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ABSTRACT Cholesterol is involved in endocytosis, exocytosis, and the assembly of sphingolipid/cholesterol-enriched
domains, as has been demonstrated in both model membranes and living cells. In this work, we explored the influence of different
cholesterol levels (5–40 mol %) on the morphology and nanomechanical stability of phase-segregated lipid bilayers consisting of
dioleoylphosphatidylcholine/sphingomyelin/cholesterol (DOPC/SM/Chol) by means of atomic force microscopy (AFM) imaging
and force mapping. Breakthrough forces were consistently higher in the SM/Chol-enriched liquid-ordered domains (Lo) than in
the DOPC-enriched fluid-disordered phase (Ld) at a series of loading rates. We also report the activation energies (DEa) for
the formation of an AFM-tip-induced fracture, calculated by a model for the rupture of molecular thin films. The obtained DEa

values agree remarkably well with reported values for fusion-related processes using other techniques. Furthermore, we
observed that within the Chol range studied, the lateral organization of bilayers can be categorized into three distinct groups.
The results are rationalized by fracture nanomechanics of a ternary phospholipid/sphingolipid/cholesterol mixture using
correlated AFM-based imaging and force mapping, which demonstrates the influence of a wide range of cholesterol content
on the morphology and nanomechanical stability of model bilayers. This provides fundamental insights into the role of cholesterol
in the formation and stability of sphingolipid/cholesterol-enriched domains, as well as in membrane fusion.
INTRODUCTION
Abundant studies on cholesterol demonstrate its importance

in understanding various membrane structures and processes

in cells. Cholesterol’s diverse roles range from building

blocks to key regulatory molecules in highly specialized

membrane fusion processes such as endocytosis and exocy-

tosis (1–5). Large variations in a number of structural and

dynamical parameters of the lipid bilayer are also observed

in the presence of cholesterol, illustrating its influence on

the phase properties of membranes (2,3,5–10). In addition,

cholesterol is closely associated with phase-segregated

micro- or nanodomains in cells called rafts, which have been

proposed as platforms for the preferential sorting of proteins

(5,11–13). Although a recent study has demonstrated the

presence of cholesterol-mediated rafts ~20 nm in size in

the plasma membrane of living cells, there is nevertheless

ongoing debate about their existence (11,14–19).

Several studies have investigated the effects of varying

levels of cholesterol in both model and biological mem-

branes using different techniques (3,7–9,20,21). In our pre-

vious work (22,23), we used atomic force microscopy

(AFM)-based force mapping to directly correlate the self-

organized structures exhibited in phase-segregated supported

lipid bilayers consisting of dioleoylphosphatidylcholine/

sphingomyelin/cholesterol (DOPC/SM/Chol), known to

mimic rafts in cells (15,24,25), with their nanomechanical

properties. We have shown quantitatively by means of the

breakthrough force and elastic modulus the greater stability
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and degree of compactness exhibited in the Chol/SM-

enriched liquid-ordered domains (Lo phase) over the DOPC-

enriched fluid-disordered phase (Ld phase).

In this work, we explore how cholesterol influences the

morphology, lateral organization, and mechanical stability

of coexisting phases in supported DOPC/SM/Chol bilayers

by AFM-based force mapping. We measure breakthrough

forces in Lo and Ld phases with different Chol concentrations

at a series of loading rates. In addition, we calculate the

activation energies (DEa) of bilayer breakthrough using the

AFM tip-induced film rupture theory introduced by Butt

et al. (26,27). This formalism assumes that an energy barrier

must be overcome by the tip before the film ruptures; depen-

dence of the activation energy on the force and loading rate

was then obtained according to this premise. This theory is

analogous to earlier theories of rupture of single molecular

bonds under the influence of loading rate, relating micro-

scopic parameters of the film with measurable quantities

obtained from force measurements (28–31). Here, the activa-

tion energy is the energy required to create a hole (fracture)

in the film/bilayer large enough to initiate bilayer rupture.

Furthermore, two specific models for DEa calculations

were presented: a continuum nucleation model and a discrete

molecular model (26). The former considers a thin, molec-

ular, and homogeneous film confined between the solid

substrate and the solid surface of the AFM tip. The prerequi-

site is that the film exhibits fluidity; it is laterally mobile with

a well-defined vertical structure. In the discrete molecular

model, the film is treated as having energetically favorable

binding sites, formed by the substrate or surrounding mole-

cules. When molecules move from one binding site to an
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adjacent binding site, a potential energy barrier has to be over-

come. Once a critical number of molecules moves out from or

reorganizes within the contact area, the large pressure on the

remaining molecules triggers film rupture and tip break-

through. In our study, we use the general formalism to calcu-

late the rupture activation energies of DOPC/SM bilayers with

10–40% Chol. We note that the general theory we used in this

study refers to neither the continuum nucleation model nor the

discrete molecular model as described above, but only to the

general assumption that an energy barrier must be overcome

by the tip before the film ruptures. Our results demonstrate

the influence of a wide range of cholesterol concentrations

on the morphology and nanomechanical stability of model

lipid bilayers that simulate the rafts in cells. Also, we discuss

the possible implications of membrane rupture events in the

presence of cholesterol in providing fundamental nanome-

chanical insights into other cellular processes.
MATERIALS AND METHODS

Materials

The lipids, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, 18:1),

N-stearoyl-D-erythro-sphingosylphosphorylcholine (SM, 18:0), and ovine

wool cholesterol (Chol), were purchased from Avanti Polar Lipids (Alabaster,

AL) and used as received. Texas Red 1,2-dihexadecanoyl-sn-glycero-3-

phosphoethanolamine triethylammonium salt (TR-DHPE) was from Invitro-

gen Canada (Burlington, Ontario, Canada). HPLC-grade chloroform (ACP

Chemicals, Montreal, Quebec, Canada), ACS-grade methanol (Fisher Scien-

tific, Ottawa, Ontario, Canada), and Milli-Q water (Millipore, Billerica, MA),

deionized to a resistivity of 18 MU$cm, were used in all of the experiments.
Preparation of small unilamellar vesicles

Lipid mixtures were obtained by combining the appropriate molar ratios of

the different lipid components: DOPC/SM (1:1) in a series of cholesterol

concentrations (5–40 mol %) with 0.3 mol % TR-DHPE, using chloro-

form/methanol (4:1) as solvents. The resulting solution was then exposed

to a gentle stream of nitrogen and placed under vacuum overnight. The lipid

film was hydrated with 18 MU$cm Milli-Q water to a final lipid concentra-

tion of 0.5 mg/mL before use. Small unilamellar vesicles were obtained by

sonicating the lipid solution to clarity (~20–30 min) using a bath sonicator

(Cole Parmer, Montreal, Quebec, Canada).
Preparation of the supported lipid bilayers

Vesicle fusion protocols for DOPC/SM/Chol lipid bilayer preparations were

followed (23,32–34). Vesicle solutions of DOPC/SM/Chol containing 25 mg

lipids and a final concentration of 10 mM CaCl2 were deposited on freshly

cleaved mica substrates (~20 mm thick) glued (Norland Optical Adhesive 88,

Norland Products, Cranbury, NJ) onto glass coverslips affixed to a liquid

cell. The sample was incubated at 45�C for 1 h, slowly cooled to 23�C,

then extensively washed using ~150 mL 18 MU$cm Milli-Q water.
AFM imaging and force mapping

All AFM images were taken using the Nanowizard II BioAFM (JPK Instru-

ments, Berlin, Germany) mounted on an Olympus 1X81 inverted confocal

microscope. Silicon nitride cantilevers (DNP-S, Veeco, Santa Barbara,

CA) were used in contact-mode imaging and force-mapping measurements.

The spring constants, typically in the range 0.16–0.28 N/m, were determined
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by the thermal noise method (35) after obtaining the deflection sensitivity of

the cantilever by pressing the AFM tip against a hard reference glass

substrate. Cantilever deflection sensitivity measurements were performed

before all force-mapping experiments. In 70% of the experiments, these

measurements were also performed after the experiment. The sensitivity

values before and after experiments are, within the error range, not different

from each other. All AFM imaging was conducted on mica-on-glass

substrates fixed to a liquid cell, and the samples were kept hydrated at all

times. All AFM images were plane-fit (first-order) using the JPK Image

Processing software (JPK Instruments).

In force mapping, arrays of force-distance curves were collected on

bilayer samples with selected grid sizes (e.g., 64 � 64 pixels). At the center

of every pixel, the scanner performed a single force spectroscopy experiment

and acquired force-distance curves during approach and retraction. For

DOPC/SM bilayers with 10–40% Chol, force mapping at different loading

rates was performed. In our experiments, the loading rate is calculated using

the deflection of the cantilever (nm) divided by the approach time. Two-

dimensional visual maps of the breakthrough forces were reconstructed

from 64 � 64 grids of 3 � 3-mm scan size. An applied load within the range

8–20 nN was used, unless stated otherwise.
Batch analysis of the force curves

The sets of force curves (4096 curves/set) comprising the force map were

batch-analyzed using a self-developed algorithm implemented in IGOR

Pro 6 (Wavemetrics, Portland, OR). For each curve, the breakthrough force

was calculated, and the breakthrough force map was created using the x,y

positions. The details of the analysis code are provided in the Supporting

Material of our previous work (22,23).
Rupture activation energy calculation

The rupture of a lipid bilayer is considered to be an activated process wherein

an energy barrier needs to be overcome by the AFM tip to form a hole or frac-

ture in the bilayer, and it is observed as a jump or kink in a force curve (Scheme

S1, B and C, in the Supporting Material) (26,27). Scheme S1 illustrates the

physical events associated with different regions of typical force curves

when the tip is creating an indent in a lipid bilayer. The noncontact region

(Scheme S1, O–A) before the contact point (Scheme S1 A) indicates very little

to no interaction between the tip and the bilayer, which results in a relatively

constant force on the plot. As the AFM tip continues to approach and indent

the bilayer, a repulsive region (Scheme S1, A and B) then follows; this region

of increasing force is attributed to a combination of steric and hydration

forces, as well as effective surface charges arising from the bilayer-water

interface (36). At a certain force threshold, when the bilayer can no longer

withstand the applied load, a sudden jump-to-contact or breakthrough occurs

(Scheme S1, B and C). The magnitude of these breakthrough events is used as

a measure of the bilayer’s mechanical stability (22,23,26,37).

We used the theory introduced by Butt et al. to calculate the activation

energy of rupture of lipid membranes (27). Details of the rupture kinetics

are presented in the Supporting Material. In our experiments, the mean

breakthrough force, F0, was extracted from histograms compiled for each

phase (Ld and Lo) at each loading rate. In our calculations, we used a canti-

lever spring constant, k, of ~0.25 N/m, a temperature of 296.2 K, and set the

frequency at which the tip attempts to penetrate the film, A, equal to the

cantilever’s resonant frequency under water (~15 � 103 Hz).
RESULTS AND DISCUSSION

Bilayer morphology as a function of cholesterol
concentration

AFM imaging was employed to visualize how different

cholesterol compositions influence the lateral organization
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of phase-separated supported lipid bilayers prepared from

DOPC/SM/Chol. The AFM height images in Fig. 1 show

the coexistence of the SM/Chol-enriched Lo phase (lighter
regions) and DOPC-enriched Ld phase (darker matrix) in

DOPC/SM/Chol with 10–40 mol % Chol. This result is

in good agreement with previous studies reporting phase

separation in model membranes with similar lipid mixtures

(15,25,38). Specifically, extended phase separation starts to

occur at 10 mol % Chol, whereas the round shape of the

domains suggests the coexistence of both Lo and Ld phases.

The height difference between the Lo and Ld phases is also

consistent with that observed in previous studies of similar

lipid mixtures: ~0.8–1.2 nm in 10–35% and ~0.6 nm in

40% Chol (18,19,23,32–34,39–42). We attribute the

decrease in height difference at 40% Chol to the saturation

of Chol in the Lo phase and the subsequent fluidizing

effect. As a result of more Chol in the domains, SM

packing is loosened, which leads to a decrease in the height

of the Lo phase and, hence, a smaller height difference

between the coexisting phases. This decrease at 40%

Chol could also be due to the ability of Chol to thicken

fluid bilayers (18,43,44). Owing to Chol saturation in the

domains, some Chol may now tend to interact with the

DOPC-enriched fluid phase. As a result, the thickness of
FIGURE 1 AFM height images of supported lipid bilayers. Phase separation

varying from 5 to 40%. (A) Bilayers with 5% Chol exhibit phase separation o

coexisting liquid-ordered (Lo) domains and fluid-disordered (Ld) phase were

distinct phase separation but with the contrast reversed compared to those obser

Cross-sectional line profiles are shown below each image. The scale bars to the le

and Fig. 1 H, respectively. All images are 10 � 10 mm2.
the Ld phase is increased, thus decreasing the height differ-

ence between the coexisting Lo and Ld phases. This smaller

height difference observed in DOPC/SM at 40% Chol

closely agrees with a separate study on the same lipid mix-

tures in which phase-separation was observed for 50%

Chol bilayers with the Lo phase ~0.4 nm taller than the

Ld phase (18).

Fluorescence images of larger areas of the bilayers also

show the coexistence of the Lo phase (darker domains) and

Ld phase (lighter matrix) (see Fig. S1). The Texas Red dye

(TR-DHPE) displays strong partitioning into the fluid-disor-

dered phase, consequently causing the liquid-ordered

domains to appear as micron-sized dark spots (34). Large

dye-excluded regions (dark patch with asterisk, Fig. S1 A)

are visible in the DOPC/SM/Chol bilayer sample with 5%

Chol. This dark patch arises from the coalescence of small

individual domains and bilayer defects (see Fig. S2 A). It

is evident from both AFM and fluorescence images that

the role of cholesterol is to promote phase separation into

Lo and Ld phases in DOPC/SM/Chol bilayers.

Fig. 1 also demonstrates how the morphology of the

DOPC/SM/Chol bilayers evolves with increasing Chol

concentration. Lipid bilayers with 5–10% Chol (Fig. 1, A
and B) show small domains that appear to be taller and
is depicted in ternary bilayers of DOPC/SM/Chol with cholesterol content

f smaller domains. (B–G) More distinctive phase separation between the

observed with 10–35% Chol. (H) Bilayers with 40% Chol also showed

ved in 10–35% Chol (the Ld phase seems to be dispersed in the Lo matrix).

ft of A and right of H provide height references for the images in Fig. 1, A–G,

Biophysical Journal 99(2) 507–516
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tend to form close networks with other domains. Distinctly

phase-separated, round, and well-separated domains are

observed with 15–30% Chol (Fig. 1, C–F). Elongated

domains start to appear in the 30% Chol bilayer (Fig. 1 F),

become more dominant in 35% Chol (Fig. 1 G), and continue

to coalesce in 40% Chol (Fig. 1 H). This gives rise to what

appears to be a phase inversion: the Lo phase now constitutes

the matrix and the Ld phase assumes a more separated and

rounded shape, in contrast to that of the liquid-ordered

domains observed in 15–30% Chol bilayers (Fig. 1, B–F).

In a previous study of DOPC/SM/Chol bilayers, this phase

inversion, or change in percolation phase, has been observed

with 30% Chol (18). It is interesting that a change in perco-

lating and nonpercolating phases has been proposed as a

trigger mechanism in the control of membrane physiology

(45). The observed bilayer morphologies also suggest that

three different morphological classifications exist within

the range of Chol concentrations studied. In the first group

(5–10% Chol), we infer that the domains of bilayers with

5% Chol are predominantly in the gel phase (see Fig. S2),

whereas the domains with 10% Chol appear to be a mixture

of gel and Lo phases. This inference is supported by AFM

images after force mapping; the dips and holes in the line

profile of the bilayer with 10% Chol indicate the existence

of a gel phase (Fig. S3 A), in contrast to the DOPC/SM/

Chol bilayer with 25% Chol, where no holes were seen,

which confirms the presence of the more fluid (laterally

mobile) liquid-ordered state (Fig. S3 C). These images after

force mapping therefore indicate that the domains in 10%

Chol are not solely in the Lo phase but are a mixture of

both gel and Lo phases. In the second group (15–30%

Chol), the domains are more rounded and separated, indi-

cating that liquid-ordered and fluid-disordered phases

coexist in the bilayer (Fig. S3 C). Also, with increasing

Chol content in the second group, a subtle increase of the

domain size is observed, confirming the known affinity of

cholesterol toward sphingomyelin in the formation of SM/

Chol-enriched domains (14,20,41,46). We note that the

AFM image after force mapping for the bilayer with 15%

Chol suggests the existence of a minimal gel-phase character

in the domains (Fig. S3 B). In the third group (35–40%

Chol), the Lo phase occupies a relatively larger area in the

bilayer, further indicating the increasing interaction between

the added Chol and SM. At Chol concentrations >40%, con-

flicting observations by different groups regarding the

presence/absence of separated phases for the same lipid

system presently render any hypothesis inconclusive (14,15,

25,38). Phase separation was not observed on DOPC/SM/

Chol giant unilamellar vesicles (GUVs) with <10% Chol

(45). Our proposed classification of bilayer morphologies

into three groups within the 5–40% Chol range studied is

in good agreement with the fluorescence microscopy study

on egg PC/brain SM/Chol, in which different regions in

the phase diagrams of the coexisting liquids were observed

(21,38,47).
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Force mapping on the bilayers: dependence
of the breakthrough force on loading rate

Although the AFM height images in Fig. 1 do not provide

quantitative nanomechanical information on these bilayers,

they do reveal some insight into how DOPC/SM/Chol

bilayers evolve with increasing Chol concentration. To inves-

tigate how cholesterol influences the mechanical stability

and lateral organization of the bilayers, we performed AFM-

based force mapping on DOPC/SM/Chol bilayers with

10–40 mol % Chol while keeping DOPC and SM at a 1:1 ratio.

Consistent with our previous studies, breakthrough forces

were obtained in the coexisting phases—liquid-ordered

domains and fluid-disordered phase—at different loading

rates (26,27,37). We report our results as breakthrough force

maps (Fig. 2). As noted in the Materials and Methods section,

the breakthrough force is the maximum force that a bilayer

withstands before it ruptures and is used as a measure of the

bilayer’s mechanical stability.

Representative breakthrough force maps of DOPC/SM/

Chol bilayers with 15, 20, and 25% Chol at 200, 800, and

2000 nm/s loading rates, respectively, are displayed in

Fig. 2, A–I. The correlated AFM height images and break-

through force maps for 20% Chol in Fig. S4 clearly show

that lighter regions and darker matrix in the breakthrough

force maps correspond to the taller Lo and shorter Ld phase,

respectively, in AFM height images. Also, the Lo and Ld

phases correspond to the higher and lower mean break-

through forces, respectively, in the correlated histograms.

The mean breakthrough force peaks were obtained from

Gaussian fits of the force-distribution histograms. The higher

breakthrough force exhibited in the SM/Chol-enriched Lo

phase reflects the more efficient packing between Chol and

SM in the Lo phase in comparison to the DOPC-enriched

Ld phase. Fig. 2 also reveals that mean breakthrough forces

depend on the loading rate, i.e., the breakthrough force

increases with increasing loading rate (26,27,37). In addi-

tion, at a fixed loading rate, the breakthrough forces tend

to decrease with increased Chol concentration. Furthermore,

the difference between the breakthrough forces in the two

phases in the bilayer with 15% Chol is larger than between

those with 20% and 25% Chol, confirming the preferential

affinity of Chol to SM (14,20,41,46). At a lower Chol

concentration, Chol tends to fully incorporate into the

domains, resulting in more disparate breakthrough force

values in the coexisting phases.

Force mapping on the bilayers: dependence
of breakthrough forces on Chol concentration

To clearly illustrate how the breakthrough force varies with

Chol concentration, Fig. 3 is a plot of mean breakthrough

forces versus mol % Chol at 200 nm/s. The solid and open

circles correspond to the Lo and Ld phases, respectively.

Four main results were observed in this plot. First, in

comparison to the Ld phase, higher mean breakthrough



FIGURE 2 Representative breakthrough force maps and corresponding histograms of DOPC/SM/Chol bilayers at a series of loading rates. Breakthrough

force maps were reconstructed from 64 � 64-pixel force-mapping experiments and the corresponding histograms on bilayers with (A–C) 15% Chol,

(D–F) 20% Chol, and (G–I) 25% Chol at loading rates of 200 nm/s (C, F, and I), 800 nm/s (B, E, and H), and 2000 nm/s (A, D, and G), respectively.

All histograms consist of 4096 force curves, and the numbers in the histogram represent mean 5 SD breakthrough force values from Gaussian fits. The darker

region in the upper left corner of A is a defect in the bilayer. All breakthrough force maps are 3 � 3 mm2.
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FIGURE 3 Breakthrough forces for DOPC/SM/Chol bilayers with

10–40% Chol at 200 nm/s. Error bars are the mean 5 SD from a set of

2–10 force maps, each containing 4096 force curves.
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forces were consistently detected in the Lo phase. This higher

nanomechanical stability in the Lo phase is due to the

enhanced SM-Chol interaction, which results in a more

ordered lipid organization compared to the case of interac-

tions between Chol and unsaturated phospholipids (14,20,

38,41,46). The second significant result is that bilayers

with 10% Chol exhibit the largest difference between the

domains and Ld phases, and this is indicative of domains

that maintain a partial gel-like nature (see Fig. S3 A).

Another main finding is that for bilayers with 10–30%

Chol, the breakthrough forces in both phases tend to

decrease as Chol concentration increases, consistent with

the fluidizing effect of Chol and its role in the formation of

a liquid-ordered phase with a more relaxed lipid packing

than the pure SM gel phase. This is consistent with a previous

fluorescence correlation spectroscopy (FCS) study of DOPC/

SM/Chol GUVs, in which an increased Chol concentration

resulted in increased lipid mobility in SM-enriched domains

(38). More Chol in the DOPC/SM/Chol bilayer relieves

stress, and as a result, a lower force is necessary to induce

rupture (i.e., the breakthrough force is lower). The fourth

result of interest is the sudden increase of the breakthrough

force in both the Lo and Ld phases at 35% Chol; this transi-

tion is consistent with the observed change in the bilayer

morphology in Fig. 1, F and G (a shift from rounded to

more elongated domains). This sudden increase could be

due to the coalescence effect, i.e., individual domains start

to form a network with neighboring domains, as revealed

by the more elongated features in bilayers with 35%

(Fig. 1 G). At this Chol concentration, the interaction

between the constituent lipids in the coexisting phases may

have led to an increase in the line tension wherein the

decrease in boundary energy dominates the unfavorable

entropy of merging, consequently resulting in coalescence

of the domains (48). Force mapping was not performed on
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DOPC/SM with 5% Chol due to the domains being relatively

small and not well separated.

The plot of breakthrough force versus Chol content

(Fig. 3) supports the three-group classification observed in

Fig. 1. It can then be presumed from Fig. 3 that DOPC/

SM/Chol bilayers with 10% Chol fall in the first group, those

with 15–30% Chol in the second group, and those with

35–40% Chol in the third group. These correlated results

by AFM imaging and force mapping demonstrate the effec-

tive use of force mapping in studying the influence of a wide

range of Chol concentrations on the nanomechanical stability

and the lateral organization of coexisting phases in model

bilayers with compositions that simulate those of biological

membranes.
Rupture activation energy of DOPC/SM/Chol
at varying Chol concentrations

As illustrated in Fig. 4, the same dependence of the break-

through force on loading rate observed in Fig. 2 (i.e., break-

through forces in both Lo and Ld phases increase with

increasing loading rate) was observed for other cholesterol

concentrations. The slope (b) and the y-intercept (a) obtained

from linear fits to Eq. S9 were used to calculate the rupture

activation energy. As noted in the Materials and Methods

section, DEa can be explicitly expressed as a function of

force proportional to kBT, when the mean breakthrough

forces increase linearly with the logarithm of loading rates.

When extrapolated to zero mean breakthrough force, the

relation represented in Eq. S10 provides the activation

energy of the bilayer rupture in the absence of an applied

force (27).

Our values for calculated rupture activation energy, deter-

mined using Eq. S10 with Fo ¼ 0, are summarized in

Table S1 and plotted as a function of Chol content in Fig. 5.

The solid and open squares correspond to Lo and Ld phases,

respectively. Our results yield a range of activation energies

that vary for Ld and Lo phases according to the Chol concen-

tration. DOPC/SM/Chol bilayers with 10, 25, 30, and 40%

Chol provided DEa values in the range 75–100 kJ/mol,

whereas higher DEa—in the range 100–125 kJ/mol—were

obtained for bilayers with 15, 20, and 35% Chol. The differ-

ence in DEa values between the coexisting phases with

different mol % Chol is within 10 kJ/mol, except in the

case of 15 mol % Chol, where the Ld phase is 30 kJ/mol

greater than the Lo phase. Our data did not show dependence

in the activation energy for the different lipid phases. The

absence of a clear trend or a linear correlation between

DEa and Chol content underlines the complex nature of the

rupture process in bilayers of this ternary mixture (49).

Nevertheless, when compared to the reported activation

energies of membrane fusion and other cellular processes

using different techniques, DEa values (Table S1) obtained

by force measurements are in remarkable agreement. For

instance, activation energies of a lipid flip-flop in highly



FIGURE 4 Dependence of the breakthrough force on

loading rate for different cholesterol concentrations.

(A–G) Breakthrough forces of the coexisting phases

(Lo and Ld) of DOPC/SM/Chol bilayers (10–40% Chol,

respectively) at different loading rates (200, 400, 800,

2000, and 2400 nm/s).
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curved vesicles (50) were found to be 100 kJ/mol, and those

for lipid desorption from a membrane (51) were 92 kJ/mol.

In addition, pore formation during secretory granule

release (52), has a DEa of 96 kJ/mol, with 88 kJ/mol and

113 kJ/mol for PEG-mediated fusion of protein-free model

lipid bilayers (53). As a further comparison, activation ener-

gies of 20–50 kJ/mol are obtained for the diffusion of lipid

molecules in phosholipid bilayers without rafts using proton

NMR measurements and fluorescence excimer techniques

(54,55).
FIGURE 5 Rupture activation energies of the coexisting phases

(Lo and Ld) in DOPC/SM/Chol bilayers with 10–40% cholesterol.
We also approximated the number of lipid molecules

involved in the rupture process by using the activation

energy values in Table S1 to represent the total free energy

of hydration of a solute molecule, G
�
h given by

DG
�

h ¼
X

i

giAi; (1)

where gi is the proportionality constant pertaining to a func-

tional group i, which in our case was taken as an aliphatic

group to represent the aliphatic tails of the lipids; and Ai is

the conformation-dependent accessible surface area (56).

Comparison of the Ai obtained using Eq. 1 with the cross-

sectional area of a cylinder (assuming that exposed surface

area of the lipid bilayer has this conformation), we obtained

three to six lipid molecules. This compares well with the four

to seven lipid molecules obtained for dioleoylphosphatidyl-

serine and dioleoyloxypropyl trimethylammonium chloride

using the discrete molecular model (26). Our approximation

implies that the structural change at the breakthrough transi-

tion state involves this number of lipid molecules, which

effectively corresponds to binding sites that are in energeti-

cally favorable positions, as described in the discrete molec-

ular model by Butt et al. (26).

Our work draws attention to a number of important cell

membrane processes involving cholesterol. The AFM tip-

induced rupture of the DOPC/SM/Chol bilayers at various
Biophysical Journal 99(2) 507–516
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Chol concentrations can serve as a model platform for

studying relevant cellular processes, such as membrane

fusion and poration (57–60), and can represent proteins,

viruses, or other trigger particles that mediate pore formation

and bilayer rupture. An example of this is the well-known

fusion-inducing agent lysolecithin, which may operate by

creating small defects in the bilayer (58). Indeed, the process

of fusion requires a breaking of the membrane, at least during

the coalescence of the fusion vesicles (58). Since cholesterol

is reported to be involved in a wide range of significant

cellular events, it is important to know how it influences

the lateral organization and mechanical stability of lipid bila-

yers. Using AFM-based force mapping, we revealed that

Chol content affects the morphology and mechanical

stability of the DOPC/SM/Chol model membrane. Quanti-

fying the breakthrough forces enabled us to directly correlate

the nanomechanical stability with the bilayer’s morphology

in a wide range of Chol concentrations. This direct correla-

tion is not apparent in conventional force measurements

(e.g., nonforce-mapping experiments). Moreover, there is a

significant improvement in statistics with the massive

number of force curves obtained from a force map. In addi-

tion, force mapping provides a biophysical means of studying

phase-segregated lipid bilayers that requires no dye label,

thus avoiding the occasionally inconsistent partitioning

behavior of dye molecules, which affects lipid organization

(14,42,61,62).

As for the possibility that the force mapping technique

mechanically alters the organization of the bilayer, AFM

images obtained at the same location before and after force

mapping in our previous work indicate no significant restruc-

turing of the bilayer based on the unchanged domain sizes

and relative positions (24). In addition, the possibility of

tip contamination as a result of force mapping measurements

has already been addressed by Leonenko et al. in their

study of dipalmitoylphosphatidylcholine (DPPC) bilayers

measured with loading rates in the range 0.5–2500 nm/s

(36). In that study, no evidence of lipids permanently coating

the AFM tip was observed. Continuous imaging of the

bilayers did not show resolution degradation or changes in

force curves that could arise from uncontrollable lipid

coating of the AFM tip. In our study, for 50% of all tips

(25 of 50) used to collect 20 images and 10 force maps,

we observed no permanent contamination; on other occa-

sions, we observed effects of contamination shown by dull

breakthroughs. These gradual breakthroughs did not affect

our statistics, as they were still recognized and processed

by our analysis algorithm.

The distribution of the breakthrough forces in Fig. 2

demonstrates that the observed AFM-tip-induced rupture in

the lipid bilayer is a statistical process depending on the

probability that the AFM tip ruptures the bilayer at a certain

breakthrough force (26). This probability increases with

increasing breakthrough force. Given this relation between

rupture probability and breakthrough force, Eq. S10 predicts
Biophysical Journal 99(2) 507–516
that the activation energy will decrease with increasing mean

breakthrough force, hence, with increasing loading rate.

Since we obtained lower breakthrough forces in the Ld phase

at all Chol concentrations (Figs. 3 and 4), we would have

expected higher activation energies in the Ld phase than in

Lo phase. This holds true with 15–20% Chol, but is not the

case for other Chol concentrations. Furthermore, the ten-

dency of the breakthrough force to decrease with increasing

Chol content (Fig. 3) should also lead to higher DEa values

with increasing Chol content. However, there is no clear

dependence of DEa on mol % Chol observed in our study.

This result implies the presence of a richer microscopic

behavior of the bilayers in the presence of Chol, where incre-

mental addition of Chol does not always have the same

thermodynamic effect (9). Further evidence of the noncon-

forming trend of the effect of cholesterol level can be found

in a recent study using x-ray scattering methods; it has been

demonstrated that the effect of cholesterol is not universal for

lipids with varying numbers of saturated chains (8).

When a wider range of loading rates is used (e.g., rates that

are different by orders of magnitude), breakthrough force

versus loading rate plots (Fig. 4) can be used to reveal the

energy landscape of the rupture process. This has been

well demonstrated in unfolding of proteins (63), receptor-

ligand dissociation (64), and fusion of floating lipid bilayers

(65). In the latter case, a pronounced dependence of the

fusion force on the compression rate was observed for

DMPC and egg PC, which has been interpreted as evidence

of the presence of a single energy barrier in the fusion of the

lipid bilayers.

The plot of breakthrough force versus Chol content in

Fig. 3 can be compared to typical xy composition plots

used to estimate the lipid composition of a given phase-

segregated bilayer when the breakthrough force is known,

which can easily be extracted from breakthrough force

maps. As demonstrated in our previous work and those of

others, the breakthrough force is an intrinsic property of a

bilayer that is strongly dependent on the bilayer’s chemical

composition (23,66–68). As such, it is regarded as a finger-

print of bilayer stability analogous to the force needed to

unfold a single protein (69), the force required for the transi-

tion from double-stranded to single-stranded DNA (70), and

the force needed to indent single crystals (71).
CONCLUSIONS

In this study, the influence of different cholesterol content on

the morphology, lateral organization, and nanomechanical

stability of phase-segregated lipid bilayers with composi-

tions that simulate cell membranes was examined. The

AFM height images of DOPC/SM/Chol bilayers with

5–40% Chol demonstrate the involvement of Chol in the

formation of liquid-ordered domains in phase-segregated

bilayers. Force mapping on these bilayers reveals that the

nanomechanical stability of the coexisting Lo and Ld phases
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decreases with increasing Chol content, confirming the

fluidizing effect of Chol. The observed dependence of the

breakthrough force on loading rate in both phases allowed

us to calculate the activation energies of bilayer rupture at

zero applied force. The obtained DEa values agree well

with reported values for biomembrane and model membrane

fusion processes. This study demonstrates the influence of

cholesterol on the mechanical stability and lateral organiza-

tion of model membranes, providing fundamental nanome-

chanical insights into the role of cholesterol in the formation

and stability of SM/Chol-enriched domains, as well as in

membrane fusion.
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