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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 ‘soer’ 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 ras,10 which are oen 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

specically 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-inammatory 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-triuoroethanol (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 paralm 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 paralm,

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.

Aer 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

aer the samples to optimize the signal-to-noise-ratio. The

detector was moved along a spherical surface around the

sample, as dened 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 reectivity, 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

X

N

n¼1

FðqnÞnn cosðqnzÞ

¼ rW þ Fð0Þ
dz

þ 2

dz

X

N

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

This journal is © The Royal Society of Chemistry 2014 Soft Matter, 2014, 10, 4275–4286 | 4277

Paper Soft Matter



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,

simplies 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 prole 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 full 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 reections (dz ¼ 2p/Dqz). The reectivity peaks

were well t by Gaussian peak proles. 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 reections, 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 reections, 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. Reectivities 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 proles

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 proles for a pure DMPC

membrane as well as for a membrane prepared with 30 mol%

cholesterol. The prole for pure DMPC corresponds to a DMPC

molecule in the well ordered gel state with both chains in all-

trans conguration, as has been reported previously by the

Nagle group.46,58 The electron rich phosphorous group in

the head group region can easily be identied 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 leaets, as was reported recently for highly

unsaturated lipid bilayers.28,37

Fig. 3e shows the prole 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

reection, 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

qT
2Þ.

The distance between two acyl tails is determined to be

aT ¼ 4p=ð
ffiffiffi

3
p

qTÞ; with the area per lipid simplies of

AL ¼
ffiffiffi

3
p

aT
2. 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-inammatory

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 inuence of aspirin

beyond the COX pathway, and for an inuence 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-inammatory

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 ras. 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 reections 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 proles 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-uidication

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 signicant 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 dened 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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