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ABSTRACT Lower tract respiratory diseases such as pneumonia are pervasive, affecting millions of people every year. The
stability of the air/water interface in alveoli and themechanical performance during the breathing cycle are regulated by the struc-
tural and elastic properties of pulmonary surfactant membranes (PSMs). Respiratory dysfunctions and pathologies often result
in, or are caused by, impairment of the PSMs. However, a gap remains between our knowledge of the etiology of lung diseases
and the fundamental properties of PSMs. For example, bacterial pneumonia in humans andmice has been associated with aber-
rant levels of cardiolipin, a mitochondrial-specific, highly unsaturated 4-tailed anionic phospholipid, in lung fluid, which likely dis-
rupts the structural and mechanical integrity of PSMs. Specifically, cardiolipin is expected to significantly alter PSM elasticity due
to its intrinsic molecular properties favoring membrane folding away from a flat configuration. In this paper, we investigate the
structural and mechanical properties of the lipidic components of PSMs using lipid-based models as well as bovine extracts
affected by the addition of pathological cardiolipin levels. Specifically, using a combination of optical and atomic force micro-
scopy with a surface force apparatus, we demonstrate that cardiolipin strongly promotes hemifusion of PSMs and that these
local membrane contacts propagate at larger scales, resulting in global stiffening of lung membranes.
SIGNIFICANCE Bacterial pneumonia, whether it is primary or acquired after other superimposed pulmonary infections
(such as in COVID-19 patients), is the most pervasive lower respiratory tract infection. Pneumonia alters the lipid
composition of pulmonary surfactant membranes. We know that cardiolipin, a mitochondrial-specific lipid, is significantly
elevated in mammalian lungs suffering from pneumonia. However, we know much less about the implications that
cardiolipin has on pulmonary membrane biophysical properties. In this work, we investigate the effect of cardiolipin in the
structure and elasticity of pulmonary membranes. We observe that cardiolipin induces loss of elasticity of the membranes
due to hemifusion of apposed monolayers. This paper underpins how the biophysical properties of pulmonary membranes
impart the etiology of pneumonia-like conditions.
INTRODUCTION

Pulmonary surfactant membranes (PSMs) are surface-
tension-lowering materials composed of a lipo-protein
monolayer at the air-water interface and multilayer meso-
structures in the aqueous hypophase of the alveoli. Phospha-
tidylcholines (PCs) are the most abundant phospholipids in
the lung surfactant, comprising about 70%bymass, followed
by phosphatidylglycerols (PGs; up to 10% by mass). Among
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the PCs, dipalmitoylphosphatidylcholine (DPPC) predomi-
nates, making up 40% by mass of PCs (1–3). Saturated PCs
form tightly packed films capable of reducing the surface ten-
sion to <1 mN/m at physiological temperature. However,
PCs adsorb poorly at the air-water interface. Adsorption is
significantly improvedby other phospholipids, such as unsat-
urated PGs, and by the assistance of surfactant proteins (4).
Alveolar interfacial stability and mechanical performance
is regulated by PSMs’ elastic properties, and it has been
postulated that their impairment is associated with respira-
tory dysfunctions and pathologies (5).

A minor lipid component of PSMs (1%–2% of total phos-
pholipids) is cardiolipin (CL), a highly unsaturated anionic
phospholipid. Aberrant amounts of CL in mammalian
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alveoli have been associated with the etiology of lung dis-
eases such as pneumonia (6,7). When introduced artificially
to healthy lungs (5–15 mol %), CL induces pneumonia-like
symptoms and disrupts lung surfactant function (7). In addi-
tion, overexpression of Atp8B1, a lipid-pump transporter
that clears out CL from the PSMs, restores lung function af-
ter experimentally induced pneumonia (7).

Unlike other phospholipids, CL has two phosphatidic
acids linked together by a glycerol bridge, which each
contain two acyl chains, resulting in a large 4-tailed lipid
molecule with a relatively small anionic headgroup. This
chemical structure results in an inverted-conical molecular
shape favoring the self-assembly of lipid monolayers with
negative curvature C<0 (9,10) The terms cone and inverted
cone have been used interchangeably to refer to the same
molecular shape. Hence, spontaneous curvature or packing
parameter are the preferred terms to describe molecular ge-
ometry. Lipid molecular shape is best described by the Isra-
elachvili’s packing parameter P¼ n/(a0lc) (8), where n is the
volume of the hydrocarbon chains, a0 s the effective area per
headgroup, and lc is the chain length. In this article, an in-
verted-conical shape refers to lipid molecules with small
headgroups relative to the hydrocarbon tails (P > 1). A
monolayer formed with a collection of lipids of a given
shape has an associated spontaneous curvature (C0). Lipid
species like CL are described as C0<0;P>1, preferentially
localizing at highly negatively curved membrane portions
(9), such as in microdomains in mitochondrial and rod-
shaped bacterial membranes (11). Notably, lipid sorting ac-
cording to curvature is not only regulated by molecular
shape, since lipid-lipid and lipid-protein interactions pro-
vide alternatives to lower the energy barrier of curvature-
driven lipid sorting (9,12).

The inclusion of CL in PSMs is likely to affect their cur-
vature and general elastic properties, which should in turn
affect their mechanical behavior and functional ability to
expand and contract during the breathing cycle. In our
previous work, we found that increased levels of CL and cal-
cium ions cause dehydration of model and bovine-extracted
PSMs and enhance the formation of phase-separated
domains (13). Later on, we found that CL promotes the for-
mation of local intermembrane contacts in the PSMs,
altering oxygen permeation (14). However, the microscopic
understanding of how CL disrupts PSM function and me-
chanical properties and how to ameliorate them remain
unknown.

In this paper, we employ atomic force microscopy (AFM)
topography combined with fast force mapping, surface force
apparatus (SFA), and confocal microscopy to show that CL
restricts the elasticity of model and bovine-extracted PSMs
and promotes phase separation. Interestingly, CL dramati-
cally decreases the energetic barrier for membrane fusion
leading to the quick (20 s) formation of hemifusion mem-
brane contacts at intermembrane separations as large as
12 nm. These membrane contacts significantly stiffen the
PSMs by at least 10 MPa in Young’s modulus. We postulate
that these factors collectively impair PSM mechanical func-
tion and contribute to the etiology of lung respiratory
diseases.
MATERIALS AND METHODS

Materials

The lipids 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dio-

leoyl-sn-glycero-3-phospho-(10-rac-glycerol) (sodium salt) (dioleoylphos-

phatidylglycerol [DOPG]), and 1,3-bis(sn-30-phosphatidyl)-sn-glycerol
(heart, bovine [sodium salt] CL) were purchased from Avanti Polar Lipids

(Alabaster, AL) and suspended in chloroform, with each one at a concentra-

tion of 25 mg/mL. The lipid model is composed of DPPC:DOPG 3:1 (molar

ratio) when mimicking healthy PSMs and the same ratio of DPPC:DOPG

with 8 mol % CL when mimicking diseased PSMs. The bovine PSMs are

extracted from bovine lung surfactant, where the manufacturing process re-

moves hydrophilic proteins, the majority of which is SP-A, and selects for

hydrophobic phospholipids and SP-B and SP-C. BLES Biochemicals (On-

tario, Canada) kindly provided the bovine extract BLES as a dry film. The

bovine extract was dissolved in chloroform, and to mimic diseased bovine

PSMs, 8 mol % CL was added. Fluorescent probe 1,10-dioctadecyl-
3,3,30,30-tetramethylindocarbocyanine perchlorate was purchased from

Thermo Fisher Scientific (Waltham, MA).
AFM, force mapping, and force curve analysis

For the preparation of supported lipid multilayered (SLM) membranes,

stock solutions of lipids in chloroform were mixed to a final concentration

of 25 mM. The bovine PSM extract was suspended in chloroform at a con-

centration of 25 mg/mL. SiO2 substrates of 1.5 cm2 were washed with an

organic solvent, followed by sonication in an ultrasonic bath for 10 min,

and they were then dried with a nitrogen flow. A volume of 100 mL lipid

or bovine extract solutions was pipetted onto each clean SiO2 substrate,

which, afterward, was immediately accelerated to 3,000 RPM for 30 s using

a spin coater (VTC-100A,MTI, Richmond, CA). The samples were vacuum

dried for at least 2 h. SLM samples were scanned in air afterward. For the

preparation of supported lipid bilayers (SLBs), stock solutions of lipids in

chloroform were mixed. Subsequently, the chloroform was evaporated un-

der nitrogen gas flow until dry, followed by being kept under vacuum for at

least 2 h. The resultant dry lipid film was then resuspended in 3 mol %

CaCl2/deionized water (18.2 M U/cm, Millipore, Darmstadt, Germany) to

reach a final concentration of 1 mM of lipids. This solution was gently

mixed and afterward kept at 4�C to allow swelling for 1 h. To obtain small

unilamellar vesicles (SUVs), the solution was then sonicated in an ultra-

sonic bath for 30 min and, finally, extruded 11 times each through 0.2

and then 0.1 mm pore-size polycarbonate membranes on an extruder (Avanti

Polar Lipids) before analysis. The SUV solution was used immediately or

stored at 4�C until needed. For the vesicle fusion, 2 mL SUV suspension

was pipetted onto clean SiO2 substrates, which were then heated at 60�C
for 45 min. After slowly cooling down the system to room temperature,

SiO2 substrates were carefully rinsed with deionized water to remove the

SUV excess. Substrates were mounted onto the AFM while avoiding dew-

etting. Finally, 100 mL deionized water was carefully pipetted on the sample

surface and incubated for 20–30 min before scanning. All AFM experi-

ments were performed in a high-speed Cypher AFM (Asylum Research-

Oxford Instruments, California, USA). Topography and phase imaging

were performed in intermittent contact (tapping mode) in air using Si3N4

cantilevers (BL-AC40TS, Oxford Instruments, Santa Barbara, CA). The

nominal curvature radius of the tips is 8 nm, and the length, width, and

thickness of the cantilevers are 38, 16, and 0.2 mm, respectively, with a

nominal spring constant of 90 pN/m (values were in the range of 80–

110 pN/m). The height and phase signals were collected simultaneously
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in both trace and retrace directions. From SLBs, we calculated the bilayer

thickness, DB, by measuring 8 cross-section lines of 3 different AFM im-

ages giving n ¼ 24 per sample (healthy and diseased PSM lipid models).

We calculated surface roughness Sq using the discrete approximation of

the root mean-square (Eq. S1) in the Asylum Research software v.16 sup-

ported in Igor Pro v.6 (www.wavemetrics.com). We used SLM topography

images of areas of 25 mm2 and resolution of 512� 512 data points (Fig. S1;

Table S1). For the fast-force-mapping experiments, the cantilever spring

constant and the resonance frequency were calibrated using the thermal

spectrum before each experiment. The amplitude sensitivity (nm/V) was

calibrated in air in all cases and also in fluid when mapping SLBs. The force

applied to the membranes was fixed to the lowest possible value allowing

reproducible mapping (1 V corresponding to a force range of 200–

400 pN). The scan rate was set to 100 Hz on an area of either 5 � 5 or

10 � 10 mm. The total z-piezo (vertical) displacement was set to 200 nm.

Generally, force maps comprised 128 points � 128 lines resulting in

16,384 data points per map (Table S2). Force maps were processed using

the accompanying Asylum Research software v.16. All reported Young’s

modulus E values result from the peak of a Gaussian fit of the elasticity dis-

tribution obtained from the respective force maps. The approximate value

of E was calculated from the approaching curves by using the Hertz model

for conical tips (Sneddon model) (Eq. S2; Fig S2).
SFA

Stock solutions of lipids in chloroform were mixed. Subsequently, the chlo-

roform was evaporated under nitrogen gas flow until dry, followed by being

kept under vacuum for at least 2 h. The resultant dry lipid film was then re-

suspended in deionized water to reach a final concentration of 10 mM and

was kept for 1 h at 4�C. Lipid solutions were diluted to a concentration of

0.15 mM. The samples for SFAwere sonicated for 30 min and extruded 11

times each through 0.2 and then 0.1 mm pore-size polycarbonate mem-

branes on an extruder (Avanti Polar Lipids) before analysis. Freshly cleaved

(atomically smooth) mica sheets were used as substrates. The sheets were

back-silvered and glued onto cylindrical-shaped glass lenses and mounted

in the fluid cell in a cross-cylinder geometry. When white light passes

through the surfaces, it is reflected multiple times in the silver layers,

providing an interference pattern known as fringes of equal chromatic or-

der. Analyzing the interference by multiple beam interferometry yields

the absolute mica–mica distance (D) between the surfaces with sub-

angstrom resolution. This happens in the extended SFA in real time via a

numeric algorithm called fast spectral correlation (15,16). We used SFA

to measure the forces between bilayers in water close to neutral pH

(6.84) at 25�C, while one surface is driven toward the other (approach or

loading) and apart from each other (separation or unloading) at 0.1 nm/s

to achieve quasi equilibrium. The force between the opposing surfaces

(F) is measured via the deflection of the double cantilever spring, which

is attached to one of the lenses. The deflection of the spring is determined

via the change in D, and by applying Hooke’s law, the force is calculated as

a function of D or the distance between bilayers, DB. In units of surface en-

ergy, the resolution of the SFA isz 0.01 mJ/m2, and the distance measure-

ment has a precision of 30 pm.
Laser scanning confocal microscopy

Samples were prepared following the papyrus method (17). Plain bovine

PSM extract (healthy) and with 8 mol % of CL (diseased) were individually

mixed with 0.1 mol % of 1,10-dioctadecyl-3,3,30,30-tetramethylindocarbo-

cyanine perchlorate in chloroform at a concentration of 5 mg/ml. A volume

of 50 mL of each lipid solution was pipetted onto pieces of paper (1 cm in

diameter, Whatman Grade 1). The chloroform was evaporated under nitro-

gen gas flow until dry, followed by being kept under vacuum overnight pro-

tected from light exposure. The samples were hydrated with 700 mL

100 mM sucrose/deionized water and incubated in the dark for 2 h at
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60�C. Samples were slowly cooled by turning off the incubator and leaving

the samples inside. The filter paper was swirled around in the sucrose solu-

tion to detach the vesicles, and the solution was transferred into Eppendorf

tubes for storage. Imaging was performed within 2 days. Vesicles were

slowly transferred into an 8-well chamber slide (Nunc Lab-Tek) filled

with 200 mL 100 mM glucose for imaging on an LSM 800 confocal micro-

scope (Carl Zeiss Microimaging, Jena, Germany), with a Plan-Apochromat

63�/1.40 Oil M27 objective lens.
RESULTS AND DISCUSSION

We evaluated how CL affects the elasticity and bilayer
fusion forces of PSMs using a lipid-based model and a
bovine lung surfactant extract. The lipid model consists of
a mixture of DPPC and DOPG at a molar ratio of 3:1
(healthy PSM model). We compared them against CL-con-
taining mixtures (8 mol %) to mimic PSMs exposed to aber-
rant CL levels, as experimentally observed in diseased lungs
(7). We characterized these systems using AFM topography
and fast force mapping via the study of SLM films adsorbed
onto SiO2 substrates exposed to high relative humidity
(85%–90%) environments. This platform captures the
crowded viscous (low free water) environment that PSMs
operate in. We also performed AFM measurements on
SLBs in fluid for comparison. In addition, we studied
mica-SLBs of the PSM models using SFA. Finally, we stud-
ied bovine PSM extracts in bulk (vesicles in water) with
confocal microscopy.
CL induces phase-separation of PSMs

Fig. 1 shows AFM scans of lipidic model PSMs (DPPC:
DOPG 3:1 molar ratio) in the form of deposited multilay-
ered films in equilibrium with high air humidity mimicking
healthy and diseased (with CL) PSMs. AFM scans small
areas of the surface of the sample with a sharp tip providing
the advantage of resolving 3D features in the topography
maps while simultaneously yielding phase-contrast maps
that convey information of the viscoelastic differences in
the material. AFM topography maps are analyzed to calcu-
late areal surface roughness parameters such as Sq (root
mean square roughness). Healthy PSMs displayed a rela-
tively more homogeneous topography with a Sq of 4.9 5
0.4 nm compared with model diseased PSMs (containing
CL) with a Sq of 7.75 0.4 nm. Additional data are provided
in Fig. S1 and Table S1. Also, CL-containing PSMs ex-
hibited domain-like structures thicker than their surround-
ings (Figs. 1 A and B).

The differences observed in the topography maps overlap
with angle variations in the phase maps (Fig. 1 C). Intermit-
tent contact (or tapping mode) uses the amplitude of canti-
lever oscillation to detect changes in the tip-sample
interaction forces, which translate to the topography image.
The phase shift of the tip response is recorded in parallel to
the topography. A lag in the oscillation of the cantilever (i.e.,
phase shift) correlates to the composition and viscoelastic

http://www.wavemetrics.com
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FIGURE 1 AFM images of PSMmodel systems of

lipid multilayers adsorbed onto SiO3, equilibrated at

room temperature, and with high RH (85%–90%).

(A) Topography maps of healthy (DPPC:DOPG 3:1

molar ratio with no CL) and diseased PSMs

(DPPC:DOPG 3:1 molar ratio with 8% mol CL).

(B) Section profiles as indicated by the lines in (A).

(C) Phase maps corresponding to the same area

scanned in the topography maps in (A). To see this

figure in color, go online.
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properties of the material, which are registered as bright and
dark regions in phase maps (18). Hence, phase mapping
characterizes spatial variations of mechanical properties of
phase-separated materials such as certain lipid mixtures.
The AFM results indicate two main findings along these
lines. First, healthy model PSMs exhibit a more homoge-
neous phase across larger areas. Because of poor miscibility
of saturated and unsaturated lipids, darker patches (lower
angle) likely correspond to DPPC-rich areas (gel phase,
Lb), whereas lighter areas (yellow) likely correspond to
DOPG-rich areas (fluid phase, La). Moreover, both lipids
also coexist in the mixture (green areas) (Figs. 1 C and
S1). Second, the diseased PSM model exhibits a domain-
like structure formation visible in the height map (Fig. 1
A) that is also readily observable in the phase map (Fig. 1
C). Both models display signatures of phase separation. Pre-
vious work (13) showed that lipid models of PSMs
composed of DPPC:DOPG mixtures phase separate in
DPPC (saturated)-rich and DOPG (unsaturated)-rich do-
mains in multilamellar bodies. Evidence of gel/fluid domain
formation in CL-DPPC monolayers has been reported using
AFM (19). Remarkably, in this system, the addition of CL
further induced phase separation and domain registration,
i.e., phase-like (gel or fluid) domains aligned in registry in
the normal direction across the multilayer thickness (13).
Here, we study this behavior with AFM and resolve CL-
induced bilayer domains that couple across several layers
of the multilamellar-deposited PSMs (Fig. 1). We have re-
ported (13) that high concentrations of Caþ2 (up to
12 mM) affect the order and dynamics of DPPC:DOPG
model PSMs. Caþ2 induces an expected decrease in inter-
membrane separation but only when CL is absent, and
when CL is present, the average intermembrane separation
increases with Caþ2 addition. It is noteworthy that this lipid
system is at the cusp of phase separation even without any
Caþ2, as the results here suggest phase separation in PSM
models without Caþ2.

In addition, we calculated the bilayer thickness, DB, to be
8.0 and 6.8 nm for healthy and diseased PSM models,
respectively, from AFM cross-section analysis (Fig. S3).
Biophysical Journal 121, 886–896, March 15, 2022 889
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FIGURE 2 AFM force mapping analysis of PSMs. (A–C) Topography maps and Young’s modulus E distributions with insets of elasticity maps of (A)

healthy and diseased bovine-extracted PSMs at 85%–90% RH, (B) healthy and diseased PSM model supported lipid multilayers (SLMs) at 85%–90%

RH, and (C) healthy and diseased PSM model supported lipid bilayers (SLBs) in water. Scale bars correspond to 200 nm in (A) and (B) and to 1 mm

in (C). To see this figure in color, go online.
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We calculated the thickness of SLM films (14) to be 107 5
10 and 80 5 2 nm for healthy and diseased PSM models,
respectively, using the AFM tip-scratch method. Hence,
we estimate that PSM films are made of 12 or 13 bilayers
stacked up. Polyunsaturated CL tends to spread out its hy-
drocarbon chains, resulting in a larger area per lipid
compared with saturated phospholipids (20). As a result,
the introduction of CL is likely to induce some bilayer
and film thinning.
CL stiffens PSMs

AFM phase mapping distinguishes local differences in me-
chanical properties but gives qualitative data only. More
recently, the capability of fast force mapping has been incor-
porated into AFM, in which the maps quantitatively reflect
the mechanical properties such as elasticity and adhesion
of planar membranes. We applied AFM fast force mapping
to obtain elasticity maps with Young’s modulus E distribu-
tions as a means to examine the effect of CL on the elasticity
of PSMs in different forms. Young’s modulus is an intensive
property that characterizes amaterial independently of its ge-
ometry. Specifically, we evaluated SLMs of 1) bovine-ex-
tracted PSMs and 2) a PSM model comprising a
DPPC:DOPG 3:1 molar ratio both adsorbed onto SiO2 at
ambient temperature and high relative humidity (85–90%),
as well as 3) SLBs comprising DPPC:DOPG (3:1 mol:mol)
in water. We compared all systems with and without CL in-
clusion (8 mol %). Despite the intrinsic viscoelastic behavior
of themembranes, the Hertz elastic model fits the response to
small loads relatively well, yielding the average E with
appropriate precision (details provided in Sections S2 and
890 Biophysical Journal 121, 886–896, March 15, 2022
S3 in the supporting material). This has been observed previ-
ously for other membrane systems (21–23).

The addition of CL to the different PSM forms (bovine-
extracted SLM, model SLM, and model SLB) significantly
affects their elasticity. The average E of healthy bovine PSM
extracts is 32 MPa. The addition of CL leads to a 3-fold in-
crease in E (90 MPa) (Fig. 2 A). In addition, CL-loaded
bovine PSM extracts exhibit a wider distribution of E
compared with the narrow peak obtained for native bovine
PSM extracts. The addition of CL also results in stiffer
SLMs and SLBs of PSM models. SLMs yield a value of E
equal to 41 MPa without CL and 51 MPa with while also
widening the distribution of E (Fig. 2 B). SLBs are generally
softer (Fig. 2 C) but exhibit a raise in average E from 18 to
30 MPa upon CL addition. In all cases, CL-loaded PSMs
display wider Young’s modulus distributions (Table S2).
This observation is consistent with the fact that CL expands
the phase (La-Lb)-separation domains in DOPG:DPPC
membranes, which results in widespread lateral heterogene-
ity of membrane stiffness.

We estimated the stretch (KA) and bending (kC) moduli
with the AFM force map data using the following equations
(24): KA ¼ EDB=ð1 � n2Þ, kC ¼ ED3

B=24ð1 � n2Þ, where
DB is the bilayer thickness, here estimated to be 8.0 and
6.8 nm for healthy and diseased PSM models, respectively,
from AFM topography (Fig. S3), and n is the Poisson ratio
of lipids, n ¼ 0:5. All PSM samples containing CL
(diseased) exhibited larger moduli (Table S3), which is
consistent with the fact that the addition of CL restricts
the mechanical deformability of PSMs. Adding CL to
bovine PSM extracts results in an almost 3-fold increase
in kC (160–450 kBT). In the PSM SLM systems, CL induces
an increase in kC from 205 to 255 kBT. SLB PSMs evolves
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from kC ¼ 90 to 150 kBT upon CL addition. A similar trend
is observed in the KA modulus (Table S3). The latter indi-
cates that CL increases the resistance of PSMs to deform
(stretching and bending). Similarly, using X-ray scattering,
a study reported that CL stiffened dimyristoylphosphatidyl-
choline, well-aligned membranes in the fluid phase, report-
ing a 50% increase in kC from 13 to 19 kBT with small
amounts of CL (25).

Membrane additives often alter membrane elasticity. For
instance, addition of hydrophobic C60 fullerenes affect the
mechanical resistance of PC lipid bilayers. Young’s
modulus measured with AFM of SLBs increases in the gel
phase from E ¼ 42 to E ¼ 69 MPa (26). It is postulated
that C60 alters the orientation of the hydrocarbon tails,
increasing the cohesion of the hydrophobic part of the
bilayer and the van der Waals attraction force. Similarly,
CL, a highly hydrophobic phospholipid (four hydrocarbon
chains), likely changes the intra-chain configuration and in-
ter-chain orientation of the hydrocarbon tails, leading to
stiffening of the PSM SLBs. Moreover, the addition of
cholesterol (hydrophobic molecule) to membranes leads to
a stiffening of the ‘‘fluid’’ areas and a softening of the
more ‘‘rigid’’ domains (27). The addition of physiological
amounts of cholesterol (10–20 mol %) to bovine PSM ex-
tracts does not impair the membrane’s surface activity;
even more, cholesterol leads to the formation of liquid-or-
dered Lo phases, which slightly improves it. Conversely,
supraphysiological levels (50 mol %) of cholesterol induce
structural changes in the membrane (formation of Ld
phases) and significantly decrease its ability to lower surface
tension (28). In addition, previous AFM work has shown
that an excess of cholesterol (40 mol %) in bovine PSMs
may stiffen certain fluid areas of the membrane (29). We
preliminarily tested the effect of cholesterol on the lipid
PSM model. The addition of physiological levels of choles-
terol (15 mol %) stiffened the healthy PSM model from 41
to 58 MPa (Fig. S4). This loss of elasticity induced by
cholesterol might not be enough to impair surface activity.
Nevertheless, further investigation is required to elucidate
the effects of cholesterol at physiological and excessive con-
centrations, especially when combined with CL in diseased
PSMs.

The addition of CL to membranes affects the local order
and dynamics of the host membrane (30, 31), and CL-con-
taining membranes are structurally more compact (32). For
instance, the movement of lipids is slower due to the restric-
tive nature of CL large molecules in CL-rich membranes
such as the inner mitochondrial membrane, thus slowing
the diffusion in the plane parallel to the membrane (33).
We previously found that CL induces significant dehydra-
tion of lung multilamellar vesicles (13). Upon dehydration,
two apposed bilayers are brought into close contact, eventu-
ally leading to the merging of the proximal monolayers. The
resulting structure is a stalk that, in turn, expands into hemi-
fusion (34). The formation of stalks and hemifused contacts
is likely stabilized and regulated by surfactant proteins in
the alveoli (35). Despite the latter, stalk formation mediated
by CL has been reported in protein-free model PSMs (14).
Here, we propose that healthy PSMs appear softer because
they are composed of mostly discrete, unconnected mem-
branes separated and cushioned by water layers, whereas
diseased CL-laden PSM SLMs are interconnected by stalks
and hemifused hydrophobic contacts, leading to membranes
with higher Young’s modulus. We have shown that exces-
sive hydrophobic membrane contacts disrupt oxygen flow
in PSMs (14). This structural change, combined with PSM
stiffening, is likely to affect not only their mechanical func-
tions during breathing but also protein binding and partition,
all likely to impart pathological lung conditions.
CL enhances hydrophobic interaction and bilayer
hemifusion

To further investigate the effect of CL on PSM interconnec-
tion and hemifusion, we measured the forces between PSM
bilayers using the SFA (36). We also measured inter- and
intra-membrane adhesion and hemifusion characteristics.
The SFA has been used to study hemifusion of mica- and
polymer-SLBs as a function of temperature (37), lipid phase
and composition (37–39), Caþ2 concentration (40), and
pressure (41) as well as the behavior of biomolecules, like
tau dimers and glycoproteins (42,43).

Fig. 3 shows SFA data obtained for model PSMs
comprised of DPPC:DOPG (3:1 molar ratio) with and
without CL to mimic diseased and healthy states, respec-
tively. Vesicles in water of model PSMs adsorbed to mica
surfaces. CL-containing vesicles underwent spontaneous
rupture on mica in less than 1 hour and formed lipid bilayers
with DB z6 nm. The measurements of adsorption of the
healthy vesicles on mica showed that spontaneous rupture
did not occur. We obtained surface forces (Fig. 3 A) between
healthy vesicles (blue) and diseased SLBs (red and orange).
The interaction potential was fit to the inter-bilayer forces of
the diseased model (Eq. S3). The method to fit the model to
the experimental results is described in detail in Section S7
of the supporting material. In brief, the long-range force for
the diseased-model vesicles is of electrostatic origin and,
hence, modeled according to Debye-H€uckel theory (8)
with a Debye length lEDL that agrees well with the solution
concentration. This provides a surface potential of
�106525mV. The required number of dissociated CL mol-
ecules to reach this surface potential is estimated via the
Grahame equation (8), and it is z17%52%, considering
that CL has two negative charges.

The onset of an attractive interaction leading to the inter-
connection or the hemifusion of PSM SLBs is found at a
separation of 12 nm, as reflected by the jump in of the sur-
faces (arrows in Fig. 3 B). This attractive interaction at a
range of inter-bilayer separation D ¼ 12 nm cannot be justi-
fied by van der Waals forces, but it is possibly due to an
Biophysical Journal 121, 886–896, March 15, 2022 891
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FIGURE 3 SFA analysis of CL-induced hemifusion contacts formation on PSMmodel (DPPC:DOPG 3:1 mol % with [diseased] and without [healthy] CL)

mica-SLBs in water at room temperature. (A) Long-range force (F) versus (D). Lines are fits of Eq. S3 to experimental data (red-orange for inter-bilayer

forces and blue for inter-vesicles forces). (B) Short-range inter-bilayer forces; line is the fit of Eq. 1 to experiment. (C) Schematic of the PSM model high-

lighting two juxtaposed monolayers that join through hemifusion mediated by inverted-conical CL molecules. (D) Force profile during separation (jump out)

of bilayer leaflets. (E) Time-resolved hemifusion (jump in) at an applied compression of 60 nN. To see this figure in color, go online.
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interaction potential of hydrophobic nature, as described by
Eq. S3. We propose that PSM SLBs hemifuse by a mecha-
nism proposed by Helm et al. (39,44) in which bilayer
stresses result in a localized spreading of molecules, causing
exposure of the hydrophobic interior (Fig. 3 C). The hemi-
fusion barrier is the maximum force before the jump in hap-
pens. In the experiments, the hemifusion energy barrier is
small (Ffus ¼ 251 mJ/m2; see Ffus in Fig. 3 A) compared
with the reported results for other phospholipid bilayers
(45). A compression up to 100 mN/m does not lead to
vesicle fusion in the absence of CL (Fig. S5), indicating
that the membrane-fusion energy is much higher. The pres-
ence of CL likely lowers the energy barrier for hemifusion
because of its high hydrophobicity, with four tails. The fit
of Eq. S3 to the experimental data provides an interfacial
tension (g) between 23 and 41 mJ/m2, increasing with
the compression applied before jump in, as the exposed hy-
drophobic area increases. The model predicts an adhesive
minimum, which agrees well with experimental results,
Fadhz2753 mN/m (Fig. 3 D). This force is converted
into adhesion energy using the Johnson–Kendall–Roberts
model, Wadh ¼ �5:750:6 mJ/m2. The estimated adhesion
892 Biophysical Journal 121, 886–896, March 15, 2022
energy Wadh characterizes the inter-leaflet hydrophobic
interaction.

The real-time measurements show that hemifusion be-
tween discrete bilayers takes less than 20 s at the center of
contact area (Fig. 3 E). This is much faster than reported
times for the hemifusion of mixed bilayers of 1,2-dio-
leoyl-sn-glycero-3-phosphocholine, brain sphingomyelin,
and cholesterol (1:1:1 molar ratio) in similar SFA experi-
ments (2.5–19 h) (41) but is closer to in vivo times (46).
Perhaps the electrostatic repulsion provided by CL reduces
lipid packing and facilitates lipid rearrangements, despite
the cohesive strength between the tails. Nevertheless,
further investigation is needed to dissect the different effects
of CL, e.g., via the screening of electrostatic interactions
through an increase in ionic strength.

The compressive (bulk) modulus B of the PSMs was
roughly estimated from the deformation assuming a purely
elastic behavior (47) (Eq. 1; see full line in Fig. 3 B). The
fit to the experimental results corresponds to B ¼ 21–38
MPa for the diseased SLBs. Comparably, Young’s modulus
calculated with force mapping for the diseased SLB (30
MPa; Fig. 2 C) falls within the range of the calculated
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FIGURE 4 Laser scanning confocal microscopy images of bovine PSM extract GMLVs tagged with 0.1 mol % of 1,10-dioctadecyl-3,3,30,30-tetramethy-

lindocarbocyanine perchlorate. (A) A large healthy bovine PSM extract GMLV with discrete lamellae is visible, with a denser GMLV in the top left. The

region highlighted by a dashed white box is magnified on the right at three time points. The lamellae undulate to maintain a stable inter-bilayer separation.

Horizontal arrows point to horizontal jogs that are motion artifacts. (B) A large diseased bovine PSM extract GMLV with discrete lamellae is visible.

Lamellae appear to be grouped in pairs but with intermembrane contacts (yellow arrows) that are stable for at least 10 s. Several bilayer pairs are highlighted

with thick yellow lines. All images have the same 5 mm scale. To see this figure in color, go online.
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bulk modulus from SFA. Finally, a film-thickness transition
(Dw) with a change in thickness of z651 Å was reproduc-
ibly measured (Fig. S6), and the transition was reversible
upon unloading. Such structural changes likely reflect a re-
arrangement of lipid domains upon an applied stress, as
recently demonstrated for other systems (41).
F

R
¼ pB

ðD� DBÞ2
DB

(1)

CL alters PSMs morphology

Fig. 4 shows laser scanning confocal microscopy images of
giant multilamellar vesicles (GMLVs) formed from bovine
PSM extracts in healthy (no CL) and diseased (with 8 mol
% CL) environments. We evaluated the GMLV morphology
evolution as as function of time.

In the healthy bovine PSM extract (Fig. 4 A), we observe
bilayers individually resolved as well as intense fluores-
cence emissions from densely packed lamellae that are no
longer resolved. Two signs of bilayer motion become
apparent in the image. First, motion artifacts within each im-
age appear as horizontal jogs pointed by yellow arrows in
Fig. 4 A, which occur because the image is collected by
scanning a laser line by line down the image, taking longer
exposure times. This is enough for bilayers to move during
the scan and create a motion artifact. Second, we tracked the
motion over time. Small undulations manifest in the bilayers
observed in images taken 10 s apart (Fig. 4 A, right panel),
although the average separation does not appear to change.
A similar effect is observed in diseased bovine PSMs. A
GMLV is observed with its individually resolved bilayers.
As time progresses, membrane undulations like those in
the healthy PSM extract are visible, but membranes appear
to attract and form interconnected domains (Fig. 4 B, yellow
arrows). Two additional distinctive features arise in diseased
bovine PSM extracts. First, the lamellae appear to move in
pairs. While lamellae undulate in both directions, a notice-
ably smaller distance between each pair of bilayers is main-
tained over time. This is consistent with what we previously
observed: that CL induces dehydration of pulmonary surfac-
tant multilamellar bodies (13). Second, the points of contact
between lamellae are stable over time, which indicates that
they consist of stable intermembrane hemifusion contacts.

Membrane fusion in living systems is highly regulated by
membrane proteins. Complete fusion and formation of a
pore costs considerable elastic energy (48–50), whereas its
structural intermediate states, such as stalks and hemifusion
contacts, require less energy because no topological transi-
tions occur, so only the bending modulus contributes (51–
53). However, additional conditions must be met. First,
hemifusion depends on composition. For instance, in-
verted-conical lipids like CL produce negative contributions
to the spontaneous curvature of the proximal membrane
monolayers they insert into (Fig. 3 C). This shift increases
the tension and locally lowers the bending modulus of the
monolayers promoting hemifusion (54–57). Second, hemi-
fusion is facilitated by local dehydration leading to the prox-
imity of apposed bilayers due to osmotic pressure, i.e., two
monolayers need to be in close contact to undergo hemifu-
sion (34,56). Fig. 4 B shows that CL leads to smaller inter-
bilayer separation, and we have previously shown that CL
decreased the thickness of the water layer separating prox-
imal bilayers in multilamellar PSMs (13). Finally, reorgani-
zation of lipid domains is significant for the initial
monolayer-monolayer contact. Lipid domains rearrange to
decrease the energy barrier of hemifusion (41). We have
shown here that CL promotes phase separation in PSMs.
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Consequently, CL possesses the properties required to stabi-
lize the formation of stalks and hemifused contacts in
diseased lung membranes.

Intermembrane contacts in PSMs are naturally facilitated
by surfactant proteins, and possibly PG, and allow oxygen
diffusion (58). Moreover, the excess of CL under patholog-
ical conditions further promotes hemifusion. We previously
demonstrated (14) that increasing the CL concentration in
PSMs enhances X-ray diffraction spots corresponding to
periodic intermembrane contacts. This results in the signif-
icantly enhanced permeation of oxygen (hyperoxia) through
PSM bovine extracts and lipid models. Even though
enhanced oxygen permeation could be perceived as a posi-
tive outcome, it disrupts the gas-exchange balance and leads
to hyperoxia, a condition that directly potentiates and aggra-
vates bacterial pneumonia (59,60). During pneumonia, hy-
peroxia correlates with elevated levels of CL in the PSMs
due to an increased number of intermembrane contacts.
We have no reasons to expect CL-driven inter-membrane
contacts to be structurally (or topologically) distinct from
protein-driven ones. Further investigation would elucidate
whether CL-driven contacts enable higher translational
and local lipid dynamics compared with protein-pinned
membranes.
CONCLUSION

Excess CL in lung membranes has been associated with
the etiology of lung diseases such as pneumonia. It has
been previously suggested that CL locally dehydrates
lung membranes, induces domain formation, and promotes
the formation of inter-bilayer contacts, i.e., stalks that
disrupt gas permeation. In this article, we have studied
the structure and elasticity of PSMs. The findings indicate
that CL 1) increased the roughness and promoted domain
correlation across PSMs, 2) shifted Young’s modulus
values toward membrane stiffening, and 3) led to long-
range attractive inter-bilayer forces and the stabilization
of hemifusion contacts between proximal monolayers.
Since lung membranes regulate contraction/expansion,
i.e., mechanical behavior of the alveoli, the alteration of
the structure, elasticity, and inter-membrane interactions
induced by pathological factors, such as excess CL, are
therefore expected to critically impair PSM behavior. For
instance, the effect of CL in membrane elasticity will
likely impair breathing as well as surfactant protein
binding and hence functionality, resulting in flawed re-
spreading of lung lipids to the air-water interface. Conse-
quently, a deeper understanding of the biophysical roles of
the lipidic components of the lung membranes under path-
ological conditions should enable pathways to develop
better therapeutic approaches. Finally, this research also
helps to fill the existing gap between our knowledge of
mammal lung pathology and the biophysical properties
of pulmonary membranes.
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S1 TOPOGRAPHY AND SURFACE ROUGHNESS
Height-phase AFM maps with average surface roughness 𝑆𝑞 of healthy (DPPC:DOPG 3:1, molar ratio) and diseased (+
CL 8 mol%) lipid-based PSM models in air at 85-90% RH and room temperature. Average surface roughness 𝑆𝑞 was
calculated from AFM topography images of area 5 x 5 𝜇𝑚 with resolution of 521 x 521 data points (Table S1), using the
discrete approximation of the root mean square (RMS), namely

𝑆𝑞 =

[
1
𝐿

∫ 𝐿

0
𝑍 (𝑥)2𝑑𝑥

] 1
2

≈
[

1
𝑁

𝑁∑︁
𝑖=1

𝑍2
𝑖

] 1
2

(S.1)

where 𝐿 is the evaluation length, 𝑍 (𝑥) is the profile height function at 𝑥, 𝑁 is the number of samples and 𝑍𝑖 is a
sample of the profile height function.
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Figure S1: AFM height-phase maps of the lipid-based PSM models

Sample 𝑆𝑞 (nm) SD (nm) area (𝜇𝑚2) data points n
Healthy PSM SLM 4.9 0.4 25 262144 2
Diseased PSM SLM 7.7 0.4 25 262144 2

Table S1: Average surface roughness



S2 STATISTICS OF FORCE MAP ANALYSIS
Force spectroscopy analysis at room temperature involved recording up to 5 different 5 𝜇m x 5 𝜇m or 1 𝜇m x 1 𝜇m force
maps over 128 points x 128 lines (16384 data points) or 95 points and 256 lines (24576 data points). Measurements of
Young’s modulus 𝐸 for the supported lipid multilayers (SLM) of bovine pulmonary surfactant membrane (PSM) extract
in healthy (no cardiolipin (CL)) and diseased (with 8 mol% CL), and SLM of PSM model in healthy and diseased
conditions were performed in air at 85-90% RH. While measurements of on supported lipid bilayers (SLB) of the model
were performed in water.

Sample Data Points Adj. R2 (Gauss) Mean 𝐸 (MPa) FWHM
Healthy bovine PSM 24576 0.966 32 9
Diseased bovine PSM 16384 0.994 90 30
Healthy PSM model 24576 0.995 41 8
Diseased PSM model 16384 0.974 51 29

Healthy SLB PSM model 16384 0.981 18 15
Diseased SLB PSM model 16384 0.957 30 22

Table S2: Statistics of force map analysis

S3 ANALYSIS OF ELASTICITY MEASUREMENTS
All reported Young’s modulus 𝐸 values result from the peak of a Gaussian fit of the elasticity distribution obtained from
the respective force maps. The approximate value of 𝐸 was calculated from the approaching curves by using the Hertz
model for conical tips (Sneddon model) (1, 2):

𝐸 =
𝜋

2
(1 − 𝜈2)
𝑡𝑎𝑛(𝜃)𝛿2 𝐹 (S.2)

where 𝐹 is the force of the tip that leads to an indentation depth 𝛿 in the sample with an angle 𝜃, 𝜈 = 0.5 is the
Poisson ratio of lipids (3).

Model Assumptions 

Tip geometry: Cone

Sample Poisson (𝜈): 0.5

Fit Region Controls

Force

Low: 72.88 pN 15.1%

High: 192.61 pN 39.9%

Results

Sample Modulus (E): 25.0 MPa

Reduced 𝟀2𝜈 0.127 

Reduced Modulus (Ec): 33.3 MPa

Figure S2: Hertzian fitting. Example of experimental force-indentation curve of the lipid healthy PSM model and
the data fitting parameters. Typically, the fitting was of 40% of force

.



S4 THICKNESS OF SUPPORTED LIPID BILAYERS
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Figure S3: Bilayer thickness. The thickness of supported lipid bilayers (SLB) was determined by AFM-in fluid
topography. Purple areas correspond to uncovered SiO2 substrates and yellow-orange areas correspond to one
supported lipid bilayer. We report average bilayer thickness 𝐷B with standard deviation for healthy and diseased
PSM lipid models. We calculated 𝐷B by measuring 8 cross-section lines of 3 different AFM images giving 𝑛 = 24
per sample (healthy and diseased).

S5 VALUES OF STRETCH 𝐾𝐴 AND BENDING MODULUS 𝜅𝐶

Sample 𝐾𝐴 (pN/nm) 𝜅𝐶 (kB𝑇)
Healthy bovine PSM 341 160
Diseased bovine PSM 960 450
Healthy PSM model 437 205
Diseased PSM model 544 255

Healthy SLB PSM model 192 90
Diseased SLB PSM model 320 150

Table S3: Calculated 𝐾𝐴 and 𝜅𝐶



S6 EFFECT OF CHOLESTEROL ON THE PSM MODEL
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Figure S4: Healthy SLM of PSM model with cholesterol. Preliminary data of Young’s modulus map of healthy
system containing 15 mol% cholesterol (A) and its corresponding Young’s modulus distribution (B).



S7 MODEL FOR INTERMEMBRANE FORCES
𝑊 = 𝑊DLVO +𝑊ster +𝑊hyd +𝑊agg (S.3)

The model (Eq. S.3) accounts for the most important inter- and intramolecular interactions in lipid bilayers used
to calculate the energy potential 𝐸 , which is related to the interaction energy per unit area through 𝑊 = 𝐸/𝑎; 𝑎 is
the lipid area. In SFA experiments, we measure 𝐹, the interbilayer force, which is related to the interaction energy
𝑊 by the Derjaguin approximation: 𝑊 = 𝐹/2𝜋𝑅, 𝑅 being the radius of curvature of the mica surfaces (𝑅 =2 cm).
Intermembrane forces include van der Waals (vdW), electrical double-layer, short range (repulsive) hydration and
(attractive) hydrophobic forces (4, 5). DLVO theory accounts well for electrical double-layer (EDL) forces and vdW
attractive forces but cannot predict bilayer fusion. At interbilayer distances (𝑑 ≲ 1-3 nm), a strong repulsion consisting of
steric (hydration) forces and undulation forces dominates over the DLVO force. The steric hydration force exponentially
decays with 𝑑 (𝐸ster = 𝐶ster𝑒𝑥𝑝(−𝑑/𝐷ster)), with a decay length 𝐷ster of the order of the hydration shell of the
hydrophilic headgroups (typical range 0.2–1 nm) (6). Alternatively, steric hydration forces have been modeled by
Alexander-de Gennes theory (7), i.e., assuming the headgroups’ thermal fluctuations in a good solvent behave like
a polymer brush. Due to their short-ranged nature, steric hydration forces were originally considered to stem from
water structuring (8). Further studies revealed its entropic origin (9), which arises from the overlap of protrusions and
hydrated headgroups. Here, we used the first and most simple approach. Steric hydration forces are thus influenced by the
extent of lipid protrusion and the size of the hydrated headgroups, and hence, by their hydration strength. We assumed
𝐷ster = 0.9𝑛𝑚, as in previous (6), while 𝐶ster is a fitting parameter. On the other hand, longer-range undulation forces
𝑊und arise from the confinement of the bilayer ripples (undulations). Hence, the bending modulus of the lipid bilayers,
which is mostly affected by the phase of the lipids, is a key property affecting 𝑊und. The phase of the lipid domains
depends on the length of the tail and its saturation, headgroup type, and temperature. However,𝑊und is only significant
when the lipid bilayers are “free-standing” and “unstressed.” This can happen if bilayers are deposited on “polymer
cushions” but a solid substrate like mica is known to suppress undulation forces. Finally, an empiric model has been
proposed for the hydrophobic force between bilayers (6). For lipids in a liquid-like state, which can be easily deformed
or depleted by applying stresses, the hydrophobic energy potential is given by 𝐸hyd = −𝛾(𝑎 − 𝑎0)𝑒𝑥𝑝(−𝑑/𝐷hyd), where
𝑎 = 𝑎0 (1 − 𝑒𝑥𝑝(−𝑑/𝐷hyd))−1/2, 𝐷hyd the decay length, 𝛾 the interfacial energy, and 𝑎 and 𝑎0 stressed and unstressed
molecular areas, respectively. For bilayers in gel state, 𝑎 is a weaker function of 𝑑 due to their larger elastic modulus.
The model also accounts for the self-aggregation energy between tails 𝐸agg = 2𝛾𝑎0 + 𝛾/𝑎(𝑎 − 𝑎0)2 (6), which includes
the elastic deformation of the bilayer, headgroup repulsions and the surface tension. To directly compare the experiments
𝑊exp = 𝐹/(2𝜋𝑅) with the model, the energy is referenced to the energy at 𝑑 = ∞, i.e.,𝑊 (𝑑) −𝑊 (∞).

The model was first fit only at large separations (𝐷 > 20 nm), where only the electrical double layer force is relevant,
and other contributions in Eq. S.3 can be neglected. Hence, the long–range surface force is fit by the DLVO model,
which gives the DLVO force as the sum of van der Waals 𝐹VDW and electric double layer forces 𝐹EDL:

𝐹DLVO
𝑅

=
𝐹VDW
𝑅

+ 𝐹EDL
𝑅

= − 𝐴H

6𝐷2 + 4𝜋𝜀𝜀0𝜅𝜙
2
0𝑒𝑥𝑝(−𝜅𝐷) (S.4)

𝐴H being the Hamaker constant (1.966𝑥10−20𝐽), 𝐷 the separation between mica surfaces, 𝑅eff = 𝑅 the radius of the
surface (𝑅 = 2𝑐𝑚), 𝜅 the inverse of the Debye length 𝜅 = 1/𝜆EDL, 𝜙0 the surface potential, 𝜀 the relative permittivity
of the solution (unitless) and 𝜀0 the vacuum permittivity. The expression for the EDL force assumes constant surface
potential. It is important to emphasize, that the expression for the EDL force was derived from a linearization of
the Poisson-Boltzman equation that is only strictly valid for small potentials (<25 mV). The errors introduced by
this linearized approach are typically not excessive for potentials as high as 200 mV, except for distances that are
significantly shorter than one Debye length. The fitting parameters are the Debye length and the surface potential, which
are determined to be 𝜆EDL ≈ 28.7± 3.0𝑛𝑚 and 𝜙0 ≈ 106± 25𝑚𝑉 in good approximation. The Debye length corresponds
to an ionic strength in a 1:2 electrolyte of 0.038 ± 7 mM, while the ionic strength of the 0.15 mM lipid solution with 8
mol% cardiolipin is 0.036 mM.

To determine the percentage of charged cardiolipin in the membrane that is responsible for the surface potential
determined from surface force measurements, the following expression was used:

≈ 𝜎𝑒c𝑎0
𝑋𝑧

(S.5)



𝜎 being the surface charge of the diseased membrane, 𝑧 = 2 the number of charges per CL molecule, the electron
charge 𝑒c = 1.6𝑥10−19𝐶, and X gives the percentage of CL in the membrane, which is assumed to be 8 mol%, as the CL
in the lipid solution. The parameter 𝑎0 is taken as the unstressed average area per lipid molecule in the bilayer. We
assume a value of 𝑎0 ≈ 67Å2 , which is in the range of the reported values for DPPC with 7 mol% CL (10). This value
considers that the presence of CL in the membrane increases the area per lipid molecule. The Grahame equation was
used to roughly estimate the charge 𝜎 of an isolated membrane surface (11). Note that in our experiment, we measure
the intermembrane interaction when we approach the surfaces against each other, and hence, the model does not strictly
apply to the conditions of the experiment, but it enables us to estimate the order of magnitude of the surface charge. For
a 1:2 electrolyte,

𝜎2 = 2𝜀𝜀0𝑘𝑇𝐶∞ (𝑒𝑥𝑝(2𝑒𝜙0/𝑘𝑇) + 2𝑒𝑥𝑝(−𝑒𝜙0/𝑘𝑇) − 3)2 (S.6)

This yields 𝜎 ≈ −63.6 ± 3.5𝐶/𝑐𝑚2 and 17 ± 1% is the estimated number of dissociated CL molecules in the
membrane. In a few experiments we calculated a much larger surface charge corresponding to 85 ± 10% dissociated CL
molecules in the bilayer.

To determine the interfacial energy, Eq. S.3 was fit to the experimental results, using the known parameters for
the DLVO contribution. For the decay lengths of the steric and hydrophobic terms, we have taken 𝐷hyd = 1.2𝑛𝑚 and
𝐷ster = 0.9𝑛𝑚, within the typical range for these decay lengths (6). The parameters of interfacial tension 𝛾 and 𝐶ster
were used as the fitting parameters. This yields 𝐶ster = 0.41 ± 0.14𝑥10−20𝐽 and 𝛾 between 23 and 41 mJ/m2. Typical
values for 𝛾 range from 20–50 mJ/m2 (6).



S8 LONG-RANGE FORCES
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Figure S5: Long-range force 𝐹 vs. 𝐷 for healthy inter-vesicle forces. A compression up to 100 mN/m does not lead
to vesicle fusion in the absence of CL, indicating that the membrane fusion energy is much higher.

S9 CARDIOLIPIN PROMOTES A STRUCTURAL CHANGE OF THE LIPID MICRODOMAINS
UPON COMPRESSION

A film-thickness transition (Δ𝑤) with a change in thickness of ≈ 0.6 ± 0.1 nm was measured and the transition was
reversible upon unloading. Such structural changes could reflect a rearrangement of lipid domains upon an applied
stress, as recently demonstrated for other systems (12). In two additional experiments (e.g. green curve in Fig. S6), this
structural transition did not happen upon the same range of compressions, perhaps suggesting that the composition of
the compressed bilayers was different upon reformation.
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Figure S6: Reversible structural transition upon compression of the bilayer approach (loading, orange, red, green)
and separation (unloading, black and grey). The green circles could correspond to a different bilayer composition.
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