many other relevant properties other than composition. They include mem-

brane phase, lipid curvature, stiffness, hydration. What could happen when a drug encounters a

stiff membrane vs a soft membrane? A hydrated membrane vs a dehydrated membrane? Some case

studies exploring these topics will presented in this chapter.

In addition, can the membrane change the drug itself? The membrane is an amphiphliic, two-

dimensional interface that is often useful for facilitating biochemical reactions between biomolecules.

For example, the membrane is speculated to play an important role in the misfolding and aggregation

of the Amyloid-β peptide in the physiology of Alzheimer’s disease [79, 80]. An example of the

membrane influencing drug chemistry is presented in this chapter.

Unlike Chapter 4, the studies in this chapter were not motivated by a central question. They

all began as general curiosities, often introduced by junior students. However, taken together, they

present a unique set of discoveries that add to the set of possible drug-membrane interactions.
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5.1 Paper IV: Cholesterol Expels Ibuprofen from the Hy-

drophobic Membrane Core and Stabilizes Lamellar Phases

in Lipid Membranes Containing Ibuprofen

Richard J. Alsop, Clare L. Armstrong, Amna Maqbool, Laura Toppozini, and Maikel C. Rhe-

instädter. (2015) Cholesterol Expels Ibuprofen from the Hydrophobic Membrane Core and Stabilizes

Lamellar Phases in Lipid Membranes Containing Ibuprofen. Soft Matter. 11(24) 4756-4767

5.1.1 Preface to Paper IV

Ibuprofen is in the same class of drugs as aspirin, they are both non-steroidal anti-inflammatory drugs

(NSAIDs). Much like aspirin, ibuprofen is known to inhibit the cyclo-oxygenase (COX) pathway

[81]. However, it inhibits the pathway reversibly compared to the irreversible effects of aspirin.

Evidence exists that ibuprofen also disrupts mucosal membrane integrity, promoting the diffusion

of stomach acid and gastrointestinal discomfort or injury. The molecular structure has significant

differences: it has the same ketone, hydroxyl, and aromatic groups, but with an extra carbon tail

making the hydrophobic region of the molecule larger.

After the results of Paper I, and the work of Barrett et al., samples were prepared and mea-

sured using X-ray diffraction. At high ibuprofen concentrations (>5 mol%), it was clear that the

membranes were not in the lamellar phase. However, the observed scattering was not random but

instead formed a clear pattern. The samples formed a cubic lipid phase. The cubic phase is created

by lipids with negative intrinsic curvature, but can be induced by surfactants that embed in the

tails and create curvature [22]. Hypothesizing that ibuprofen interacted with the tails due to its

long hydrophobic tail, we performed an analysis of electron densities and determined that 55% of

the ibuprofen molecules indeed enter the tails, while the rest interact in the heads as well as the

water layer as part of two additional states.

We were also curious whether ibuprofen would interact with cholesterol-containing membranes in

the same way. We therefore prepared membranes with 20 mol% cholesterol and increasing ibuprofen.

However, diffraction experiments produced a surprise: at no ibuprofen concentration was a cubic

phase observed. We again conducted an electron density analysis to find that there was no embedded

state for ibuprofen in the cholesterol membranes. All the ibuprofen was either in the head group or

water layer. We concluded that, as the title of the paper suggests, ibuprofen expels cholesterol from

the membrane core and protects it from cubic phases.

Clearly, membrane composition and likely membrane stiffness plays a role in ibuprofen’s effect.

The cubic phase is indicative of pore formation, which is akin to membrane rupture. Ibuprofen

could therefore have detrimental effects on membranes not stiff enough to avoid pores. Further

research is needed to understand whether the pore-forming effects of ibuprofen contribute to any of

its physiological side-effects.

The paper was featured on the cover of June 28, 2015 edition of Soft Matter, and featured as a
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Cholesterol expels ibuprofen from the
hydrophobic membrane core and stabilizes
lamellar phases in lipid membranes
containing ibuprofen

Richard J. Alsop, Clare L. Armstrong, Amna Maqbool, Laura Toppozini, Hannah Dies
and Maikel C. Rheinstädter*

There is increasing evidence that common drugs, such as aspirin and ibuprofen, interact with lipid

membranes. Ibuprofen is one of the most common over the counter drugs in the world, and is used

for relief of pain and fever. It interacts with the cyclooxygenase pathway leading to inhibition of

prostaglandin synthesis. From X-ray diffraction of highly oriented model membranes containing between

0 and 20 mol% ibuprofen, 20 mol% cholesterol, and dimyristoylphosphatidylcholine (DMPC), we present

evidence for a non-specific interaction between ibuprofen and cholesterol in lipid bilayers. At a low

ibuprofen concentrations of 2 mol%, three different populations of ibuprofen molecules were found:

two in the lipid head group region and one in the hydrophobic membrane core. At higher ibuprofen

concentrations of 10 and 20 mol%, the lamellar bilayer structure is disrupted and a lamellar to cubic

phase transition was observed. In the presence of 20 mol% cholesterol, ibuprofen (at 5 mol%) was found

to be expelled from the membrane core and reside solely in the head group region of the bilayers.

20 mol% cholesterol was found to stabilize lamellar membrane structure and the formation of a cubic

phase at 10 and 20 mol% ibuprofen was suppressed. The results demonstrate that ibuprofen interacts

with lipid membranes and that the interaction is strongly dependent on the presence of cholesterol.

1 Introduction

In addition to specific interactions with biochemical targets,
many drugs and pharmaceuticals are known to interact with
lipid membranes through non-specific molecular interactions.1,2

For example, physical interactions with lipid membranes can
cause changes to the membrane’s fluidity, thickness, or area per
lipid.3,4 As many biological processes, such as cell signalling and
adhesion, are mediated by the membrane and membrane bound
proteins, changes to membrane processes induced by drugs can
lead to significant changes in their biological function.5–9

When assessing the impact of a foreign molecule (such as
a drug) on membrane properties, the partitioning of the
drug within the membrane is often crucial. As an example,
the common analgesic aspirin has been shown to interact with
the head group region of the lipid membrane leading to an
increase in lipid fluidity.10,11 Aspirin was eventually found to
counteract cholesterol’s condensing effect and to redissolve

cholesterol plaques in lipid bilayers at high cholesterol con-
centrations,12,13 and also to inhibit formation of cholesterol
rafts at physiological concentrations of cholesterol.14 In con-
trast, the co-surfactant hexanol partitions into the tail group
region leading to profound changes in the membrane structure
as it induces a lamellar to hexagonal phase transition.15 In
particular, small molecules can change partitioning of peptides
in membranes. Melatonin was shown to reduce the population
of the membrane-embedded state of amyloid-b25–35, a peptide
involved in plaque formation in Alzheimer’s disease.16

Ibuprofen is a non-steroidal anti-inflammatory drug (NSAID)
who’s primary effect is related to the inhibition prostaglandin
synthesis, leading to anti-inflammatory and pain killing pro-
perties.17,18 Ibuprofen is a non-selective inhibitor of the cyclo-
oxygenase enzyme. However, there is evidence for an interaction
of ibuprofen with lipid membranes. Several studies have
reported that ibuprofen leads to an increase in area per lipid19

and membrane defects,20 as well as a decreased membrane
bending modulus, k.21

Here, we determine the location of ibuprofen in saturated
lipid bilayers at a concentration of 2 mol% and report experi-
mental evidence for an indirect, non-specific interaction
between ibuprofen and cholesterol in membranes containing
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5 mol% ibuprofen and 20 mol% cholesterol. Through X-ray
diffraction in multi-lamellar, oriented membranes, we locate
the ibuprofen molecule in the head group region and the
hydrophobic core of the bilayers and observe that the presence
of cholesterol expels ibuprofen from the membrane core.
Cholesterol was also found to stabilize lamellar membrane
structure, as the formation of an inverse cubic phase at high
concentrations of 10 and 20 mol% ibuprofen was suppressed
when 20 mol% cholesterol was present.

2 Results

Highly oriented, multi-lamellar membrane stacks were pre-
pared on silicon wafers and the molecular structure was
studied using high resolution X-ray diffraction imaging, as
depicted in Fig. 1. By using oriented membranes, the in-plane
(q||) and out-of-plane (qz) structure was determined separately,
but simultaneously. All membranes were incubated at 30 1C in
100% humidity for 24 h before the measurements and scanned
at a temperature of T = 28 1C and 50% relative humidity (RH).
Similar to protein crystallography, this dehydrated state sup-
presses thermal fluctuations, increases the number of higher
order Bragg peaks and thereby enhances structural features,
allowing for a high spatial resolution.22

Fig. 2 shows 2-dimensional reciprocal space maps for a
subset of samples in this study. Measurements are taken for
�0.3 Å�1 o q|| o 3 Å �1 and 0 Å�1 o qz o 1.1 Å�1. Pure DMPC
membranes are shown in Fig. 2(a). Some qualitative conclu-
sions can be drawn from the scattering patterns. The observed
scattering shows a number of well defined intensities along
both, the out-of-plane (qz) and in-plane (q||) axis, indicative of
lamellar bilayers with strong in-plane ordering.

The arrangement of the different molecular components
in the plane of the membranes can be determined from the
in-plane scattering along q||. As suggested by Katsaras and
Raghunathan,23,24 different molecular components, such as
lipid tails, lipid head groups and also ibuprofen and cholesterol
molecules, can form molecular sub-lattices in the plane of the
membrane leading to non-overlapping sets of Bragg peaks.

The 100% DMPC sample in Fig. 2(a) shows a number of well
developed in-plane Bragg peaks. The diffracted intensity has
a distinct rod-like shape, typical for a 2-dimensional system.
The out-of-plane scattering along qz shows pronounced and
equally spaced Bragg intensities due to the multi lamellar
structure of the membranes.

As detailed for instance in Barrett et al.,10 the in-plane Bragg
peaks can be assigned to two different molecular lattices, the
lipid head groups and the lipid tails: an orthorhombic head
group lattice (planar space group p2) with lattice parameters
a = 8.773 Å and b = 9.311 Å (g = 901) and a commensurate
monoclinic lattice of the lipid tails with parameters aT = 4.966 Å,
bT = 8.247 Å and gS = 94.181. The orthorhombic unit cell of the
head group lattice contains two lipid molecules and has an area
of AH = aHbH = 81.69 Å2. The area per lipid can also be
determined from the unit cell of the tails, which contains one
lipid molecule, to AT = aTbTsingT = 40.84 Å2. This area can be

Fig. 1 (a) Schematic representations of dimyristoylphosphatidylcholine
(DMPC), cholesterol, and ibuprofen molecules. (b) Diagram of the experi-
mental setup used for X-ray diffraction measurements. Two-dimensional
data was obtained to probe the structure of the oriented membrane stack
parallel (in-plane) and perpendicular (out-of-plane) to the plane of the
membranes.

Fig. 2 Reciprocal space maps of selected samples: (a) pure DMPC
bilayers; (b) DMPC + 2 mol% ibuprofen; (c) DMPC + 5 mol% ibuprofen;
(d) DMPC + 20 mol% ibuprofen; (e) DMPC + 20 mol% cholesterol; (f)
DMPC + 20 mol% cholesterol + 20 mol% ibuprofen. While a small
concentration of ibuprofen of 2 mol% in part (b) does not alter membrane
structure significantly, concentrations of more than 5 mol% induce
changes in the in-plane and out-of-plane pattern (parts (c) and (d)).
Lamellar membrane structure is stabilized in the presence of cholesterol
(parts (e) and (f)).
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compared to results published by Tristram-Nagle, Liu, Legleiter
and Nagle,25 who provided a reference for the structure of gel
phase DMPC membranes. The authors find an area per lipid of
B47 Å2 in fully hydrated bilayers at T = 10 1C. The membranes in
our study were measured at T = 28 1C, however, de-hydrated to
50% RH to enhance structural features leading to a more closely
packed gel structure.

The sample with 2 mol% ibuprofen in Fig. 2(b) shows a
qualitatively similar pattern indicating that small amounts of
ibuprofen do not lead to a significant change in membrane
structure or topology. However, membranes prepared with
5 mol% and 20 mol% ibuprofen in Fig. 2(c) and (d) show a
single in plane feature at q|| = 1.5 Å�1. This peak is indicative
of hexagonal packing of disordered lipid tails.26 Additional
reflections are observed along qz, indicative of a change in
membrane topology from the lamellar phase. Samples prepared
with 20 mol% cholesterol also show disordered in-plane profiles
(Fig. 2(e) and (f)), however, a lamellar qz pattern.

2.1 Electronic properties of ibuprofen

Ibuprofen is an overall hydrophobic drug consisting of a large,
hydrophobic body comprised of an aromatic ring and a carbon
tail, and a small, hydrophilic head, where the oxygen groups are
located. Ibuprofen was found to have low partitioning into
water and to locate in the lipid phase,27 preferentially in the
interfacial region of the bilayer.28

As electromagnetic waves, X-rays mainly interact with the
electronic structure of molecules. Electron distributions
describing the ibuprofen molecule were calculated using the
solved crystal structure of ibuprofen.29 The corresponding
structure file is deposited in the Crystallography Open Database
with reference number 2006278. To take into account thermal
motion of atoms and electrons, the position of each atom was
modeled by a Gaussian distribution with a width (FWHM) of
1 Å (or, in the case of samples with cholesterol, 2 Å) and the
corresponding electron distributions were then projected onto
the z-axis. The molecule can be rotated to have any orientation
with respect to the z-axis.

When the long axis of the molecule is not tilted with respect
to the z-axis, three Gaussian distributions well describe the
averaged profile, as shown in Fig. 3(a). The first peak is
assigned to the tail region of the ibuprofen, the second to the
ring structure, and the third peak to the oxygenated head
region. When the ibuprofen molecule is tilted between 301
and 601 two Gaussians are required, as depicted in Fig. 3(b)
and (c). When the molecule is tilted 901, only a single Gaussian
is needed to describe the distribution, as shown in Fig. 3(d).

The Gaussian distributions used to describe the ibuprofen
profiles were then shifted and scaled to fit observed changes in
membrane electron density with the inclusion of ibuprofen.
The orientation and position of all membrane-embedded states
can be determined in this fashion with high accuracy. This
technique was used previously by Dies et al., who used the
atomic structures of amyloid-b peptides and melatonin to
determine the location of peptides and enzyme in lipid mem-
branes of different membrane compositions.16,30

2.2 The interaction of ibuprofen with DMPC membranes

For further quantitative analysis, the 2-dimensional data in Fig. 2
were cut along the qz direction. Out-of-plane diffraction for DMPC
membranes prepared with ibuprofen concentrations from 0 mol%
to 20 mol% is presented in Fig. 4(a). Up to twelve evenly spaced
diffraction peaks were observed for pure DMPC bilayers, indicative
of a well ordered lamellar structure. The measured lamellar
spacing, dz, for the pure DMPC was determined to be 55.1 Å, in

Fig. 3 Gaussian distributions used to describe the electronic distribution
of the ibuprofen molecule, projected on the z-axis. Fits are presented
when ibuprofen is tilted (a) 01, (b) 301, (c) 601, and (d) 901. Three Gaussians
are required to describe the untilted ibuprofen, two Gaussians are needed
when the molecule is tilted to 301 or 601, and one Gaussian is needed
when y = 901. Dashed lines indicate ibuprofen’s long axis. Electronic
profiles were calculated by modelling the thermal motion of each atom
by a distribution with FWHM of 1 Å.
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agreement with previous reports.10,25 A similar pattern is observed
for DMPC + 2 mol% ibuprofen, which indicates that small
amounts of ibuprofen do not change the structure of the bilayers
significantly or alter the topology of the membranes. Additional
peaks are observed at higher ibuprofen concentrations of 5 mol%
and 20 mol% in Fig. 4(a). The structural changes associated with
these reflections will be discussed below.

The location of the ibuprofen molecules in the saturated
lipid bilayers can be determined by comparing the results for
pure DMPC and DMPC + 2 mol% ibuprofen. Electron density
profiles of the membranes, r(z), were assembled by Fourier
synthesis of the observed lamellar Bragg peaks, as detailed in
the Materials and methods section (Section 4). Bilayer profiles
for samples with 0 mol% and 2 mol% ibuprofen are plotted in
Fig. 5. The profile for a pure DMPC membrane corresponds to a
lipid bilayer in the gel state with both chains in an all-trans
configuration, as reported previously.25 The electron rich phos-
phorous group in the head region can be identified by the
absolute maximum in the electron density profile at z B 22 Å.
rz monotonically decreases to the bilayer centre at z = 0, where
CH3 groups reside in the centre with an electron density of
rz = 0.22 e� Å�3.

The electron density profiles for both samples are shown in
Fig. 5(a) on an absolute scale for r(z). There is a general decrease
in electron density with the addition of electron-poor ibuprofen

and the removal of electron-richer DMPC molecules. The
ibuprofen-containing profile was scaled to compensate this
overall loss of electron density and to to more clearly determine
the profile changes induced by the drug, as shown in Fig. 5(b).
The electron density profile for 98% DMPC + 2 mol% ibuprofen
was scaled such that it modelled a pure DMPC (100% DMPC +
2 mol% ibuprofen). The difference curve between the scaled
profile with ibuprofen and the unscaled DMPC profile shows an
increase in electron density due to ibuprofen in both the head
group and tail regions, which is well modelled by 6 Gaussian
distributions, marked by A to F. Regions of the bilayer profile
without ibuprofen molecules coincide with the pure DMPC
bilayer in part (a).

The electronic distribution of an ibuprofen molecule can be
fit to the difference curve to determine the position and
orientation ibuprofen molecules. Three embedded states were
observed. Three of the observed Gaussian distributions at
z = 3 Å, 7 Å, and 11.5 Å were assigned to a single ibuprofen
molecule residing in the hydrophobic membrane core, oriented
parallel with the bilayer z-axis, with a tilt angle of 01 � 51. In
addition to changes in the tail regions, two additional increases
in electron density were observed in the head group region.
A single peak is found at z = 17 Å, best described by a bound
ibuprofen molecule, rotated by 901 � 111 with respect to the
z-axis, at the interface of the head group and tail group regions.
Two peaks at z = 23 Å and z = 27 Å are best described by a
molecule which is distributed between the two bilayers and
aligned with the z-axis (tilt of 01 � 51). The peak at z = 23 Å is
described by the electron distribution of both the hydroxyl
group and the terminal methyl groups of an ibuprofen mole-
cule, suggesting both portions of the molecule are observed
embedded in the head groups (of opposite bilayers). The peak
at z = 27 Å suggests the ring-group of ibuprofen observed
between bilayers. A cartoon depicting the three membrane
bound states for ibuprofen is shown in Fig. 9(a). By integrating
the area under the peaks in the difference electron density curve,
the relative occupation of each bound state can be determined.

Fig. 4 (a) Out-of-plane X-ray diffraction (q|| = 0 Å�1) of oriented DMPC
membranes containing ibuprofen at concentrations of 0 mol% (black),
2 mol% (blue), 5 mol% (green), and 20 mol% (red). (b) Peak indexing for a
membrane with 5 mol% ibuprofen. Gaussian peaks were fit to describe the
observed reflectivity curve. Peaks drawn in blue correspond to peaks,
which scatter solely from cubic phases. Peaks in red agree with scattering
from either a cubic phase or an epitaxially related lamellar phase. The inset
(c) shows the position of the peaks along qz vs. assigned peak indices
(h2 + k2 + l2)1/2 for a cubic phase. The quality of the peak assignments is
shown by the perfectly linear behaviour.

Fig. 5 Electron density profiles for membranes composed of DMPC
(black) and DMPC + 2 mol% ibuprofen (blue). Curves on the left, side (a),
are on an absolute scale. In (b), the curve representing the membrane
prepared with ibuprofen has been scaled by a factor of 1.08 to overlap the
profile with that of a pure DMPC membrane (see details in text). The
difference between the scaled curve and the DMPC curve is best fit by 6
Gaussian profiles labelled by A to F.
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A relative occupation of 56% is observed for the upright state in
the tails, 8% for the rotated state at the head–tail interface, and
36% for the state in the head groups.

Fig. 4(b) shows the out-of-plane diffraction pattern obtained
from a membrane prepared with 5 mol% ibuprofen in a pure
DMPC membrane. All observed peaks are fit with Gaussian
peak profiles. The observed peaks cannot be indexed by a pure
lamellar phase, however, may be indexed to a Im3m cubic
structure with lattice parameter a = 134 Å. The corresponding
cubic phase Miller indices are given on the figure; however,
select peaks are indexed by a lamellar phase with bilayer
spacing of dz = 55.1 Å. These peaks are indicated by red
Gaussian profiles in Fig. 4(b). Peaks solely indexed by the cubic
phase are described by blue profiles. Note that the spacing
of the [211] plane of cubic phases is often observed to be
epitaxially related to the bilayer spacing of the lamellar phase.
The position, d-spacing, and Miller indices for all peaks
extracted from Fig. 4(b) are listed in Table 1.

To determine the relation between cubic and lamellar phase
and the orientation of both phases, 2-dimensional X-ray maps
of the region of interest were obtained for membranes with
0 mol%, 10 mol%, and 20 mol% ibuprofen, and are displayed
in Fig. 6. The plots show the region 0 o qz o 0.21 Å�1 and
0 o q|| o 0.21 Å�1 in more detail, as compared to the overview
plots in Fig. 2. The pure DMPC bilayers in Fig. 6(a) show the
lamellar [100]L Bragg peak and two diffuse contributions:
the lamellar diffuse scattering occurring in horizontal sheets
is the result of bilayer undulation dynamics. Bilayers, which are
not perfectly oriented parallel to the silicon substrate lead to a
faint powder ring, labeled as ‘‘defect scattering’’. The number
of these defect bilayers is typically very small as evidenced by
the logarithmic intensity plot.

In addition to the cubic peaks observed in the out-of-plane
curves in Fig. 4, there is a drastic increase in the intensity
of defect scattering with increasing ibuprofen content (DMPC +
10 mol% ibuprofen is shown in Fig. 6(b)), indicating an
increase of membranes, which have a random orientation with

respect to the perpendicular z-axis. While cubic peaks were
observed in the specular out-of-plane scans, no diffuse cubic

Table 1 Peak position, d-spacing, and assigned Miller index for the
reflectivity peaks measured from 5 mol% ibuprofen. All peaks are well
described by a cubic phase with space group Im3m and a = 134 Å

qz-Position (Å�1) d-Spacing (Å) Miller index

0.077 88.3 [110]
0.117 53.7 [211]
0.131 48.1 [220]
0.201 31.2 [411]
0.231 27.2 [422]
0.242 25.9 [015]
0.268 23.4 [521]
0.342 18.4 [633]
0.410 15.3 [840]
0.460 13.7 [844]
0.543 11.6 [10 6 0]
0.568 11.1 [10 5 5]
0.684 9.18 [12 6 6]
0.741 8.48 [2 5 15]
0.918 6.84 [16 8 8]
0.940 6.68 [4 14 14]
1.021 6.15 [18 9 9]

Fig. 6 High resolution reciprocal space maps show the increase in
powder scattering with increased ibuprofen. Bilayers were prepared with
concentrations of: (a) 0 mol%; (b) 10 mol% and (c) 20 mol% ibuprofen. Only
a lamellar peak is observed for pure DMPC. The observed diffuse scattering
was attributed to lamellar diffuse scattering due to fluctuations and defect
scattering as the result of a small fraction of bilayers not perfectly aligned
on the substrate.31 For a membrane with 10 mol% ibuprofen, the defect
scattering significantly increased indicative of a large fraction of ‘‘mis-
aligned’’ bilayers. A cubic pattern is observed at 20 mol% ibuprofen.
Intensities are shown on a logarithmic scale.
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signals are visible in the 2-dimensional data at this ibuprofen
concentration, most likely because the volume fraction of the
cubic phase is still small. The pattern at 10 mol% ibuprofen is
indicative of a coexistence of lamellar and cubic phases.

A distinct cubic peak pattern is observed at 20 mol% ibupro-
fen in Fig. 6(c). The positions of the broad powder-rings agree
with cubic peaks observed in reflectivity measurements: the
[211], [411], and [422] peaks are observed corresponding to a
cubic phase (see Fig. 4(b)). The faint [110] and [220] peaks
observed in out-of-plane curves could not be resolved from the
more diffuse in-plane scattering.

2.3 The interaction of ibuprofen with membranes containing
cholesterol

Because ibuprofen molecules were found to partition in pure
lipid bilayers, DMPC membranes with cholesterol concentra-
tions of 20 mol% and between 0 mol% to 20 mol% ibuprofen
were prepared to study a potential interaction between choles-
terol and ibuprofen. Out-of-plane diffraction scans for DMPC +
20 mol% cholesterol, DMPC + 20 mol% cholesterol + 5 mol%
ibuprofen and DMPC + 20 mol% cholesterol + 20 mol%
ibuprofen are plotted in Fig. 7. The diffraction patterns could
all be indexed by lamellar phases. Electron density profiles for
0 mol% and 5 mol% ibuprofen were used to determine the
position of the ibuprofen molecule in cholesterol-containing
DMPC membranes and are shown in Fig. 8(a). The curve
containing ibuprofen in Fig. 8(b) was scaled to represent a
DMPC + 20 mol% cholesterol bilayer with 5 mol% ibuprofen
embedded, as in Section 2.2. The difference between this scaled
curve and the curve without ibuprofen was used to locate
ibuprofen in membranes with cholesterol. Note that for
membranes with cholesterol, when modelling the electronic
distribution of ibuprofen for fitting to the difference curve,
each atom is modelled by a Gaussian distribution with a width
of 2 Å, as opposed to 1 Å for membranes without cholesterol.
The need for increased Gaussian blurring is most likely a

consequence of increased molecular disorder with the addition
of cholesterol to gel phase membranes.13

Two Gaussian distributions, centred at z = 15 Å and at 26 Å,
were found to well describe the difference in electron density and
were modelled as membrane embedded states for ibuprofen. The
location of these states is in excellent agreement with the head
group states observed in bilayers without ibuprofen in Section 2.2.
The peak at z = 15 Å is best described by an ibuprofen molecule
tilted by 901 � 11 relative to the bilayer normal, as depicted in the
electron distribution calculations in Fig. 3(b). The peak at z = 26 Å
describes an ibuprofen molecule oriented parallel with the z-axis,
and embedded between bilayers (tilt of 01 � 11), similar to the
bilayer spanning state observed in membranes without cholesterol.
Note that the two membrane electron density profiles in Fig. 8(b)
coincide in the tail group region, suggesting that ibuprofen does
not occupy this region in the presence of cholesterol. By comparing
the integrated intensity of the corresponding Gaussian peaks, the
relative occupations of the states at z = 15 Å and z = 26 Å are 14%
and 86%, respectively.

3 Discussion and conclusions

Structural parameters, such as the lamellar spacing, dz, the
cubic spacing and the area per lipid, AL, were determined for all
samples and are listed in Table 2. Ibuprofen was found to not

Fig. 7 Out-of-plane diffraction for bilayers prepared with 20 mol% cholesterol
and ibuprofen concentrations of: (a) 0 mol%, (b) 5 mol%, (c) 20 mol%.

Fig. 8 Electron density profiles for DMPC membranes prepared with
20 mol% cholesterol (black) and 20 mol% cholesterol with 5 mol%
ibuprofen (blue). The curves in (a) are on an absolute scale, while the
ibuprofen containing curve in (b) was scaled to overlap the profile with that
of a 20 mol% cholesterol-containing DMPC membrane (see details in text).
The difference between the scaled curve and the black curve is best
described by two Gaussian profiles, which are labelled in (b).

Table 2 Lamellar and cubic spacings and area per lipid are provided for all
samples examined. For samples with cubic symmetry, the bilayer repeat
distance was calculated using peaks which fit a lamellar spacing

DMPC
(mol%)

Ibuprofen
(mol%)

Cholesterol
(mol%) dz (Å)

Cubic
spacing (Å) AL (Å2)

1 0 0 55.1 40.84
2 2 0 55.1 40.84
3 5 0 55.3 135.7 40.5
4 10 0 56 137 40.5
5 20 0 — 135.7 40.5
6 0 20 51.3 42.5
7 5 20 51.7 42.5
8 20 20 50.9 42.5
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change dz and AL in gel DMPC bilayers for the concentrations
used and within the resolution of this experiment. Addition of
20 mol% cholesterol led to an increase in lipid area and a
decrease of lamellar spacing, as reported previously for gel
phase bilayers.13 The presence of 20 mol% cholesterol was
found to suppress the formation of a cubic phases when up
to 20 mol% ibuprofen was incorporated as well.

3.1 Partitioning of ibuprofen in saturated lipid membranes
with and without cholesterol

The partitioning of ibuprofen in gel phase DMPC membranes
was determined using a combination of X-ray diffraction
and electronic structure calculations using crystallographic
ibuprofen data. The result is summarized in Fig. 9. While the

peak amplitudes in the calculated profiles in part (a) appear to
be systematically slightly smaller than the measured differences,
peak positions and peak widths show an excellent agreement.
Based on the electronic properties in Section 2.1, the orientation
of the ibuprofen molecules can be determined: while 3 peaks in
the electron density difference indicate a parallel orientation, a
single peak is consistent with a perpendicular, 901 orientation.

Three different membrane bound populations were observed
when 2 mol% ibuprofen were added to the DMPC bilayers, as
sketched in Fig. 9(a): A a state in the hydrophobic membrane
core, where the ibuprofen molecules align parallel to the lipid
acyl chains; 56% of ibuprofen molecules were found in this state;
B 8% of ibuprofen molecules were observed at the interface
between head groups-tail groups, and C 36% of ibuprofen

Fig. 9 Measured difference in electron density with the addition of ibuprofen to DMPC membranes and calculated electron distributions of ibuprofen
molecules. (a) Three membrane bound states are fit to changes in electron density when 2 mol% ibuprofen is added to pure DMPC bilayers. The
calculations take into account ibuprofen molecules, which extend into and are shared with neighbouring bilayers. (b) Two embedded states are fit to the
observed changes in electron density when 5 mol% ibuprofen is added to a membrane composed of DMPC + 20 mol% cholesterol.
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molecules were found attached to the membrane head group
region, situated between the lipid head groups of two bilayers. At
ibuprofen concentrations greater than 5 mol% (10 and 20 mol%),
disruption of the lamellar membrane phase and the formation of
a cubic lyotropic phase was observed.

Based on a fit of the molecular electronic distribution of the
ibuprofen molecule to the experimental data, as depicted in
Fig. 3, the ibuprofen molecules in the hydrophobic membrane
core align parallel to the lipid tails, with their hydrophilic head
groups located in the head group region of the bilayers (popu-
lation A). The 1801 position, where the oxygen groups would
locate in the bilayer centre, was found to be less favourable with
a w2 value of 6.33 � 104, as compared to w2 = 4.28 � 104 for the
01 case. The locations of the ibuprofen molecules are consistent
with previous studies, where ibuprofen was reported to associate
with PC lipids.3,27 Based on electrostatic considerations, the hydro-
philic head of the ibuprofen is likely to locate in the head group
region of the bilayers.19,28 Population C corresponds to a state,
where the ibuprofen molecule appears to be partially embedded in
the head groups of two lipid bilayers, with the hydroxyl group in one
bilayer and the terminal methyl groups in another. This membrane-
spanning state of ibuprofen is likely a consequence of the stacked
bilayers used for the diffraction experiments.

Only two populations of ibuprofen molecules were observed
in the presence of cholesterol, as depicted in Fig. 9(b). 14% of
the ibuprofen molecules were found to occupy a state at the
head group-tail group interface (population B), while 86% of
the molecules were found in the space between two bilayers,
attached to the head group region (population C). While the
two states are in agreement with states B and C observed with
no cholesterol, no membrane embedded ibuprofen state was
observed in the cholesterol-containing lipid bilayers. The
presence of cholesterol in the membrane seems to suppress
partitioning of ibuprofen into the tail region. As ibuprofen and
cholesterol molecules compete for the same space, cholesterol
seems to have a higher affinity for the lipid acyl chains.

X-ray diffraction has been used previously to determine the
position of a similar NSAID, aspirin, in DMPC membranes with
and without cholesterol.10,12 Aspirin was found to reside exclu-
sively in the lipid head group region. However, there is a large
hydrophobic component to the ibuprofen molecule, which
would increase its affinity for the hydrophobic membrane core.
Previous simulations of membrane systems incorporating
ibuprofen locate the molecule in the tail group regions.21,32

In addition, Langmuir isotherm experiments have also sug-
gested that ibuprofen may partition into the head group
regions of lipid monolayers.33

Our results agree qualitatively with other reports. Simulations
by Khajeh et al. report that the relative position of ibuprofen
shifts towards the head groups in DMPC membranes containing
25 mol% cholesterol.32 Additional studies have suggested that
drug–membrane interactions are significantly influenced by
the presence of cholesterol.34,35 Our experiments present experi-
mental evidence that cholesterol influences the position of
ibuprofen in the membrane and, as will be described below,
also suppresses the cubic phase induced by ibuprofen.

3.2 The suppression of cubic phases by cholesterol

Inverse (type II) phases, such as inverse cubic or inverse-
hexagonal phases, are frequently observed in amphiphile–water
systems, including systems with lipids, surfactants, and block
co-polymers.36–38 A lamellar to cubic phase transition may be
induced in membranes by temperature or pressure jumps in
systems containing lipids with negative curvature.39,40 Alterna-
tively, inverse phases can be induced by the addition of a largely
hydrophobic co-surfactant.15,41,42 The fingerprint of a lamellar
to cubic phase transition is the appearance of Bragg peaks
in diffraction experiments, which require 3-fold symmetry to
properly index.43

Oriented membranes with ibuprofen concentrations less
than 5 mol% formed lamellar phases, while samples with
concentrations greater than 5 mol% could not be indexed
by a single 1-dimensional lamellar phase and required a
3-dimensional cubic phase to index all peaks. The observed
Bragg peaks for all samples in the cubic phase are consistent
with either Im3m or Pn3m space groups, which are frequently
observed in membrane systems.36,43,44 The [111] peak, which
we did not observe, is systematically absent for Im3m but
not Pn3m, suggesting Im3m is the best candidate. Another
frequently observed cubic phase, with space group Ia3d, did
not describe the peaks as the [110] reflection (absent for Ia3d)
was observed.44,45

In membranes prepared on a solid substrate, where the
lamellar phase is oriented, Bragg scattering from the membrane
stack is observed solely along the out-of-plane axis, qz. However,
the formation of 3-dimensional cubic phases leads to the
appearance of off-specular scattering. Typically, cubic phases
form as grains with random orientation, resulting in powder
scattering, although oriented cubic phases have been prepared.46

Two-dimensional measurements of reciprocal space were collected
to observe off-specular scattering in the presence of ibuprofen and
are depicted in Fig. 6. The maps highlight the monotonic increase
in powder scattering with increasing ibuprofen concentration.
This suggests that increasing ibuprofen leads to cubic phases with
grains at random orientation.

While specular peaks can unambiguously be indexed by cubic
phases for ibuprofen concentrations greater than 5 mol%, we note
that a subset of those peaks may be indexed by a lamellar phase
with bilayer spacing in close agreement with samples displaying a
pure lamellar phase. The [211] plane of cubic phases is often
observed to be epitaxially related to a bilayer spacing in systems
with a lamellar to cubic transition.39,44,47 Fig. 4(b) demonstrates
how the observed peaks are indexed by either a cubic phase, or a
cubic phase and a lamellar phase. The experiments, therefore, do
not rule out the possibility of a lamellar phase coexisting with the
cubic phase. From the 2-dimensional diffraction data in Fig. 6 it
seems that the formation of cubic phases is accompanied by the a
distortion of the lipid bilayers phase and the occurrence of bilayers
not parallel to the z-axis.

There is evidence that the impact of certain drugs on the
lipid membrane is dependent on membrane composition. For
example, negatively charged lipids have been shown to accelerate
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the binding of the antimicrobial peptide Lacticin Q.48 In
addition, the anti-cancer drug Taxol has a different impact on
saturated model membranes and unsaturated membranes.49

In a recent paper by Khajeh et al., molecular dynamics (MD)
simulations were performed on membranes with cholesterol
and ibuprofen32 to report that the permeation of ibuprofen
across the membrane is decreased by an increased stiffness of
the membrane caused by cholesterol.

An increase in chain rigidity and decrease in permeability with
the inclusion of cholesterol could explain the reduced penetration
depth of Ibuprofen into the membrane.32,50 In addition, a change
in the position of ibuprofen could explain why cholesterol sup-
presses cubic phase formation. Cholesterol itself has not been
shown to suppress cubic phases in membranes with inherently
negative curvature.51 However, by causing ibuprofen to partition
in the head groups as opposed to the tail groups, cholesterol may
prevent the negative curvature or decrease in bending modulus
induced by ibuprofen. Our results demonstrate how a membrane
constituent, such as cholesterol, can influence the membrane
impact of a drug, such as ibuprofen, by changing the partitioning
of the drug. Cholesterol can, therefore, act as a protective agent,
by inhibiting cubic phases even when ibuprofen is present in
high concentration.

4 Materials and methods
4.1 Preparation of the multi-lamellar membranes

Highly oriented, multi-lamellar membranes were prepared on
polished 2 � 2 cm2 silicon wafers. The wafers were first pre-
treated by sonication in dichloromethane (DCM) at 310 K for
25 minutes to remove all organic contamination and create a
hydrophobic substrate. After removal from the DCM post-
sonication, each wafer was thoroughly rinsed three times by
alternating with B50 mL of ultra pure water and methanol.

1,2-Dimysteroyl-sn-glycero-3-phosphocholine (DMPC) and
cholesterol were obtained from Avanti Polar Lipids and indivi-
dually dissolved in 1 : 1 mixtures of chloroform and tri-fluoro-
ethanol (TFE). Ibuprofen (Sigma-Aldrich) was also dissolved in
a mixture of 1 : 1 chloroform and TFE. The DMPC, cholesterol
and ibuprofen solutions were then mixed in the appropriate
ratios to achieve the desired membrane compositions for
the experiment. All samples prepared for this study are listed
in Table 2. Molecular representations of the components are
depicted in Fig. 1(a).

A tilting incubator was heated to 313 K and the lipid
solutions placed inside to equilibrate. 200 mL of lipid solution
was deposited on each wafer and the solvent was then allowed
to slowly evaporate for B10 minutes while being gently rocked,
such that the lipid solution spread evenly on the wafers. After
drying, the samples were placed in vacuum at 313 K for
12 hours to remove all traces of solvent. Samples were then
placed in a sealed container containing an open vial of pure
water and allowed to equilibrate to 293 K. The temperature was
then slowly increased to 303 K over a period of 24 hours. This
procedure results in highly oriented, multi-lamellar membrane

stacks an a uniform coverage of the silicon substrates. About
3000 highly oriented stacked membranes with a total thickness
of B10 mm are produced using this protocol. The high sample
quality and high degree of order is a prerequisite to determine
in-plane and out-of-plane structure of the membranes sepa-
rately, but simultaneously.

4.2 X-Ray scattering experiment

Out-of-plane and in-plane X-ray scattering data was obtained
using the Biological Large Angle Diffraction Experiment (BLADE)
in the Laboratory for Membrane and Protein Dynamics at
McMaster University. BLADE uses a 9 kW (45 kV, 200 mA)
CuK-a Rigaku Smartlab rotating anode at a wavelength of
1.5418 Å. Both source and detector are mounted on moveable
arms such that the membranes stay horizontal during measure-
ments. Focussing, multi layer optics provide a high intensity
parallel beam with monochromatic X-ray intensities up to 1010

counts per (s mm2). This beam geometry provides optimal
illumination of the membrane samples to maximize the scattered
signal. By using highly-oriented stacks, the in-plane (q||) and out-
of-plane (qz) structure of the membranes could be determined
independently. A sketch of the scattering geometry is depicted
in Fig. 1(b). Full 2-dimensional reciprocal space maps are shown
in Fig. 2.

The X-ray scattering experiments determine three pieces of
information relevant to molecular structure of the membranes.
Firstly, out-of-plane diffraction scans allow for the identifi-
cation of the phase of the membranes (lamellar or cubic) and
also permit the reconstruction of electron density profiles
(for lamellar samples). Electron density profiles were used to
determine the position of the molecular constituents. Secondly,
in-plane scattering measurements at high q|| allow for the
organization of the lipid molecules in the plane of the
membrane to be determined. The area per lipid may be
determined from the in-plane structure, as detailed in Barrett
et al.10 Thirdly, scans performed at low q|| and low qz can be
used to measure the degree of orientation within the samples.

The 2-dimensional X-ray data in Fig. 2 show well-defined
peaks along the q||-axis, which allow the determination of the
lateral membrane structure. Several correlation peaks were
observed in the in-plane data for ibuprofen concentrations of
less than 2 mol%, and were well fit by Lorentzian peak profiles.
The intensity has a distinct rod-like shape, typical for a
2-dimensional system. Membranes containing more than
2 mol% ibuprofen showed one broad Lorentzian peak, centered
at B1.5 Å�1 due to the organization of the lipid tails in the
hydrophobic membrane core. The area per lipid molecule can
be determined from the in-plane diffraction data, when assum-
ing that the lipid tails form a densely packed structure with
hexagonal symmetry (planar group p6), as reported from,
e.g., neutron diffraction.26 In the absence of fluctuations
(in gel state lipid bilayers), the area per lipid molecule can be
determined from the position of the in-plane Bragg peak at qT

to AL ¼ 16p2=
ffiffiffi
3
p

qT
2

� �
.10,13,52 The distance between two acyl

tails is determined to be aT ¼ 4p=
ffiffiffi
3
p

qT
� �

, with the area per
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lipid simplified to AL ¼
ffiffiffi
3
p

aT
2, as listed in Table 2. The area

per lipid for the pure DMPC and DMPC + 2 mol% ibuprofen
samples, which show a highly organized lateral membrane
structure with additional in-plane Bragg peaks in Fig. 2, were
determined from the lattice parameters of the corresponding
orthogonal tail lattice.

Structural parameters measured using the diffraction mea-
surements, such as dz spacing and AL, for all samples are
provided in Table 2.

4.3 Out-of-plane structure and electron densities

The out-of-plane structure of the membranes was determined
using out-of-plane X-ray diffraction. The membrane electron
density, r(z), is approximated by a 1-dimensional Fourier
analysis:

rðzÞ ¼ rW þ
Fð0Þ
dz
þ 2

dz

XN
n¼1

FðqnÞnn cos qnzð Þ

¼ rW þ
Fð0Þ
dz
þ 2

dz

XN
n¼1

ffiffiffiffiffiffiffiffiffi
Inqn

p
nn cos

2pnz
dz

� �
:

(1)

N is the highest order of the Bragg peaks observed in the
experiment and rW is the electron density of bulk water. The
integrated peak intensities, In, are multiplied by qn to generate
the form factors, F(qn). The bilayer form factor which is in
general a complex quantity, is real-valued when the structure is
centro-symmetric. The phase problem of crystallography, there-
fore, simplifies to the sign problem F(qz) = �|F(qz)| and the
phases, nn, can only take the values �1. The phases, nn are
needed to reconstruct the electron density profile from the
scattering data following eqn (1). When the membrane form
factor F(qz) is measured at several qz values in a continuous
fashion, T(qz), which is proportional to F(qz), can be fit to
the data:

TðqzÞ ¼
X
n

ffiffiffiffiffiffiffiffiffi
Inqn

p
sinc

1

2
dzqz � pn

� �
: (2)

In order to determine the phases quantitatively, the form factor
has to be measured at different qz-values using the so-called
swelling technique or by measuring the bilayer at different
contrast conditions when using neutron diffraction. In this
paper, by fitting the experimental peak intensities and compar-
ing them to the analytical expression for T(qz) in eqn (2), the
phases, nn, could be assessed. Good agreement was obtained,
and the results shown in Fig. 10.

The calculated electron densities, r(z), which are initially on
an arbitrary scale, were then transformed to an absolute scale.
The curves were vertically shifted to fulfil the condition r(0) =
0.22 e�/Å�3 (the electron density of a CH3 group) in the centre
of a bilayer. The curves were then scaled until the total number

of electrons e� ¼ AL
Ð dz=2
0

rðzÞdz across a membrane leaflet
agrees with the total number of electrons expected based on
the sample composition, with the addition of 7 hydration water
molecules, in agreement with.16,53

The dz-spacing between two neighbouring membranes in
the stack was determined from the distance between the Bragg
reflections (dz = 2p/Dqz) along the out-of-plane axis, qz. Up to a
peak order of 12 was observed from DMPC membranes, and up
to 14 for DMPC membranes with cholesterol. Note that not all
diffraction orders are necessarily observed for the different
samples as the scattering intensity depends on the form factor
of the bilayers.
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5.2 Paper V: The Lipid Bilayer Provides a Site for Cortisone

Crystallization at High Cortisone Concentrations

Richard J. Alsop, Adree Khondker, Jochen S. Hub, Maikel C. Rheinstädter. (2016). The Lipid

Bilayer Provides a Site for Cortisone Crystallization at High Cortisone Concentrations. Scientific

Reports. 6, 22425

5.2.1 Preface to Paper V

Whereas aspirin and ibuprofen are non-steroidal anti-inflammatory drugs, cortisone is considered a

steroidal drug [82]. It is naturally produced, but also used as a treatment for sore joints. Cortisone

is given as an injection into a joint, and therefore exists at high concentration in a membrane joint.

In ∼5% of cases, the cortisone actually causes pain, due to a side-effect known as a “flare” [83].

While it has a known receptor in the cell nucleus [84], the exact mechanism of the flares is unknown.

Adree Khondker, then a high school student looking for a science fair project, brought the

molecule to our attention. We initially hypothesized that increased lipid fluidity and perhaps de-

creasing membrane integrity. We prepared POPC membranes with cortisone included, and measured

them by X-ray diffraction in their hydrated fluid phase. POPC was chosen for this experiment as we

wanted to measure whether cortisone could decrease the integrity of fluid membranes. From electron

density analysis of X-ray diffraction experiments, we could locate cortisone in the head group / tail

group interface, ∼17 Å from the bilayer centre. Most interestingly, we saw extra diffraction signals

at high (>30 mol%) cortisone concentrations, and these signals were indicative of crystallized corti-

sone. Most importantly they signals were oriented with the lipid bilayer, suggesting the crystals sit

in the bilayer. The cortisone was crystallizing in the bilayer

To better understand how cortisone might have been interacting with the bilayer to create crys-

tals, we collaborated with Jochen Hub of the University of Göttingen to perform MD simulations.

The results confirmed that cortisone embeds into the interface. At high concentrations, we saw that

cortisone actually embedded deeper in the membrane, such that it became trans-membrane, and

started to aggregate. The simulations were too slow to produce crystals, but they illustrated how

the membrane can nucleate crystal formation.

Crystallized cortisone is actually believed to be the main source for flares [83]. The cortisone

does not typically crystallize in free solution, so our results highlight the potential for membranes

as a nucleating surface. This is an example of the membrane changing the chemistry of a drug. The

results do not highlight why some people get flares while others do not. It would be interesting to test

different membrane concentrations to assess the lipid conditions most amenable to crystallization.
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The Lipid Bilayer Provides a Site for 
Cortisone Crystallization at High 
Cortisone Concentrations
Richard J. Alsop1, Adree Khondker1, Jochen S. Hub2 & Maikel C. Rheinstädter1

Cortisone is an injected anti-inflammatory drug that can cause painful side effects known as “steroid 
flares” which are caused by cortisone crystallizing at the injection site. We used molecular dynamics 
simulations and X-ray diffraction to study the interaction of cortisone with model lipid membranes 
made of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) at drug concentrations from 
0 mol% to 50 mol%. Cortisone was found to partition in the lipid bilayer and locate in the hydrophilic to 
hydrophobic interface of the membranes. Cortisone strongly affects the integrity of the membrane, as 
quantified by a decreased membrane thickness, increased area per lipid, and decreased lipid tail order 
parameters. At cortisone concentrations of more than 20 mol%, signals from crystallized cortisone 
were observed. These crystallites are embedded in the bilayers and orient with the membranes. While 
the cortisone molecules align parallel to the bilayers at low concentrations, they start to penetrate 
the hydrophobic core at higher concentrations. Trans-membrane crystallites start to nucleate when 
the membrane thickness has decreased such that cortisone molecules in the different leaflets can find 
partners from the opposite leaflet resulting in a non-zero density of cortisone molecules in the bilayer 
center. We suggest that the lipid bilayer provides a site for cortisone crystallization.

In the pharmaceutical industry, drugs are typically developed to interact directly with molecular targets, such 
as protein receptors, and these targets (or receptors) may be embedded in cell membranes1,2. However, a drug 
molecule, such as cortisone, can also directly influence the lipid membrane via physical interactions, thereby 
changing the properties and functioning of the membrane3–5. These non-specific interactions are believed to 
often be responsible for drug side effects, as changes to the membrane’s properties can influence the function of 
membrane-embedded proteins4,5.

Cortisone (17-hydroxy-11-dehydrocorticosterone) is a synthetic glucocorticoid used globally and listed under 
the World Health Organization’s Essential Medicines6. Glucocorticoids are a subcategory of steroids, which have 
anti-inflammatory properties7,8.

Cortisone can be taken orally to treat general inflammation, although it is more commonly used to treat local 
joint inflammation by direct injection to the active site. Cortisone primarily acts by specifically binding to an 
intracytoplasmic nuclear receptor, forming a complex, which enters the nuclear membrane and interacts with 
basic transcription factors9,10. This causes the release of lipocortins, thereby inhibiting the production of prosta-
glandins, and leukotrienes, which reduce inflammation11–14.

However, there are several severe side-effects of cortisone, which include muscle wasting, hyperglycemia, 
and steroid psychosis15–17. These side-effects have partially been explained by non-specific interactions with lipid 
membranes18. In addition, corticosteroid injections can cause so-called “steroid flares”, which are characterized by 
pain at the site of injection and typically occur within 1–2 days of injection19,20. Insoluble, μm sized cortisone crys-
tals forming on the synovial membrane cause macrophages to collect at the cite of crystallization. The immune 
response, known as a flare, leads to the release of synovial fluid, swelling, and pain at the site of injection21–23.

X-ray diffraction experiments have shown cortisol, the antiderivative of cortisone, which differs from 
cortisone only by a hydroxyl group in place of a ketone group, to localize within the bilayer at z-values of 
10 Å <  z <  19 Å24 (z =  0 marks the bilayer center). In addition, MD simulations of cortisone show that it is able 
to localize in the head group-tail group interface of bilayer; however, dependent upon initial position25. The 
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simulations suggest the polar groups on the cortisone molecule interact with the choline, glycerol, and phosphate 
groups of the lipid molecules.

By combining MD simulations and high resolution X-ray diffraction we show that cortisone crystallizes 
inside of lipid membranes at high cortisone concentrations. Unsaturated 1-palmitoyl-2-oleoyl-sn-glycero-3
-phosphocholine (POPC) membranes were studied at cortisone concentrations between 0 and 50 mol%. 
Cortisone was found to partition in the lipid bilayers and to locate between the hydrophilic and hydrophobic 
regions, orienting parallel to the membranes. The presence of cortisone leads to a continuous thinning of the 
bilayers and an increase of the lipid area at concentrations of up to 20 mol%. At higher concentrations, cortisone 
was found to strongly penetrate the hydrophobic core and eventually nucleate in 2-dimensional crystallites inside 
the membranes. This mechanism may be related to the formation of steroid flares in cortisone therapy in biolog-
ical tissue.

Results
Molecular Dynamics Simulations.  We used MD simulations to identify the energetics and conformations 
of cortisone in the membranes, as well as the effects of cortisone on the structure of the lipid bilayer. A typical 
simulation snapshot for a concentration of 10 mol% cortisone is shown in Fig. 1a.

First, we computed the potential of mean force (PMF) for a single cortisone molecule across the pure POPC 
membrane (Fig. 1b). The PMF suggests an average membrane/water partition coefficient of 220, demonstrating a 
strong preference of cortisone for the membrane over bulk water. In line with a previous simulation study25, the 
PMF exhibits pronounced minima at a distance of ~z 14 Å from the bilayer center. Thus, at low cortisone con-
centrations, the molecule preferentially binds at the head group-tail interfaces of the membrane. Visual inspection 
of the simulations showed that, at this position, cortisone predominantly binds with the hydrophobic edge of the 
sterol groups oriented towards the hydrophobic tails, thereby minimizing any hydrophobic/hydrophilic 
mismatch.

In order to compare the simulations to our X-ray scattering data (see below), we further computed electron 
density profiles from equilibrium simulations at various cortisone concentrations. Figure 1c presents the overall 
density profiles, representing POPC, cortisone and water. The electron density at the edge of the bilayers is found 
to be 0.33 e−/Å3 corresponding to bulk water. The maximum in density at  ~z 22 Å is caused by the electron rich 
phospholipid head group region. Upon the addition of cortisone, the density peaks continuously shifts towards 
the center of the membranes, indicative of a decrease in bilayer thickness.

Further insight into cortisone conformations is given by the density purely from cortisone molecules in 
Fig. 1d. At low cortisone content, all cortisone molecules are localized at the head-group tail-group interface (near 
the glycerol moiety) as suggested by the single-cortisone PMF. At high local cortisone concentration, however, the 
molecules begin to span the entire membrane, as indicated by a non-zero cortisone density at =z 0.

To quantify the effect of cortisone on the structure of membrane, we computed the area per phospholipid A( )L  
as well as the the deuterium order parameter | |( S )CD  of the saturated POPC tail as a function of cortisone content, 

Figure 1.  (a) A simulation snapshot of a POPC membrane containing 10 mol% cortisone; POPC is show 
as sticks, cortisone as solid spheres. Water is not shown for clarity. (b) Potential of mean force (PMF) for 
cortisone across along the membrane normal z. z =  0 corresponds to the membrane center. (c) Electron density 
profiles calculated from simulations. (d) electron density of cortisone. (e) Area per phospholipid molecule as a 
function of cortisone content. (f) Deuterium order parameter of the saturated POPC tail as calculated from the 
simulations.
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as shown in Fig. 1e,f. We observed a large increase in AL from 65 Å2 at 0% cortisone up 105 Å2 at 50% cortisone. 
The lipid area for the pure POPC bilayer is in good agreement with the experimental value of 68.3 Å2 26. 
Simultaneously, the order of the lipid tails strongly decreases with increasing cortisone content. Taken together, 
the simulations highlight that the membrane does not merely provide a passive solvent for the accumulation of 
cortisone. Instead, cortisone has drastic effects on the integrity of the membrane, leading to a decreased bilayer 
thickness, increased area per lipid, and increased tail disorder.

X-ray Diffraction of POPC Membranes with Cortisone.  Highly oriented, multi-lamellar membrane 
stacks were prepared on silicon wafers and the molecular structure was studied using high resolution X-ray dif-
fraction imaging. By using oriented membranes, the in-plane structure q( ) and the out-of-plane structure q( )z  
were determined independently, however, simultaneously. All membranes were scanned at T =  28 °C and 97% 
relative humidity (RH), in the fluid state of the POPC bilayers.

Two-dimensional X-ray intensity maps for cortisone concentrations of 0, 2, 5, 10, 35 and 50 mol% cortisone 
are shown in Fig. 2. The pure POPC sample in Fig. 2a shows five well-developed Bragg peaks along the qz axis, 

Figure 2.  Two-dimensional X-ray intensity maps of bilayers with increasing cortisone concentration .  
(a) 0 mol%, (b) 2 mol%, (c) 5 mol%, (d) 20 mol%, (e) 35 mol% and (f) 50 mol% cortisone. All samples exhibit 
well-spaced Bragg peaks along qz, and a broad peak at q , indicative of oriented fluid-phase membranes. At 
> 20 mol%, additional peaks are observed in-plane indicating crystallization of cortisone.
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indicative of well organized lamellar bilayers. A single, broad in-plane peak at = .
−q 1 4Å 1 is the result of the 

hexagonal packing of the lipid tails in the membrane core and the tell-tale of a fluid, disordered structure27. In line 
with scattering intensities computed from the simulations (Figure S1), this tail correlation peak is smeared out 
with increasing cortisone content, indicative for increasing disorder of the lipid tails. Additional in-plane reflec-
tions are observed for cortisone concentrations of 20 and 35 mol%, indicative of the formation of cortisone crys-
tallites. 20 mol% was, therefore, defined as the experimental solubility limit of cortisone in POPC bilayers.

Electron density profiles ρ z( ) of the bilayers were determined through Fourier analysis of the out-of-plane 
Bragg peaks shown in Fig. 3a. ρ z( ) for the pure POPC bilayer and POPC +  5 mol% cortisone are shown in Fig. 3b 
(top). In addition, Fig. 3b (bottom) presents change in electron density upon the addition of 5% cortisone, com-
puted from the Bragg peaks (red curve) and from the MD simulations (green curve). We find that, upon the 
addition of cortisone, the electron density increases at  ~z 15 Å, which corresponds to the position of cortisone 
molecules, and the density decreases at  ~z 23 Å due to thinning of the membrane. The difference between 
experimental and simulation peak positions (2–3 Å) and width likely arise due to bilayer undulations present in 
the bilayer stack28. The experiments thus locate cortisone inside the bilayers, between the head group and tail 
group region, in agreement with the MD simulations.

The lamellar spacing, dz, and head group to head group spacing, dHH, are depicted in Fig. 3c. Both spacings 
significantly decrease with increasing cortisone concentrations. The width of the head group region can be esti-
mated from the width of the corresponding peak in the electron densities from MD simulations and experiment 
to be ~7 Å. The lamellar spacing at a cortisone concentration of 50 mol% is determined to be dz =  48 Å, the head 
group distance to dHH =  32 Å and the thickness of the hydrophobic core to ~25 Å. The fact that the lamellar spac-
ing decreased slightly faster than the membrane thickness with increasing cortisone content is strong evidence 
that the cortisone molecules partition in the bilayers and cortisone crystallites do not form outside of the 
membranes.

In-plane diffraction is shown in Fig. 3d. While 0, 2 and 5 mol% cortisone membranes show the lipid acyl chain 
correlation peak, only, additional peaks are observed at 20 mol% and 50 mol% whose intensities increase with 
increasing cortisone. The peaks at =q 1 Å−1, 1.12 Å−1, and 1.17 Å−1 agree well with the [100], [102], [103] reflec-

Figure 3.  (a) Out-of plane X-ray diffraction of oriented POPC membranes containing cortisone. (b) Top: 
scaled electron densities across the axis perpendicular to the bilayer for 0 mol% and 5 mol% cortisone. Bottom: 
the difference of these curves shows a positive peak at ~z 15 Å, indicating the position of cortisone, and a 
negative peak at ~z 25 Å due to the thinning of the membrane. The difference curve from the MD simulations 
at 5 mol% is included for comparison. The slight disagreement in peak position and width between experiment 
in simulation is likely due to bilayer undulations28. An example of T q( )z  is shown as an inset. (c) The lamellar 
spacing, dz, and the head-head distance, dHH, as a function of cortisone concentration as determined from 
diffraction experiments. (d) Scattering along q  for the oriented membrane samples. Additional peaks, which 
appear for cortisone concentrations > 20 mol%, can be indexed by crystalline cortisone. (e) The integrated 
intensities for the crystalline cortisone peak observed at = .q 1 1 Å−1 as a function of azimuthal angle φ. (f) Unit 
cell of the observed cortisone crystallites, as determined from the in-plane Bragg peaks.
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tions observed from crystallized cortisone29, respectively, with lattice constants of a =  7.31 Å and c =  22 Å. The 
presence of these peaks suggests the formation of crystallized cortisone at high concentrations.

To determine the orientation of the cortisone structures with respect to the bilayers, the peaks at = .q 1 12 Å−1 
and 1.17 Å−1 were integrated along the azimuthal angle φ from 10° <  φ < 60° ( φ < 10 was not included due to the 
effect of absorption). The results for 35 mol% and 50 mol% cortisone are presented in Fig. 3e. Herman’s orienta-
tion function, φ= < > −f cos ( )3

2
2 1

2 , was used to quantify the orientation of the crystals with the membrane 
stack. Crystals observed in the 35 mol% sample result in f =  0.96 and crystals from the 50 mol% sample show 
f =  0.64. While a perfect orientation has f =  1, randomly oriented crystallites would result in f =  0.25. The corti-
sone crystals, therefore, have a preferred orientation along q . The organization of the cortisone molecules and the 
corresponding unit cell is depicted in Fig. 3f.

Discussion
The interaction of cortisone with model POPC bilayers was studied using MD simulations and X-ray diffraction. 
In both, experiment and simulation, cortisone was found to strongly interact with the lipid bilayer. X-ray and 
neutron diffraction experiments have previously reported conformational changes in lipid bilayers with the intro-
duction of drugs and hormones30–33. Amphiphilic drugs, such as aspirin or ibuprofen were shown to partition into 
the interfacial region31–33,34.

A membrane bound state for cortisone was found in MD simulations and X-ray diffraction experiments at 
low cortisone concentrations. The simulations observed a minima in the PMF for cortisone across the bilayer, 
with a strong preference to avoid entering the bilayer center. Simulations and experiments observe cortisone in 
the hydrophilic to hydrophobic interface with the hydrophobic face in contact with the lipid tails. By positioning 
into the interfacial region of the bilayer, cortisone causes a decrease in the bilayer thickness and an increase in the 
area per lipid molecule.

Additional scattering features were observed at 20 mol% cortisone, indicating the presence of crystallized 
cortisone within the membranes. These cortisone crystals are oriented with the membrane; the corresponding 
crystal lattices are forming perpendicular to the membrane plane. During the simulations, however, no evidence 
for cortisone crystallization was observed, neither from visual inspection of the trajectories nor from computed 
X-ray intensity maps (Figure S1), suggesting that crystallization occurs on time scales beyond the accessible simu-
lation times. The lipids provide a viscous environment for cortisone, which leads to slow conformational sampling 
of cortisone-cortisone contacts, which would be required for crystallization. Alternatively, we cannot exclude 
the possibility that the applied force fields do not reproduce the free-energy difference between crystallized and 
solubilized cortisone.

The process of cortisone crystallite formation is illustrated in Fig. 4. Parts a) to d) show simulation snapshots 
for cortisone concentrations of 0, 10, 40 and 50 mol%. At low cortisone concentrations of 10 mol%, the corti-
sone molecules partition in the hydrophilic/hydrophobic bilayer interface and align parallel to the bilayers. The 
presence of cortisone increases the area per lipid molecule and decreases the membrane width. With increasing 
cortisone content, the cortisone molecules start to penetrate the hydrophobic core. At cortisone concentrations 
of 50 mol% in the simulations (in part d), the membrane’s thickness has decreased such that cortisone molecules 
in the different leaflets can find partners from the opposite leaflet when they penetrate the hydrophobic core. We 
propose that these structures are the pre-cursors for the formation of cortisone crystallites. Although the exper-
imental threshold for detecting crystals is 20 mol%, we cannot exclude the possibility that crystals also exist at 
concentrations below 20 mol% and that the corresponding signals are too small to be detected by diffraction in 
the present study.

The corresponding structure of a membrane with embedded crystallite is shown in Fig. 4e. The thickness of 
the hydrophobic core at 50 mol% cortisone of ~25 Å corresponds to about 4 layers of cortisone. The decrease in 
the lamellar spacing dz is mainly caused by the decrease in membrane thickness; the small value of dz of 48 Å 
excludes that the cortisone crystallites form outside of the bilayers.

Cortisone is often used to treat inflammation of the joints to function as inflammation reducing agents, which 
in turn reduces pain in the joints. It is used in the treatment of bursitis, tendonitis, and arthritis in the form 
of local injections in the knee, shoulder, elbow or back, or systemic injections for inflammation all over the 
body. Up to 100 mg of cortisone are commonly injected during an anti-inflammatory treatment35. From a simple 
coarse calculation, if we assume that a cell is ~50 μm in diameter, and the average lipid has an area of 65 Å2, and 
a membrane/water partition coefficient of 200, then 100 mg of cortisone could result in up to 109 cells obtaining 
cortisone/plasma membrane lipid concentrations of ~20 mol%. Therefore, cortisone is likely present in the ele-
vated concentrations studied here. A cortisone flare is a reaction of the body to a cortisone injection, typically 
24–48 hours after the injection has been administered. In about 5% of the cases, cortisone is found to crystallize 
and cause pain around the soft tissue along with the joint lining, in conjunction with strong pain. A flare is typi-
cally treated by resting the inflamed area.

In our simulations and experiments, the lipid bilayer was found to serve as a 2-dimensional substrate for 
cortisone accumulation and crystallization As cortisone is believed to cross the membrane by free diffusion or 
membrane mediated endocytosis, the steroid can bind to both the inner and outer leaflet of the plasma mem-
brane, thereby initiating crystallization in the manner outlined in Fig. 4 36. As crystals were found to nucleate 
inside the bilayers, the composition of the membranes, such as cholesterol content and ratio between saturated 
and unsaturated fatty acids is likely an important parameter. The present study adds to the increasing evidence 
that drug-membrane interactions are important for modeling drug side-effects.
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Figure 4.  Simulation snapshots for POPC membranes at 0, 10, 40 and 50 mol% (a–d). The purple bar indicates 
a 40 Å ruler. The structural model of the cortisone crystals based on X-ray experiments is shown in (e).
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Conclusions
Steroid flares, commonly observed after cortisone injection, have been attributed to the formation of microcrys-
talline corticosteroid. In this study, we show that crystallized cortisone is observed in POPC model membranes 
at high cortisone concentration. By combining molecular dynamics simulations and X-ray diffraction, we pres-
ent a potential mechanism for the nucleation of cortisone flares, where the steroid crystals nucleate within the 
2-dimensional plane of the lipid membrane.

Cortisone partitions into the head group-tail group interfacial region of the bilayers at low cortisone concen-
trations, aligning parallel to the membranes. Increasing cortisone concentration results in an increased area per 
lipid, a decreasing membrane width, and more disordered lipid tails. At concentrations of more than 20 mol% 
cortisone, the formation of crystalized cortisone inside the hydrophobic membrane core was observed. These 
crystals form when the membrane thickness has decreased such that cortisone molecules in the different leaflets 
can find partners from the opposite leaflet, resulting in a non-zero density of cortisone molecules in the bilayer 
center. The corresponding crystallites orient with the membranes.

Materials and Methods
Experimental Details.  Preparation of Multi-Lamellar Membrane Samples.  Highly-oriented multi lamellar 
membranes were prepared on single-side polished silicon wafers (1 ×  1 cm2). 1-palmitoyl-2-oleoyl-sn-glycero-3
-phosphocholine, (POPC, Avanti Polar Lipids) and Cortisone (17-hydroxy-11-dehydrocorticosterone, 
Sigma) were mixed at the desired molecular ratio and dissolved in a 1:1 mixture of chloroform (Caledon)/2,2,
2-trifluoroethanol (TFE) (Sigma). The final solution concentration was 16 mg/mL.

The wafers were placed in 1,2-dichloromethane (Caledon) within a closed Pyrex dish. Wafers were cleaned by 
sonication for 30 minutes, which resulted in a hydrophobic silicon surface. The wafers were then removed and 
rinsed three times thoroughly with alternating methanol and 18.2 MΩ·cm water. The wafers were then dried with 
pressurized nitrogen gas N( )2  and placed on a tilting incubator set to 310 K. A syringe was used to deposit ~65 μL 
of the POPC-cortisone solution on the wafer while the tilt (speed 15, tile angle 1°) provided circular flow and even 
distribution. The samples was allowed to dry for 20 minutes on the tilting incubator.

The samples were then placed in a vacuum for ~24 hours at 298 K to allow for the evaporation of trace sol-
vent. Wafers were stored in a glove box (8% H2O) to prevent lipid peroxidation, prior to the X-ray scattering 
experiments37,38.

X-ray Diffraction Experiment.  Out-of-plane and in-plane X-ray scattering data was obtained using the 
Biological Large Angle Diffraction Experiment (BLADE) in the Laboratory for Membrane and Protein Dynamics 
at McMaster University. BLADE uses a 9 kW (45 kV, 200 mA) CuKα Rigaku Smartlab rotating anode at a wave-
length of 1.5418 Å. Both source and detector are mounted on moveable arms such that the membranes stay hori-
zontal during measurements. Focussing, multi layer optics provide a high intensity parallel beam with 
monochromatic X-ray intensities up to 1010 counts/(s ×  mm2). This beam geometry provides optimal illumina-
tion of the membrane samples to maximize the scattered signal. By using highly-oriented stacks, the in-plane q( ) 
and out-of-plane q( )z  structure of the membranes could be determined independently. Full 2-dimensional recip-
rocal space maps are shown in Fig. 2. All scans were measured at 301 K and 97% hydration, in the fluid phase of 
bilayers.

As in-plane features are usually orders of magnitude weaker than the pronounced out-of-plane features, slices 
0.03 Å−1 <  qz <  0.3 Å−1 were integrated to enhance the data quality.

Calculation of Electron Densities.  The out-of-plane structure of the membrane was determined using specular 
reflectivity. The relative electron density, ρ(z), is approximated by a 1-dimensional Fourier analysis31,39.

∑ρ ν π
=









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.

=
z

d
I q nz

d
( ) 2 cos 2

(1)z n

N

n n n
z1

N is the highest order of the Bragg peaks observed in the experiment. The integrated peak intensities, In, are 
multiplied by qn to receive the form factors, F q( )n

31,39. The bilayer form factor F q( )z , which is in general a complex 
quantity, is real-valued in the case of centro-symmetry. The phase problem of crystallography, therefore, simplifies 
to the sign problem = ±F q F q( ) ( )z z  and the phases, vn, can only take the values ± 1. The phases vn are needed 
to reconstruct the electron density profile from the scattering data following Equation 1. When the membrane 
form factor F q( )z  is measured at several qz values, a continuous function, T q( )z , which is proportional to F q( )z , 
can be fitted to the data31,39.

∑ π=


 −



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2 (2)z
n

n n z z

Once an analytical expression for T q( )z  has been determined from fitting the experimental peak intensities, 
the phases vn can be assessed from T q( )z . The phase array = − − −v [ 1 1 1 1 1]n  [−1 −1 1 −1 1] was used for all samples. A sample 
T q( )z  is shown in Fig. 3b.

For POPC and POPC +  5 mol% cortisone, the calculated electron densities, ρ z( ), which are initially on an 
arbitrary scale, were then scaled using the following protocol: The curves were vertically shifted, such that the 
density at the center of the bilayer was equal to the electron density value determined in the simulations of 
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ρ(z) =  0.26 e−/Å3. The curves were then scaled until the total number of electrons within the lipid unit cell across 
a membrane leaflet, ∫ ρ=−e A z dz( )L

dz

0

/2  agrees with the total number of electrons expected based on the sample 
composition. The area per lipid obtained from simulation were used for the calculation.

The total number of electrons includes contributions from POPC, cortisone, and water molecules. The num-
ber of water molecules per lipid was calculated by calculating the approximate volume of water, 
= −V A d d( )/2w L z HH , and ρw =  0.33 e−/Å3. For pure POPC and POPC with 5 mol% cortisone, 20 and 21 water 

molecules per POPC were calculated, respectively. Therefore, for the POPC sample, the integral over the lipid unit 
cell is assumed to contain one POPC molecule and 20 water molecules. For the 5 mol% cortisone sample, the 
integral number of electrons over a lipid unit cell in the bilayer is assumed to contain a full lipid molecule, 21 
water molecules, and 5% of a cortisone molecule. The procedure follows that outlined by Alsop et al.33.

Molecular Dynamics Simulations.  Simulation setup and parameters.  Parameters for POPC were taken 
from the SLipids force fields40, and water was described by the TIP3P model41. Cortisone was described by 
the General Amber Force Field42. The cortisone topology was generated by ACPYPE, which builds upon the 
Antechamber software43,44. Following the default Antechamber protocol, partial charges were computed on the 
Hartree-Fock level using the 6-31G* basis set, with the Gaussian 09 software package45. The charges were fitted to 
reproduce the electrostatic potential produced by the quantum chemical calculations with the RESP method46. 
The topology file is available from the author (JSH) upon request.

The lipid membrane simulation systems were generated with the web server MemGen (http://memgen.
uni-goettingen.de)47. The patches corresponding to cortisone concentrations between 0 and 50% contained 
between 128 and 100 POPC, between 0 and 100 cortisone, and between 4480 and 6300 water molecules 
(Supporting Table S1). After energy minimization, each system was simulated for 200 ns. The first 40 ns of all 
simulations was removed for equilibration. To validate the convergence of the simulations, three independent 
200 ns repetitions of the system with 40% cortisone were simulated (Figure S2).

All simulations were carried out using the Gromacs simulation software, version 4.648. During equilibrium 
simulations, the temperature was controlled at 300 K through velocity rescaling49 τ = .( 0 5 ps), and the pressure 
was kept at 1 bar using a semi-isotropic weak coupling scheme50 τ =( 1 ps). The SETTLE51 algorithm was applied 
to constrain bond lengths and angles of water molecules, and LINCS52 was used to constrain all other bond 
lengths, allowing a time step of 2 fs. Electrostatic interactions were calculated using the particle-mesh Ewald 
method53,54, and dispersive interactions were described by a Lennard-Jones potential with a cut-off at 10 Å. To 
exclude that the cut-off has a major on the results, three additional 200 ns simulations of the system with 40% 
cortisone were conducted, but simulating instead with a cut-off at 12 Å. The results from these simulations were 
very similar, suggesting that a 10 Å is acceptable for the present study.

Umbrella sampling simulations.  The simulation protocol was chosen similar to previous studies55,56. 
Accordingly, starting structures for the umbrella simulations were taken from randomly chosen snapshots of the 
last 10 ns of an 20-nanosecond equilibrium simulation of 98 POPC and 5390 water molecules. The membrane 
normal, z, was chosen as reaction coordinate for solute permeation, where =z 0 Å is defined by the center of 
mass (COM) of the lipid molecules. Adjacent umbrella windows were separated by 1 Å, and the umbrella win-
dows spanned the complete space between one bulk water region across the membrane and into the other bulk 
water region.

Solutes were inserted at the center of the respective umbrella windows. To save computational resources, 
two or three different umbrella windows were sampled within each simulation, keeping a distance of 35 Å along 
z between cortisone molecules. Water molecules, which overlapped with the solute were removed. Overlaps 
between the solute and lipid atoms were removed by gradually switching on Lennard-Jones interactions between 
the solute and the rest of the system within 5000 simulation steps, using soft-core Lennard-Jones potentials and 
a stochastic dynamics integration scheme. During these insertion simulations only, a large virtual site atom was 
added to the center of every aromatic ring. That procedure ensured that lipid tails were fully repelled from the 
aromatic rings of the solutes. Subsequently, the energy of each structure was minimized.

A harmonic umbrella potential acting on the center of mass of the solute was applied (force constant 2000 kJ 
mol−1nm−2). Each umbrella simulation was carried out for 80 ns. The temperature was set to 300 K through a 
stochastic dynamics integrator τ = .( 0 1 ps). The pressure was controlled at 1 bar using a semi-isotropic weak 
coupling scheme50, scaling the box in the x-y plane only, but keeping the box dimension in z-direction fixed. After 
removing the first 10 ns for equilibration, the PMFs were computed with the weighted histogram analysis method 
(WHAM)57, as implemented in the g_wham software58. First, non-periodic and non-symmetrized PMFs were 
computed. These PMFs were reasonably symmetric with respect to the membrane center and exhibited only a 
small offset between the two bulk water regimes, suggesting that the PMFs were converged. Subsequently, a peri-
odic PMF was computed and symmetrized with respect to the membrane center =z( 0). Because the PMF G z( ) 
was defined to zero in bulk water, the membrane/water partition coefficient could be computed via 

∫= −−
−

K L G z k T zexp( ( )/ )d
L

L
B

1
/2

/2 , where kB denotes the Boltzmann constant and T the temperature.
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FIG. S1. Two-dimensional X-ray intensities S(qlat, qz) computed from molecular dynamics simula-

tions, at cortisone concentrations between 0 and 50% (see figure titles). S(qlat, qz) was computed

from POPC and cortisone atoms. S(qlat, qz) is plotted as a function of momentum transfer qlat in

the membrane plane and qz perpendicular to the membrane plane. In agreement with the exper-

imental data, the chain correlation peak at q =
√

q2lat + q2z ≈ 1.4 Å
−1

is reduced and smeared out

upon increasing cortisone content. In contrast to the experimental data, no additional peaks due

to cortisone crystals appear because crystals did not form within the accessible simulation time.
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on this time scale is converged. However, the analysis does not exclude the possibility of the

formation of cortisone crystals on longer time scales.
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TABLE 1. Summary of equilibrium MD simulations: approximate cortisone content, number of

POPC NL, coritsone Nc, and water molecules Nw, simulation time, number of repetitions.

cortisone content NL / Nc / Nw tsim (ns) repetitions

0% 128 / 0 / 4480 100 1

5% 132 / 8 / 4900 200 1

10% 122 / 14 / 4760 200 1

20% 120 / 30 / 5250 200 1

30% 126 / 54 / 6300 200 1

40% 108 / 72 / 5400 200 3

50% 100 / 100 / 6000 200 1

4
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5.3 Paper VI: Curcumin Protects Membranes Through Car-

pet or Insertion Model Depending on Hydration

Richard J. Alsop, Alexander Dhaliwal, Maikel C. Rheinstädter. Curcumin Protects Membranes

Through Carpet or Insertion Model Depending on Hydration. Accepted to Langmuir

5.3.1 Preface to Paper VI

Curcumin is the main ingredient in the Indian spice Turmeric. It is used as an anti-inflammatory

and anti-oxidant in traditional medicine. In addition, recent studies have suggested it could help in

fighting Alzhemer’s and cancer [85, 86]. The breadth and diversity of curcumin’s supposed benefits,

and lack of common receptor, has led to speculation that it has a general mechanism of membrane

protection. However, there is debate for how curcumin could effect lipid membranes [87]. Two

interactions have been observed:

1. Curcumin is a planar molecule with three rings. In one model, curcumin lies flat on membranes,

hydrogen bonding with the head groups and protecting against rogue peptide insertion. We

refer to this model as the “carpet” model [88].

2. Curcumin embeds within the bilayer in an upright position and orders lipid tails, much like

cholesterol. By stiffening tails, it prevents insertion of problematic peptides. This is hereby

referred to as the “embedded model” [89].

In this paper, we sought to understand how curcumin actually bonded to lipid membranes. We

prepared oriented DMPC membranes, and studied the structure using MD simulations and X-ray

diffraction. Whereas many of the other papers used only dry or hydrated membranes, we chose to

study the curcumin-containing membranes in both their hydrated and dehydrated states.

This turned out to be important. In dehydrated membranes, both MD simulations and experi-

ments demonstrated that curcumin lay flat on the bilayer, in agreement with the carpet model. In

hydrated membranes, the embedded model was observed. However, curcumin in the embedded state

we observed was not like cholesterol: it was tilted rather than upright, and it did not increase lipid

tail order.

An interplay between hydrophobic and hydrophilic interactions likely explains why both states

are observed. Curcumin is a hydrophobic molecule that does not dissolve in water. At the same

time, it has hydroxyl groups that encourage hydrogen bonding with the head groups. Therefore, the

molecule chooses a deeper state when more hydration is present.

In a physiological system, bilayers are generally thought of as fully hydrated. However, mem-

branes also experience osmotic pressure. Bilayers at physiological salt concentrations actually may

be in a dehydrated state [90, 19]. Therefore, curcumin may protect the membrane by a carpet or

embedded state, depending on the osmotic pressure. Also, it is unclear how curcumin would protect
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the membrane in the embedded state, as no stiffening effect is observed. The experiment therefore

presents a case study of membrane hydration/osmotic pressure influencing the drug’s effect.
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Curcumin Protects Membranes Through Carpet or Insertion Model Depending on1

Hydration2

Richard J. Alsop,1 Alexander Dhaliwal,1 and Maikel C. Rheinstädter1, ∗
3

1Department of Physics and Astronomy, McMaster University, Hamilton, Ontario, Canada4

(Dated: May 9, 2017)5

Curcumin is the main ingredient of tumeric, a common indian spice. Curcumin shows a broad
spectrum of effects, including anti-Alzheimer’s and anti-oxidant properties. An interaction between
curcumin and lipid membranes has been speculated as the root-cause, and the molecule is often
proposed to ‘protect’ the bilayer. However, the detailed molecular mechanism of this protection
is disputed. There is evidence that curcumin either a) lies flat on the bilayer and provides a
‘carpet’ for protection by forming a steric barrier, or b) inserts into the membrane and stiffens
tails, thereby protecting against peptide insertion. We studied the interaction between curcumin
and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) bilayers at different concentrations using
high-resolution X-ray diffraction and Molecular Dynamics (MD) computer simulations. We observed
curcumin molecules forming a carpet in dehydrated bilayers, while in hydrated membranes, the
curcumin molecules were found to insert in the bilayers. From calculations of the potential of mean
force (PMF) we find two minima, a metastable state in the head group region, at |z| ∼22 Å, and
a global minimum in the hydrophobic membrane core, at |z| ∼9 Å. Population of the two states
depends on membrane hydration. Experiments may thus observe curcumin in carpet or inserted,
depending on osmotic pressure conditions created for instance by salts, buffer solutions, substrates
or macromolecular solutes. In the carpet model, curcumin dehydrates lipid bilayers and decreases
fluidity. When inserted, curcumin leads to a further fluidification of the membranes and an increase
in tail fluctuations, contrary to cholesterol’s condensing effect.

Keywords: curcumin, membrane interaction, carpet model, insertion model, X-ray diffraction, Molecular6

Dynamics simulations, Alzheimer’s disease, anti-oxidant7

1. INTRODUCTION8

Curcumin is the active ingredient in the Indian spice9

Turmuric. In addition to being a food additive and10

preservative, it is used as an anti-inflammatory agent in11

traditional Chinese and Indian medicine. More recently,12

there is evidence for curcumin as an anti-Alzheimers, an-13

tioxidant, anti-cancer, and anti-inflammatory agent [1–14

3].15

There is intense interest in identifying the general16

mechanism of curcumin. Curcumin seems to influence a17

number of structurally unrelated proteins and processes.18

For example, there is evidence that curcumin affects the19

cross-β structure of aggregated amyloid-β peptides [3]20

and inhibits formation of amyloid-β oligomers and binds21

to plaques [4]. It also reduces lipid peroxidation by oxi-22

dizing Fe3+ free radicals [2]. The breadth of curcumin’s23

interactions has led to speculation that it may alter the24

membrane environment and indirectly leads to the ob-25

served effects [5].26

Curcumin is a highly hydrophobic molecule (see27

Fig. 1a), and has indeed been observed partitioning into28

lipid membranes. The molecule was reported to cause29

membrane thinning, influence the bilayers’ mechanical30

properties, and change lipid domain behaviour [5–7].31

∗ rheinstadter@mcmaster.ca; Department of Physics and Astron-
omy, McMaster University, ABB-241, 1280 Main Street West,
Hamilton, Ontario L8S 4M1, Canada; Phone: +1-(905)-525-
9140-23134, Fax: +1-(905)-546-1252

Curcumin partitioning was found to stiffen the mem-32

brane, which indirectly influences the diffusion of the33

epidermal growth factor receptor, affecting protein be-34

haviour, and potentially revealing anti-cancer properties35

[8]. A novel mechanism for the anti-oxidant properties of36

curcumin (and other flavenoids) was proposed, whereby37

curcumin stiffens the membrane and slows lipid and ion38

diffusion, thereby decreasing the oxidation rates [9]. Cur-39

cumin was also shown to protect the membrane against40

disruption by Aβ by acting as a physical barrier and pre-41

venting insertion of the peptide [10, 11].42

Two models have been proposed to explain how cur-43

cumin protects lipid membranes on a molecular level.44

Some results suggest that curcumin lies flat on the lipid45

head groups, where it forms hydrogen bonds with the46

lipid molecules. In this position, curcumin can act as a47

physical barrier, a so-called carpet, preventing peptide or48

oxidant penetration [6, 8, 12]. In contrast, curcumin can49

also embed deep in the membrane and intercalate with50

the lipid tails [5, 9, 13–15]. Similar to cholesterol, in this51

position curcumin is proposed to increase lipid chain or-52

der and stiffen membranes, thereby slowing lipid kinetics53

and increasing the energetic barrier to ion or peptide em-54

bedding. The two models are pictured in Fig. 1b).55

In this study, we investigated the interaction between56

curcumin and lipid bilayers using high-resolution X-ray57

diffraction and Molecular Dynamics (MD) computer sim-58

ulations at different levels of membrane hydration to59

mimic different osmotic pressure conditions. In the ex-60

periments, we used a novel assay of synthetic oriented61

lipid bilayers, that has become relevant for measuring62
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2

a)

CurcuminLipidb)

Carpet Model Insertion Model

FIG. 1. a) Curcumin molecule. b) Cartoons of the two models
proposed to explain curcumin’s protective membrane effects:
the ‘carpet’ and the ‘insertion’ model.

drug-membrane and peptide-membrane interactions on63

a nanometer scale [16–24]. In experiments and simula-64

tions, curcumin was found in both its suggested locations65

and population of the two states was found to dependent66

on membrane hydration.67

2. RESULTS68

Highly oriented, multi-lamellar membrane stacks69

of fully saturated 1,2-dimyristoyl-sn-glycero-3-70

phosphocholine (DMPC) were prepared for the X-ray71

diffraction experiments and similar systems were con-72

structed for MD simulations, such that the results73

between experiments and simulations can be compared.74

Details are provided in the Materials and Methods75

Section. All membranes were scanned at a temperature76

of T = 28◦C. Fluid membranes were simulated at77

T=28◦C, while 17◦C was required for the gel phase78

simulations. Curcumin was added to the membranes at79

concentration between 0 and 20mol%. To investigate the80

role of membrane hydration, two sets of membranes were81

constructed in experiment and simulation: dehydrated82

bilayers with ∼7 hydration water molecules per lipid83

molecules, and fully hydrated bilayers including ∼2784

water molecules per lipid. In the experiment, membrane85

stacks were exposed to 50% and 100% relative humidity.86

2.1. X-ray Diffraction Experiments87

Dehydrated Membranes88

Out-of-plane diffraction data for a pure DMPC mem-89

brane and curcumin concentrations of 2, 10 and 20mol%90

is shown in Fig. 2a). Ten well-developed and equally-91

Curcumin nw AL dz dHH dw
(mol%) (Å2) (Å) (Å) (Å)

X-ray diffraction
0 7 40.6 54.6 41.4 13.2
2 5.2 40.6 53.9 41.5 12.4
10 – 40.6 53.1 42.7 10.4
20 – 41.1 52.8 42.8 10.0
0 25.6 59.9a 61.2 35.8 25.4
5 23.0 59.9a 57.8 34.8 23

MD simulations
0 7 49 51 39 12
2 5.2 48.4 51.4 39 12
0 27 59.5 58.7 32.4 26.3
2 25 60.8 58.6 32.2 26.4

TABLE 1. Structural parameters from X-ray diffraction and
MD simulations. Membranes were studied in a dry (∼7 hydra-
tion water molecules at 50% RH) and a hydrated, fluid state
(∼27 hydration water molecules at 100% RH). Lamellar spac-
ing, dz, membrane thickness, dHH , and hydration water layer
thickness, dw, were determined from out-of-plane diffraction
and electron density calculations. Area per lipid (AL) was
experimentally determined for dry membranes, only. aFluid
areas were taken from [25]

spaced Bragg peaks were observed indicating well-92

ordered lamellar structures. The lamellar spacing of the93

bilayers, dz, is calculated using dz = 2π/∆qz. dz for94

a pure DMPC membrane was determined to 54.7 Å, in95

good agreement with previous reports on DMPC at low96

hydrations [26, 27].97

Membranes with curcumin also formed well-ordered,98

lamellar membrane stacks. However, the lamellar spacing99

monotonically decreased with increasing curcumin con-100

centration to 52.8 Å at 20mol% curcumin. This is in101

agreement with Hung et al, who reported a decrease in102

lamellar width with curcumin [7] from X-ray diffraction103

of multi-lamellar vesicles.104

To determine the position of curcumin in the bilayer105

and to model changes to the atomic-level bilayer struc-106

ture, electron density profiles were constructed for the107

pure DMPC membranes, as well as membranes with108

2mol% curcumin. ρ(z) for the pure DMPC membrane109

is shown in Fig. 2b). The maximum in the electron den-110

sity at z values of |z| ∼20 Å represents the position of the111

electron rich head groups. The bilayer density decreases112

to a minimum at the center of the bilayer at z=0, be-113

tween the tails, where CH3 groups reside. The distance114

between the maxima is assigned to the bilayer head-to-115

head spacing, dHH , and the thickness of the water layer116

was determined using dw = dz - dHH . dHH was de-117

termined to be 41 Å, and slightly increased at 20mol%118

curcumin to 42.8 Å. At the same time, the water layer119

was found to significantly decrease in width from dw =120

13.2 Å for DMPC to dw=10.0 Å. Values for dHH and121

dz for all membranes are given in Table 1. The area122

per lipid, AL was determined from in-plane diffraction123

(complete 2-dimensional data are shown in Fig. S1 in the124

Supplementary Material).125

A component group model was fit to the electron den-126

sities [26, 28]. The model decomposes the bilayer into five127
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FIG. 2. X-ray diffraction of dehydrated membranes with curcumin. a) Out-of-plane diffraction; b) Pure DMPC bilayer fit
with a component group model. c) DMPC + 2mol% curcumin, fit with a component group model. The highlighted areas
indicate residual density associated with the curcumin molecules. Curcumin molecules were found at |z| ∼21 Å and |z| ∼10 Å.
Results of the X-ray experiments on fluid membranes. d) qz plots; e) DMPC membranes fit to the component group model; f)
Membranes + 5mol% curcumin fit to the component group model. The highlighted residual density at |z| ∼8 Å was assigned
to curcumin molecules.

components: The CH3 groups in the center of the bilayer128

(ρCH3(z)); a function for the lipid tails in each leaflet129

(ρCH2(z)); a profile for the glycerol chemical group in the130

heads (ρGC(z)); a profile for the phosphate group (ρp(z));131

and a profile for the combined water and choline group132

(ρBC(z)). The results for DMPC (shown in Fig. 2b) agree133

well with past observations [26, 28]. All fitting parame-134

ters are given in Table 2.135

The component group analysis was then applied to the136

electron density of DMPC/2mol% curcumin in Fig. 2c).137

In the fitting process, the width of the individual com-138

ponent groups were fixed to the values determined from139

pure DMPC. The positions of the groups, zp, zGC , and dc140

were adjusted to accommodate the dHH observed in the141

experimental density. The model assumes that the struc-142

ture of the bilayer is not altered significantly by 2 mol%143

curcumin, such that an excess of electron density can be144

attributed to the presence of curcumin in the bilayers.145

This analysis suggests multiple binding sites for curcumin146

in the dehydrated bilayers: at |z| ∼21 Å in the lipid head147

groups, and at |z| ∼10 Å, in the hydrophobic membrane148

core. From the integrated intensities, the population of149

the head group state is estimated at 2.5:1 vs. the tail150

group state.151

Hydrated Membranes152

Out-of-plane scans for pure DMPC membranes, and153

membranes with 5 mol% curcumin measured at 100%154

RH are shown in Fig. 2d). The out-of-plane scattering155

for the hydrated DMPC membranes produced five Bragg156

peaks, only, as compared to 10 in the dehydrated state.157

The absence of higher order Bragg peaks and the lamellar158

spacing of dz = 61.3 Å are consistent with a highly fluid159

structure [29].160

Electron density profiles were generated (Figs. 2e)&f)161

and the component group model applied. The different162

groups become considerably broader in fluid membranes.163

Fitted parameters are given in Table 2, structural param-164

eters in Table 1. The excess electron density in Fig. 2f)165

suggests that in fluid bilayers, the curcumin molecules166

reside entirely in the membrane tail-group region, with167

an average position of |z| ∼8 Å.168
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FIG. 3. a) In dehydrated membranes, curcumin was found to lie flat on the bilayer surface (90◦) at |z| ∼23 Å, and hydrogen-
bond with the lipid head groups, compatible with the carpet model. Experiments and PMF calculations show a second,
embedded state of the molecule at |z| ∼9 Å, which was not populated during the timescales of the simulations. b) In hydrated
bilayers, the curcumin molecule was found to embed within the tails at |z| ∼9 Å at a tilted angle, compatible with the insertion
model. Molecules were fluctuating between 20◦ and 90◦ with an average tilt angle of 65◦ (∼30◦ in this snapshot).

2.2. Molecular Dynamic Simulations169

Dehydrated Membranes170

United-atom MD simulations were performed with cur-171

cumin in a 128-lipid DMPC membrane. Simulations were172

performed with 7 water molecules per lipid molecule in173

order to mimic experimental conditions. To create a bi-174

layer in its gel phase, the carbon bonds along the lipid175

chains were forced into an all-trans configuration for176

100 ns. Next, the bonds were released and the system177

then simulated for 200 ns. After this procedure, the sys-178

tem equilibrated with AL = 49 Å2 and dz = 51 Å. Tem-179

perature was kept at 17◦C; higher temperatures made180

the system transition into a fluid state in the simulations.181

Two curcumin molecules were introduced into the pure182

bilayer system and simulated for a further 200 ns, corre-183

sponding to ∼2mol%. A snapshot is shown in Fig. 3a).184

The curcumin molecules were initially placed at the edge185

of the thin water layer, and spontaneously entered the186

head groups within ∼10 ns.187

The final 50 ns of each simulation were used for the188

analysis. Electron density profiles of the various sys-189

tem components were generated via number density cal-190

culations along along the z-coordinate, and scaled us-191

ing the appropriate weighting based upon the number of192

electrons within each component. The component anal-193

ysis is shown in Fig. 4a). The yellow areas highlight194

the positions of the curcumin molecules in the region195

of the phosphate group at z ∼23 Å, in good agreement196

with the experiments. At this position, each curcumin197

molecule forms multiple hydrogen bonds with the lipid198

head groups. The bilayers equilibrated to an area-per-199

lipid of 48.4 Å2 and dz = 51.4 Å. Structural parameters200

for all simulations are summarized in Table 1.201

Umbrella simulations were performed to calculate the202

potential of mean force (PMF). The results are displayed203

in Fig. 4b). The PMF reveals a local minima at |z| ∼9 Å204

but the absolute minima in the profile occurs at the edge205

of the bilayer system. These two states agree well with206

the observed positions of curcumin in the X-ray experi-207

ments. We did not observe a curcumin molecule in the208

9 Å position in the simulations, likely because the inser-209

tion process takes significantly longer than 200 ns.210

In addition to the PMF, in every umbrella window, the211

change in number of water molecules per lipid molecule212

near a curcumin molecule was calculated. The number213

of water molecules per lipid in a radius of 5 Å around the214

curcumin molecule was caculated, and compared to the215

value of the bulk membrane. As shown in Fig. 4c), when216

the curcumin molecule is fixed in the water layer or the217

head groups, there is a decrease in the number of water218

molecules in the surrounding area.219

Hydrated Membranes220

Membrane simulations were performed with curcumin221

in fully hydrated bilayers, at 28◦C and 27 water molecules222

per lipid molecule. Two curcumin molecules were intro-223

duced and found to partition spontaneously into the tail224

group region within 50 ns. The system was simulated225
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FIG. 4. Analysis of the MD simulations in the dry (a)-d)) and hydrated membranes (e)-g)). a) A component group density
model, showing the position of the curcumin densities in the dehydrated membrane. b) The results of the umbrella simulations:
the potential of mean force (PMF) for the curcumin in each umbrella window. c) The number of water molecules displaced
from a 5 Å radius around a curcumin molecule, calculated at each umbrella window and smoothed by 1 Å. e) Component group
density model showing curcumin density in the fluid membrane. f) PMF for curcumin in the hydrated bilayer. Experimentally
determined positions are marked. g) The number of water molecules displaced from a 5 Å radius around a curcumin molecule,
in hydrated membrane. d) Proportion of gauche defects as a function of distance from the curcumin molecule, compared to
pure DMPC. h) Gauche defects for the hydrated membrane.

for 200 ns. A snapshot is shown in Fig. 3b). An area-226

per-lipid of 61 Å2 was achieved with dz = 60.5 Å, in227

good agreement with the experimental value for dz and228

the fully hydrated area of 60.8 Å2 reported for the GRO-229

MOS54a7 force field [30] and the experimentally deter-230

mined value of 59.9 Å2 [25] (both determined at 30◦C).231

The component analysis is shown in Fig. 4e) and232

demonstrates that the curcumin molecules partition deep233

into the tail region, at z ∼10 Å, in agreement with pre-234

vious reports [13] and our experimental findings. At this235

position, each curcumin molecule still participates in hy-236

drogen bonding with the lipid head groups, forming one237

bond each. The tilt of the curcumin was also measured238

as the angle between the long-axis of the molecule pro-239

jected on the z-axis of the bilayer. The tilt was measured240

every 1 ns and averaged over the final 50 ns. While the241

tilt is a dynamic quantity which fluctuated between 20◦242

and 90◦, the curcumin molecules were on average tilted243

by ∼65◦.244

The results from umbrella simulations are displayed in245

Fig. 4f). The minima in the PMF at |z| = 9 Å are in246

excellent agreement with the simulated densities and the247

experimental results. The number of water molecules per248

lipid in an area of 5 Å around the curcumin molecule is249

shown in Fig. 4g). Following that, curcumin increases250

the number of water molecules in the membranes when251

inserted.252

In addition to structural parameters, the number of253

gauche defects in the lipid tails, i.e., kinks in the lipid254

alkyl chains, was calculated as a function of the lateral255

distance from the curcumin molecules. This quantity is256

often used to directly indicate fluidity [31–33]. The pro-257

portion of gauche dihedrals was analyzed using a dynamic258

selection of lipid molecules located within a specified ra-259

dius around the curcumin molecules. The results are260

shown in Figs. 4d)&h). There was a decrease in the261

proportion of gauche defects near curcumin in the gel262

phase, however, an increase in the fluid phase.263

3. DISCUSSION264

Different models for where curcumin embeds in the265

membranes propose different mechanisms for its sup-266

posed protective effects. The carpet model suggests cur-267

cumin lies flat on lipid heads, and provides a steric bar-268

rier against molecular binding. Models which suggest269

curcumin embeds in the membrane core propose that270

curcumin has a mechanism similar to cholesterol: by in-271

creasing lipid chain-order, the molecule stiffens tails and272

increases energetic barriers against insertion.273

Care was taken to prepare comparable systems for ex-274

periments and simulations and there is a strong agree-275

ment of the structural properties between the experimen-276

tal and simulated systems. In fully hydrated bilayers, dif-277

ferences between experimental and simulated curcumin278

positions can be the result of bilayer undulations present279

in the bilayer stacks that are not accurately replicated us-280

ing the short timescale and small patch size of the simu-281

lations. The undulation fluctuations in membranes were282
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previously measured using the neutron spin-echo tech-283

nique [34, 35]. The corresponding undulation amplitudes284

can be estimated from the underlying theory of a solid285

supported stack of membranes by Romanov and Ul’yanov286

[36] to about 3 Å, which well account for the observed de-287

viations between experiments and simulations. A similar288

effect has been observed before when comparing diffrac-289

tion experiment and MD simulations in the case of the290

interaction between cortisone and membranes [23].291

In dehydrated lipid membranes, the curcumin molecule292

was found to reside in the head group region, at z-values293

of |z| ∼22 Å (21 Å in experiment, 23 Å in the simu-294

lation). In these locations, the molecule interacts with295

the carbonyl moieties in the heads, as well as the hy-296

drophobic tails. The curcumin molecule lies flat on the297

bilayer, and quickly forms hydrogen bonds with the lipid298

head groups, in good agreement with the proposed car-299

pet model [6, 8, 12]. A small population of curcumin300

molecules was found to embed at |z| ∼10 Å in experi-301

ments.302

Simulation and experiment also agree that in fully hy-303

drated bilayers, curcumin prefers to embed deeper in the304

membrane, at |z| ∼9 Å (8 Å in experiment, 10 Å in the305

simulation). Simulations indicate that in this position306

curcumin is still forming hydrogen bonds with the head307

groups. The long-axis of curcumin is tilted to an aver-308

age angle of ∼65◦ with respect to the membrane normal.309

This is in contrast to studies which suggest that curcumin310

positions up-right with the bilayer when embedding in311

the tails [5, 9, 13–15], similar to cholesterol.312

The MD simulations give insight into the correspond-313

ing energy landscape. According to the PMF calcula-314

tions, curcumin has two preferred locations in lipid bi-315

layers. The position in the head-group region was found316

to be metastable in both hydrated and dehydrated bi-317

layers. Locating into the lipid tail region becomes more318

favorable with increasing hydration of the membranes:319

the PMF significantly decreases from ∼10 kJ/mol to val-320

ues of ∼110 kJ/mol from dry to fully hydrated bilayers.321

We note that, to achieve low hydration in our experi-322

ments and simulations, water must be removed and the323

reduced hydration water layer thickness may increase324

inter-bilayer interactions given the periodicity of both325

systems. The increased head group - head groups inter-326

action may have the potential to influence the position of327

curcumin by increasing the potential for hydrogen bond-328

ing. However, based on the PMF in Fig. 4c), the embed-329

ded state is significantly less favorable than in hydrated330

bilayers, suggesting that head group interactions due to331

periodicity do likely not influence the result.332

In experiments presented here, reduced membrane hy-333

dration was achieved through exposure of the membranes334

to a reduced relative humidity. A relative humidity p/p0335

creates an osmotic pressure Πosm = (kBT/vw) ln(p0/p),336

where vw is the partial molar volume of a water molecule337

[37]. In membranes, this osmotic pressure leads to an at-338

tractive potential, which is proportional to the thickness339

of the hydration water later, V (dw) = Πosmdw. Mem-340
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FIG. 5. Relation between osmotic pressure, relative humidity,
RH, and lamellar spacing, dz of DMPC bilayers. Data for
bilayer swelling as function of RH were taken from Chu et
al. [29]. dz as function of osmotic pressure was determined
by Petrache et al. [38] and Mennicke, Constantin and Salditt
[39].

brane swelling, i.e., the absorption of hydration water341

molecules from the surrounding water vapor, is the re-342

sult of water molecules migrating into the membrane343

stack and leading to an increase in hydration water layer344

thickness against the attractive forces between neigh-345

boring bilayers in the stack. As the chemical potential346

of water molecules in relative humidities is reduced by347

∆µw = kBT ln(p/p0), this process can be inhibited at348

reduced humidity levels.349

Changes in osmotic pressure can directly be related350

to swelling of the membranes and the thickness of the351

hydration water layer in the experimental system. Pe-352

trache et al. [38] and Mennicke, Constantin and Salditt353

[39] measured the lamellar spacing of DMPC bilayers for354

different osmotic pressures by varying concentrations of355

polyethyleneglycol (PEG). A dz spacing of 53 Å was,356

for instance, observed at an osmotic presssure of Π ∼357

7 ·106 Pa. Also protein solutions can cause osmotic stress358

[40], depending on their concentration. The osmotic pres-359

sure of a physiological saline solution with a density of360

1.005 g/mol at 37◦C is calculated to 760,000 Pa. Os-361

motic pressure of a 10 mM Hepes buffer solution typi-362

cally used corresponds to ∼26,000 Pa. The physiological363

saline and Hepes buffer solutions would thus reduce the364

lamellar dz-spacing in DMPC from 61 Å to ∼53 Å, re-365

spective, ∼59 Å. By using swelling data from the Nagle366

group [29], these dz spacings correspond to relative hu-367

midity levels of ∼99% and close to 100%. The relation368

between osmotic pressure, relative humidity and lamellar369

spacing is plotted in Fig. 5.370

These results can help to unify the different models371

that have been suggested for curcumin’s position and ef-372

fects. As different biological environments, such as salts,373
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buffer solutions, the presence of substrates or macro-374

molecular solutes, may lead to an effective dehydration375

of lipid bilayers, it is plausible that they can shift the376

population of the two preferred curcumin locations in377

the membranes. Some experiments may thus observe378

curcumin in carpet or inserted depending on experimen-379

tal conditions. Curcumin’s effect on lipid membranes380

strongly depends on its location.381

In the carpet model, the presence of curcumin382

molecules in the lipid head groups led to a decrease in383

fluidity and dehydration of the bilayers, as reported pre-384

viously. We do not find evidence for a cholesterol-like385

chain ordering effect of curcumin in the insertion model.386

For one, the molecule does not insert into our bilayers387

with an up-right orientation. Secondly, dHH does not388

increase when curcumin is added to fluid-phase bilayers,389

but in fact slightly decreases, by ∼1 Å in experiments and390

0.2 Å in simulations. The protective effect of curcumin391

in the insertion model is thus not similar to cholesterol’s392

stiffening and condensation effect. Instead, curcumin was393

found to increase the number of water molecules in the394

bilayers and the number of gauche defects, making the395

bilayers more fluid. This finding is inconsistent with the396

current literature hypothesis, as described in the intro-397

duction, which involves curcumin increasing lipid chain398

order, similarly to cholesterol, Future work including cur-399

cumin and peptides is needed to unveil the exact mech-400

anism how curcumin can inhibit peptide insertion in the401

insertion model under these circumstances.402

4. CONCLUSION403

Curcumin was added to phospholipid bilayers made404

of DMPC and partitioning of the molecule was studied405

using high-resolution X-ray diffraction and MD simula-406

tions. Curcumin was found in two locations in the mem-407

branes: in the lipid head groups, at z values of |z| ∼20 Å408

lying flat on the bilayer edge, and inside the hydrophobic409

membrane core, tilted with respect to the bilayer normal,410

at |z| ∼9 Å. Population of the two states was found to411

depend on membrane hydration. While the head group412

position is metastable, the core position becomes signifi-413

cantly more attractive with increasing hydration.414

The two observed positions correspond to the two mod-415

els for curcumin’s protective properties: in the carpet416

model it lies flat on the bilayer and provides a ‘carpet’417

for protection by forming a steric barrier, while in the in-418

sertion model, it protects against peptide insertion. We419

suggest that curcumin can be observed in carpet or in-420

serted depending on osmotic pressure conditions created421

by salts, buffer solutions, substrates or macromolecular422

solutes.423

It was suggested that curcumin stiffens membranes and424

decreases lipid diffusion and increases the energy barrier425

to molecule binding, similar to the effect of cholesterol.426

In the carpet model, the presence of curcumin molecules427

in the lipid head groups led to a decrease in fluidity and428

dehydration of the bilayers. With the insertion models,429

we find that curcumin leads to a further fluidification of430

lipid membranes at high hydration levels, in contradic-431

tion to cholesterol’s condensing effect.432

5. MATERIALS AND METHODS433

5.1. Preparation of the highly-oriented434

multi-lamellar membrane complexes435

Highly oriented, multi-lamellar membranes were pre-436

pared on polished 1× 1 cm2 silicon wafers. The wafers437

were first pre-treated by sonication in dichloromethane438

(DCM) at 310 K for 25 minutes to remove all organic439

contamination and create a hydrophobic substrate. After440

removal from the DCM post-sonication, each wafer was441

thoroughly rinsed three times by alternating with ∼ 50442

mL of ultra pure water (18.2 MΩ·cm) and methanol. This443

treatment renders the surface of the wafers hydrophobic.444

1,2-Dimysteroyl-sn-glycero-3-phosphocholine445

(DMPC) is initially dissolved in a chloroform solu-446

tion. Curcumin (Sigma, SAS 458-37-7) is also dissolved447

in chloroform and then mixed with the lipid solution.448

The chloroform was then evaporated, and the lipid-449

curcumin precipitate re-dissolved in either pure water or450

a 1:1 solution of trifluoroethanol and chloroform. Water451

solutions were point sonicated, TFE/chloroform solution452

vortexed and heated to 313 K.453

A tilting incubator was heated to 313 K and the solu-454

tions placed inside to equilibrate. 80 µL of lipid solution455

was deposited on each wafer. The solvent was then al-456

lowed to slowly evaporate for while gently rocked, such457

that the lipid solution spread evenly on the wafers. Sam-458

ples were then placed in a sealed container containing an459

open vial of ultra pure water and incubated for 24 hours460

at 100% RH at 303 K. This procedure results in highly461

oriented, multi-lamellar membrane stacks and a uniform462

coverage of the silicon wafers. About 3000 highly oriented463

stacked membranes with a total thickness of ∼ 10 µm are464

produced using this protocol.465

5.2. X-ray diffraction experiment and construction466

of electron densities467

Out-of-plane X-ray diffraction measurements were ob-468

tained using the Biological Large Angle Diffraction Ex-469

periment (BLADE) in the Laboratory for Membrane and470

Protein Dynamics at McMaster University. BLADE uses471

a 9 kW (45 kV, 200 mA) CuK-α Rigaku Smartlab rotat-472

ing anode at a wavelength of 1.5418 Å. Both source and473

detector are mounted on moveable arms such that the474

membranes stay horizontal during measurements. Fo-475

cussing, multi layer optics provide a high intensity paral-476

lel beam with monochromatic X-ray intensities up to 1010
477

counts/(s × mm2). This beam geometry provides opti-478

mal illumination of the membrane samples to maximize479
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the scattered signal. By using highly-oriented stacks, the480

out-of-plane (qz) structure of the membranes could be481

determined independently from the in-plane (q||) struc-482

ture.483

Electron densities, ρ(z), were calculated through484

Fourier transform of the integrated intensities of the re-485

flectivity Bragg peaks. ρ(z), can be approximated by a486

1-dimensional Fourier analysis:487

ρ(z) =
2

dz

N∑

n=1

√
Inqnνn cos

(
2πnz

dz

)
, (1)

where N is the highest order of the Bragg peaks observed488

in the experiment. The integrated reflectivity Bragg489

peak intensities, In, are multiplied by qn to generate the490

form factors, F (qn). The bilayer form factor, which is491

in general a complex quantity, is real-valued when the492

structure is centro-symmetric. The phase problem of493

crystallography, therefore, simplifies to the sign problem494

F (qz) = ±|F (qz)| and the phases, νn, can only take the495

values ±1.496

The phases, νn, were assessed by fitting the experimen-497

tal peak intensities, as detailed in Fig. S1 in the Supple-498

mentary Material. In order to transform the ρ(z) to an499

absolute scale, the curves were vertically shifted to fulfil500

the condition ρ(0) = 0.22 e−/Å3 (the electron density501

of a CH3 group) in the center of a bilayer. The curves502

were then scaled until the total number of electrons e−503

= AL
∫ dz/2

0
ρ(z)dz across a membrane leaflet agrees with504

the total number of electrons of a DMPC molecule with505

nw water molecules and the contribution from curcumin.506

To determine the number of water molecules per lipid,507

nw, the following relation was used:508

1

2
ALdz = VL + nwVw, (2)

where AL is the area-per-lipid, VL the volume-per-lipid,509

and Vw the volume per water molecule, known to be510

30 Å3. For DMPC in the gel phase at low hydrations the511

volume-per-lipid was calculated previously to VL=891 Å3
512

[26], while the fluid volume of VL=1101 Å3 was taken513

from [41]. We note that VL for the dehydrated gel phase514

is lower than the value of 1041 Å3 reported by Tristram-515

Nagle et al. for hydrated gel membranes [27]. The dis-516

crepancy is mainly the effect of reduced hydration re-517

sulting in a reduced area per lipid, AL. We measure518

AL ∼41 Å2, in good agreement with previous reports for519

dehydrated gel phases [42, 43], while Tristram-Nagle et520

al. report 47 Å2 in the hydrated gel phase.521

5.3. Real-space modelling of electron density522

profiles523

To model the bilayer structure and determine the po-524

sition of the curcumin molecule, electron density profiles525

were decomposed using a composite model. The specific526

models used for the lipid component groups are those527

Curcumin nw σCH3 σCH2 dc σGC zGC σp zp
(mol%) (Å) (Å) (Å) (Å) (Å) (Å) (Å)

0 7 2.6 2.4 15.9 2.4 17.6 2.65 22.6
2 5.2 2.7 2.4 16.2 2.4 17.9 2.65 22.95
0 27.6 5 3.5 13 3.6 14.5 3.5 18.5
5 25.0 5 3.5 13 3.5 14 3.5 18.5

TABLE 2. Fitting parameters of the component group anal-
ysis.

used by Klauda et al. and Alsop et al [28]. Atoms from528

the DMPC molecules were distributed between five com-529

ponent groups representing distinct portions of the bi-530

layer. These regions are 1) The terminal CH3 groups531

at the end of the lipid chains, for both lipids in the bi-532

layer, found at the center of the bilayer (CH3); 2) The533

CH2 groups composing the hydrocarbon core of the lipid534

molecule (CH2); 3) The glycerol moiety in the head group535

(GC); 4) The phosphate group in the head group (P). An536

additional function is added to describe the hydration537

water layer and the choline group of the lipid (BC). The538

functions describe a full bilayer, i.e., two leaflets. For a539

detailed description of the model, please see e.g.[26, 28].540

541

In total, there are 7-9 free parameters in the fitting: the542

width of the CH3 peak, σCH3, the width of the tail CH2543

interface, σCH2, the thickness of the hydrocarbon region,544

dC ; and the positions and widths of the glycerol and545

phosphate groups, zGC , σGC , zP , σP . As the phosphate546

and glycerol groups are coupled by chemical bonds, σGC ,547

σp, and σCH2 are softly constrained to covary.548

To determine the position of the curcurmin molecule,549

the component group model is first applied to the pure550

DMPC membrane in the appropriate hydration state.551

Next, the same fitting parameters are applied to the elec-552

tron density for membranes with curcumin. Adjustments553

are made to zp, zGC . and dc so that the fitting dHH554

matches the experimental value. The density that re-555

mains after the lipids are subtracted from the measured556

density is attributed to the curcumin molecule.557

5.4. Molecular Dynamics Simulations558

All simulations were run in-house on MacSim, a GPU559

accelerated workstation with 20 physical Intel XeonCPU560

cores and two GeForce GTX 1080 high power graphics561

cards resulting in 5120 CUDA Cores. This system pro-562

duces about 180 ns of MD simulations in standard 128563

lipid membrane patches in GROMACS.564

A system of 128 DMPC lipids (64 per leaflet) was565

taken from Tieleman et al. [44]. Curcumin topology566

was obtained using the Automated Force Field Topol-567

ogy Builder (ATB) [45, 46]. The SPC water model was568

used for system solvation [47]. All MD simulations were569

performed using the GROMACS 5.1.2 software package570

[48], implementing the GROMOS 54a7 force field [49]571

modified with Berger lipid parameters [50]. All simula-572
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tions used a 2 fs time step, a periodic boundary condi-573

tion applied to all directions, the particle-mesh Ewald to574

solve for long-range electrostatics [51], a short-range van575

der Waals cutoff of 1.2 nm, and the LINCS algorithm to576

determine bond constraints [52]. Temperature coupling577

was controlled using a Nose-Hoover thermostat at 28◦C578

(τ = 0.5 ps) [53], and pressure was kept at 1.0 bar us-579

ing Parrinello-Rahman semi-isotropic weak coupling (τ580

= 1 ps) [54].581

A total of four distinct simulations were conducted.582

First, two pure DMPC membranes with 7 and 27 wa-583

ters per lipid were simulated for 200 ns, each, to mimic584

the dehydrated and hydrated membranes, respectively.585

Next, two curcumin are introduced into the pure mem-586

branes and the system simulated for another 200 ns. All587

analyses were performed with the final 50 ns of the sim-588

ulations using GROMACS algorithms and simple scripts589

[55]. The electron density profiles were calculated for dif-590

ferent constituents of the system, similar to other studies591

using lipid bilayers [22, 56]. The function used calcu-592

lates the relative distance along the bilayer normal of593

each atom within the specified index group, assigns a594

weighting based upon the number of electrons in each595

atom, and delivers an electron density as averaged over596

the specified time range.597

Umbrella simulations were also performed, with the598

protocol based on previous studies [23, 57, 58]. The ini-599

tial condition of a curcumin molecule placed at the mem-600

brane edge. Umbrella simulations are obtained by pulling601

the molecule through the bilayer, along the z direction602

with a force constant of 3000 kJ/mol, and umbrella win-603

dows are obtained with ∆z = 1 Å. Each window is then604

simulated for 15 ns. Potentials of mean force (PMFs)605

are then calculated using the Weighted Histogram Anal-606

ysis Method in Gromacs [59], using the final 5 ns of each607

umbrella window and the center of the bilayer as the ref-608

erence point.609

The proportion of gauche dihedrals within a lipid sys-610

tem is commonly used as a measure of bilayer fluidity [31–611

33]. The proportion of gauche dihedrals as a function of612

increasing distance from curcumin was determined using613

dynamic scripting and GROMACS algorithms. A script614

was constructed to generate an index file containing only615

carbon chains belonging to lipids within the specified ra-616

dius from the center of mass of any curcumin molecule617

within the system every 50 frames. This index file speci-618

fied the DMPC molecules whose carbons were to be used619

in calculation of the Ryckaert-Bellemans dihedral angles620

over that time interval [60]. This was repeated over the fi-621

nal 50 ns of the simulation and averaged for each carbon622

position. Averaging across the SN1 and SN2 tails was623

then performed to generate the value shown in Fig. 4 d)624

and h), and the script was run successively to consider625

each new distance from curcumin. Testing with the script626

showed that windows shorter than 50 frames did not pro-627

duce statistically different results, so this frame length628

was used to decrease computational time.629

Supporting Information A single PDF is provided630

with additional analysis of X-ray diffraction data.631
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tion between amyloid-β peptides and anionic lipid mem-717

branes containing cholesterol and melatonin. PLoS One.718

2014;9(6):e99124.719

[20] Alsop RJ, Barrett MA, Zheng S, Dies H, Rheinstädter720
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FIG. S1. Two-dimensional X-ray intensity maps measured for all gel samples in this study. a)

Pure DMPC; b) DMPC + 2mol% curcumin; c) DMPC + 10mol% curcumin; d) DMPC + 20mol%

curcumin.

1. DETERMINATION OF AREA PER LIPID IN DEHYDRATED MEMBRANES

FROM X-RAY DIFFRACTION

The 2-dimensional X-ray data, taken for the dehydrated data in this study, in Figure S1

show well-defined peaks along the q||-axis, which allow the determination of the lateral

membrane structure. Several correlation peaks were observed in the in-plane data for all

curcumin concentrations and were well fit by Lorentzian peak profiles. The intensity has a

distinct rod-like shape, typical for a 2-dimensional system.

For all dehydrated scans in Figure S1, peaks are observed at q|| ∼ 0.67 Å−1, 0.73 Å−1,

1.0 Å−1, and 1.44 Å−1. These peaks have been observed previously, and correspond to

lipid head groups ordered in an orthogonal lattice [1, 2]. The observed peaks correspond,

respectively, to the [1 0 0], [0 1 0], [1 1 0], and [2 0 0] reflections. From these reflections, the

2
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Curcumin Peak positions Lattice parameters AL

(mol%) (Å−1) (Å2)

0 0.67, 0.73, 0.99, 1.45 aH = 9.38 Å, bH=8.63 Å, γ=90◦ 40.6

2 0.675, 0.73, 1.00, 1.44 aH = 9.38 Å, bH=8.63 Å, γ=90◦ 40.6

10 0.675, 0.73, 0.99, 1.44 aH = 9.38 Å, bH=8.63 Å, γ=90◦ 40.6

20 0.67, 1.0 aH = 9.38 Å, bH=8.63 Å, γ=90◦ 40.6

TABLE 1. In plane (q||) peaks observed for all dehydrated scans, as well as the corresponding

lattice parameters and AL

head group lattice parameters, aH , bH , and γ are determined, as well as the area per lipid

by AL = 1
2
aHbH sin γ. The peak positions and parameters are shown in Table 1. Note that

only the [1 0 0] and [1 1 0] peaks are observed for the 20 mol% curcumin sample, so γ=90◦

is assumed.

2. DETERMINING PHASES FOR FOURIER TRANSFORM
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FIG. S2. Function T (qz) for all membrane complexes. The Fourier phases νn were assessed from

these figures.
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The phases, νn are needed to reconstruct the electron density profile from the scattering

data accoring to Eq. (1) in the main text. T (qz), which is proportional to the membrane

form factor F (qz), was fit to the experimentally determined integrated peak intensities [1, 3]:

T (qz) =
∑

n

√
Inqnsinc

(
1

2
dzqz − πn

)
. (1)

The results are depicted in Figure S2. See the Materials and Methods Section in the

main article for full details.
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Chapter 6

Outlook & Conclusions

The major findings of this thesis are grouped into two chapters. Chapter 4 discussed several studies

on the effect of aspirin on cholesterol-driven ordering in model membranes. The major conclusion

was that aspirin preferentially effects the `o phase and locally disrupts lipid order. Chapter 5, in

contrast, demonstrates how several drug molecules are themselves impacted by the membrane.

The papers typically employed multiple techniques to arrive at their conclusions, including Molec-

ular Dynamics simulations and differential scanning calorimetry. However, the hero of the thesis

was the use of X-ray and neutron scattering techniques. In particular, these techniques are most

effective when applied to oriented lipid membranes. Angstrom-level information on the structural

impacts of drugs, both in-plane and out-of-plane, was obtained.

It is important at this stage in the thesis to discuss the limitations of the results and the tools

used. First of all, there are potential artefacts introduced in the use of oriented membrane systems.

The presence of a solid support has the effect of limiting dynamical motions near the substrate.

However, samples were prepared with >3000 bilayers per wafer, and the X-rays probed only the top

bilayers, which have more mobility. In addition, interpretation of the scattering results relied on the

use of molecular models. While the papers leveraged additional techniques to support the models

used in scattering experiments, as with all models, we cannot verify unambiguously the validity of

every model using scattering.

Secondly, simplifications were made to the systems by reducing the number of lipids relative

to a native biological membrane. Typically, the systems only used 1-3 lipids, and generally these

lipids were either exclusively saturated (all DMPC or DPPC), or exclusively unsaturated (POPC).

In addition, only PC lipids were used. Reducing complexity is necessary to achieve any reasonable

resolution. However, this means we are unable to comment on the impact of complexities such as

saturated/unsaturated interactions, or perhaps different chemical interactions arising from different

headgroups.

Lastly, in trying to understand fundamental drug-membrane interactions, we took a wholly lipid-

centric view. A biological membrane interacts with proteins, sugars, salts, etc., and in general, these

elements were not explored. For example, as mentioned in the Section 2.4, drugs may influence
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proteins by interacting with the membrane. These knock-on effects were not explored. In general,

variables such as the salt concentration or pH were not systematically explored. These exclusions

have the potential for being highly relevant to understanding drug-membrane interactions [2].

The major innovations of the thesis are in the adaptation of scattering tools to unveil the drug-

membrane interactions on atomic and molecular length scales. With these tools now at our disposal,

there are a number of ways for drug-membrane interactions to be studied more significantly.

In principle, any drug can be tested against various membranes. Therefore, future experiments

should evolve the technique towards a decision-useful platform for testing drug-membrane inter-

actions. Studies should be designed where interactions are measured and then used to predict

physiological effect. A study could identify an aspirin derivative that does not have the same effect

on cholesterol rafts, and also test whether the derivative also impacts low-dose-aspirin therapy. In

addition, NSAID’s could be tested for their ability to produce cubic phases, and the results correlated

with the toxicity of the NSAID’s in-vitro.

In addition, native membrane systems should be developed and used in parallel with model

membranes. Model membranes eliminate complexity which allow fine details to emerge. However,

the complexity of real membranes is often an important element of the structure. To truly verify the

relevance of drug membrane interactions, they should be measured in model membranes, verified in

native membranes, and then confirmed in an in-vitro system.

Our group has recently developed a method for extracting and oriented red-blood-cell (RBC)

membranes onto silicon wafers. The technique was developed by Sebastian Himbert. Human blood

is extracted and placed in a hypotonic solution, which causes the cells to rupture and spill their

contents. The empty cells then close and form “ghosts”. The ghosts are transformed into small

unilamellar vesicles and deposited on the wafers, where they then form multi-lamellar, oriented

membranes [91].

The system was studied by X-ray diffraction and found to be heterogenous. RBC’s contain

cholesterol at >30 mol% and are believed to contain rafts. We indeed found ordered domains among

less ordered domains. Naturally, aspirin was then added and, in agreement with Chapter 4, we saw

that it preferentially impacted and fluidified the ordered phase.

Artificial membranes should also be evolved to more closely mimic human tissues and disease

pathologies. This will allow the measured drug-membrane interactions to be more closely associated

with an observed physiological effect. For example, our lab is developing a synthetic membrane

system designed to recreate the key pathologies of Alzheimer’s. The leading theory for Alzheimer’s

is the amyloid cascade hypothesis: misfolded amyloid-beta peptides aggregate and cause oxidative

stress and cell death [79]. The lipid bilayer is believed to be a key player in this process [92]. The

membrane tissues in our lab produce amyloid aggregates, and the aggregates depend on membrane

properties [93, 94]. The next step would be to introduce drug molecules in an attempt to eliminate the

fingerprint of the aggregates. The synthetic membrane system could play a major role in determining

the mode-of-action of future Alzheimer’s drug candidates.
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Copyright Information for

Publications

A.1 Soft Matter Publications

As stated in http://www.rsc.org/journals-books-databases/journal-authors-reviewers/licences-copyright-

permissions/, authors may use the version of record for “use in submissions of grant applications,

or academic requirements such as theses or dissertations”.

A.2 BBA-Biomembranes Publication

Quoted from https://www.elsevier.com/about/our-business/policies/sharing: “Theses and disserta-

tions which contain embedded PJAs as part of the formal submission can be posted publicly by the

awarding institution with DOI links back to the formal publications on ScienceDirect”. In line with

this policy, the link to the formal Paper II is: http://www.sciencedirect.com/science/article/pii/S0005273614004222

A.3 Scientific Reports

Quoted from https://www.nature.com/srep/journal-policies/editorial-policies “Scientific Reports does

not require authors to assign copyright of their published original research papers to the journal.

Articles are published under a CC BY license (Creative Commons Attribution 4.0 International

License). The CC BY license allows for maximum dissemination and re-use of open access materials

and is preferred by many research funding bodies. Under this license users are free to share (copy,

distribute and transmit) and remix (adapt) the contribution including for commercial purposes,

providing they attribute the contribution in the manner specified by the author or licensor.”
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A.4 Langmuir

Quoted from the American Chemical Society Journal Publishing Agreement (http : //pubs.acs.org/page/copyright/permissionsotherpub.html)

“Authors may reuse all or part of the Submitted, Accepted or Published Work in a thesis or dis-

sertation that the Author writes and is required to submit to satisfy the criteria of degree-granting

institutions.”
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Friederike Schmid, and Maikel C Rheinstädter. Structure of cholesterol in lipid rafts. Physical

review letters, 113(22):228101, 2014.

[74] Maikel C Rheinstädter, Jhuma Das, Elijah J Flenner, Beate Brüning, Tilo Seydel, and
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[75] Maikel C Rheinstädter, Karin Schmalzl, Kathleen Wood, and Dieter Strauch. Protein-protein

interaction in purple membrane. Physical review letters, 103(12):128104, 2009.

134



Ph.D. Thesis - R. Alsop McMaster University - Physics and Astronomy

[76] Clare L Armstrong, MA Barrett, L Toppozini, N Kučerka, Z Yamani, John Katsaras, Giovanna
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Shi, and Maikel C Rheinstädter. Effect of cholesterol on the lateral nanoscale dynamics of fluid

membranes. European Biophysics Journal, 41(10):901–913, 2012.
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