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mimetic free-standing lipid
membranes: insights into the elasticity of complex
lipid compositions†
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The creation of free-standing lipid membranes has been so far of remarkable interest to investigate

processes occurring in the cell membrane since its unsupported part enables studies in which it is

important to maintain cell-like physicochemical properties of the lipid bilayer, that nonetheless depend

on its molecular composition. In this study, we prepare pore-spanning membranes that mimic the

composition of plasma membranes and perform force spectroscopy indentation measurements to

unravel mechanistic insights depending on lipid composition. We show that this approach is highly

effective for studying the mechanical properties of such membranes. Furthermore, we identify a direct

influence of cholesterol and sphingomyelin on the elasticity of the bilayer and adhesion between the

two leaflets. Eventually, we explore the possibilities of imaging in the unsupported membrane regions.

For this purpose, we investigate the adsorption and movement of a peripheral protein, the fibroblast

growth factor 2, on the complex membrane.
Introduction

Lipid membranes form the cell membrane of almost all living
organisms, such as eukaryotic cells, some prokaryotes, and
several viruses. The membrane's ability to separate intracellular
and extracellular ionic media makes it a functional capacitor
that connes cells and organelles and regulates multiple
translocation mechanisms.1 Together with the capacitive func-
tion, a set of physical properties of lipid membranes, including
elasticity, tension, and curvature,2 strongly affects many of the
processes that occur across the membrane. Examples are
endocytosis, exocytosis, or conformational reshaping of
proteins embedded in membranes.3 Also phenomena occurring
at the protein–lipid interface as protein binding,4 oligomeriza-
tion and insertion depend on the physical properties of lipid
membranes and on their dynamic nature, which comprises
processes, as e.g., curvature uctuations and diffusion. Sup-
ported lipid bilayers (SLBs) are a versatile and widely used
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system that enables access to a wide range of important
membrane information due to their stability.5 The presence of
the supporting substrate sacrices, however, their dynamic
nature and thus alters the reliability of observed processes
occurring in and across the membrane.6,7 Liposomes, as an
alternative system to SLBs, allow to explore bilayer properties
without disturbing these dynamic processes, yet suffer from
limited experimental access.8

Moreover, membrane properties and functions depend also
on chemical composition and polydispersity of the lipids
present in the cell membrane.9–12 Biomimetic membranes
should therefore be heterogeneous and polydisperse in lipid
composition to resemble the mimicked living systems2 as much
as possible. Each lipid contributes to complex regulation
mechanisms across the cell. Charged lipids, such as phospha-
tidylserine (PS) and Phosphatidylinositol 4,5-Bisphosphate
PI(4,5)P2, can regulate the binding affinity of proteins by elec-
trostatic interactions.13,14 Sterols and sphingolipids are in
particular known to inuence the arrangement of lipids12,15

affecting both mechanical and chemical properties of lipid
membranes and the resulting interactions with the
surrounding environment. Also, cholesterol (CL) has been
shown to signicantly affect the bilayer stiffness. In addition,
CL laterally segregates in domains in the outer leaet of the
membrane together with sphingomyelin, causing a consider-
able impact on the mechanics of the bilayer. Sphingomyelin
(SM) has, due to its features, such as a high degree of saturation,
asymmetric molecular structure, and extensive hydrogen-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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bonding properties, a very important role as a structural
parameter in biological membranes. Furthermore, due to its
tendency to interact with sterols, sphingomyelin largely regu-
lates the cholesterol distribution within cellular membranes.
More importantly, the tendency to form strong hydrogen bonds
between sphingosine backbones of adjacent SM molecules is
associated with an increase in compactness affecting the bilayer
rigidiy.16,17 In the current work, we prepared biomimetic
membranes on substrates with about 1 mm diameter circular
holes. The pore-spanning membrane parts are a system
between liposomes and SLBs featuring a better nanoscale
observation than liposomes and a higher similarity to the
natural situation than SLBs due to the absence of the solid
support. These bilayer-model systems show water compart-
mentalization and bending rigidity similarly to liposomes,18 but
are still accessible to atomic force microscopy (AFM) investi-
gation, allowing the study of a wider range of phenomena, e.g.,
monitoring the kinetics of protein activity on top of
membranes.9,19,20 In order to design a system close to the cell
membrane situation, we used a complex plasmamembrane-like
composition (PMC) of PC : PE : PS : PI : CL : SM : PI(4,5)P2 with
ratios 33 : 10 : 5:5 : 30 : 15 : 2 for this study. Additionally, lipids
from natural origin, which exhibit a higher distribution of the
fatty acid chain lengths than the otherwise mostly employed
synthetic lipids, were chosen for our biomimetic membranes
(Fig. 1).

We investigated the effect of cholesterol and sphingomyelin
on the membrane mechanics with the methods described
below. In detail, we determined bilayer pre-stress and stretching
elasticity for these heterogeneous membranes via AFM inden-
tation and by analysis of optical micrographs of membrane
standing in a microuidic channel, while tuning the cholesterol
and sphingomyelin content.
Fig. 1 Fatty acid distribution of each of the natural lipids employed in
the current study. The bars marked with X : Y show for a certain lipid
type the fraction with chain length (number of C atoms) of the fatty
acids X and number of unsaturated bonds Y. Lipid types are sphingo-
myelin (SM), phosphatidylinositol (PI), phosphatidylinositol bisphos-
phate (PIP2), phosphatidylserine (PS), phosphatidylethanolamine (PE),
and phosphatidylcholine (PC). Data are adapted from Avanti Polar.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Experimental
Preparation of giant unilamellar vesicles

Unsupportedmembranes have been produced by bursting giant
unilamellar vesicles (GUVs) on top of mercapto-1-undecanol
functionalized gold TEM grids (Plano GmbH, pore diameter
of 0.8 and 1.2 mm), by adapting the methods described in the
literature (Fig. 2A).21–24 Gold-coated TEM grids were function-
alized with thiol self-assembled monolayers (SAMs). For that,
they were rst cleaned and made more hydrophilic via UV-
Ozone treatment and then le overnight in a 1 mM solution
of mercapto-1-undecanol in ethanol. Aer that, they were rinsed
with ethanol to remove the unbound molecules and let dry. The
functionalization was tested by water contact angle (WCA)
measurements.

For creating the GUVs, a plasma membrane-like lipid
composition (PMC) consisting of 30 mol% cholesterol (CL),
15 mol% sphingomyelin (SM), 33 mol% phosphatidylcholine
(PC), 10 mol% phosphatidylethanolamine (PE), 5 mol% phos-
phatidylserine (PS), 5 mol% phosphatidylinositol (PI) and
2 mol% PI(4,5)P2 (Avanti Polar Lipids, Alabaster, AL) and a PMC
lacking of CL and SF (PMC-) were prepared in chloroform with
1.5 mM concentration. All membrane lipids were purchased
from Avanti Polar Lipids. They have been puried from natural
extracts [bovine liver (PC, PE, PI), egg chicken (SM), porcine
brain (PS, PI(4,5)P2), and ovine wool (CL)] and are therefore not
uniform in alkyl chain length and unsaturated bond content
(see Fig. 1). The GUVs were generated by electroformation,
according to the protocol of Steringer et al.22 In detail, 5 mL of
the chloroform solution containing the lipids was cast on
platinum (Pt) wires, dried and immersed in sucrose solution
(0.3 M). An AC-voltage of 1.5 V and a frequency of 10 Hz were
applied for 40min. Aer that, the frequency was reduced to 2 Hz
for 20 minutes to allow the detachment of the GUVs from the Pt
wires. The vesicles produced in this way (Fig. 2B) were collected,
stored at 4 °C, and used no longer than two days aer
production.
Fig. 2 (A) Sketch of the process of GUVs bursting on top of hydrophilic
functionalized TEM grids and corresponding fluorescencemicroscope
images of GUVs (B) before and (C) after bursting on TEM grid. Lipids are
stained with Rhod-PE.

RSC Adv., 2024, 14, 13044–13052 | 13045
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Fig. 3 (A) Sketch of the design of the microfluidic setup featuring a H-
junction. (B–D) Fluorescence microscope images (lipids are stained
with Rhod-PE) monitoring the process of lipid bilayer formation from
(B) initial flooding of the device with lipid-squalene solution, (C) slow
injection of the buffer phase and (D) contacting the oil–buffer inter-
faces coated now with a lipid monolayer forming a bilayer at the
contact.
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Unsupported membranes were formed by diluting the stored
GUVs suspension 1 : 50 in HEPES buffer (20 mM, supplemented
with 300 mM NaCl, 25 mM MgCl2) and letting them burst, due
to the difference in osmolarity between the sucrose inside the
vesicle and the outer buffer, on the top of hydrophilic TEM grids
mounted on a Petri dish. Bursting of GUVs was checked by
uorescence microscopy in the presence of Rhod-PE, as depic-
ted in Fig. 2. Eventually, for the AFM imaging and indentation
experiments the solution was exchanged with imaging buffer
[HEPES buffer 20 mM, 100 mM NaCl, 1 mM Ethyl-
enediaminetetraacetic acid (EDTA)].

AFM imaging, force spectroscopy and data analysis

Atomic Force Microscopy (AFM) images and indentation
experiments were acquired using a Dimension FastScanBio
AFM (Bruker-Nano, Santa Barbara, CA, USA). MSNL-D probes
(silicon nitride, spring constant 0.03 N m−1, resonance
frequency 15 kHz, nominal tip radius 2 nm) were used for
indentation experiments, while MSNL-D, SNL-D and
PEAKFORCE-HIRS-F-B cantilevers (silicon nitride, spring
constant 0.03 Nm−1, 0.06 N m−1 and 0.12 Nm−1 and resonance
frequency 15 kHz, 18 kHz and 100 kHz, respectively, all probes
purchased from Bruker AFM Probes, USA) were used for
imaging. For each cantilever, the spring constant was calibrated
by the thermal tune method. Peak Force Tapping® was used for
imaging. Prior to indentation experiments, AFM imaging scans
of the surface were performed, and the holes were checked for
complete coverage. During imaging, scan sizes varied from
500 nm to 20 mm. In the force curve measurements, the
approaching and retracting curves were recorded with zero
surface delay and a ramp size of 100–200 nm. For each inden-
tation experiment, hundreds of force distance curves, (F–d),
were recorded at the center of holes uniformly covered by the
membrane. All experiments were performed at room tempera-
ture (controlled at ca. 20 °C).

The data obtained from AFM indentation experiments were
processed using custom-made MATLAB scripts for baseline
correction and contact point determination, and the break-
through force of the rst rupture event was extracted. Pre-stress
and elasticity of the membrane were determined by tting
a model to the data that was derived by Jin et al.25 The model is
an analytically exact solution of the Föppl-von Karman
approximation for the ‘circular clamped elastic membrane
under central point load with pre-stress’. It can thus describe
situations with any pre-stress value within the two limiting
cases with negligible pre-stress, which is characterized by
a cubic dependency of the indentation force F on the indenta-
tion depth d, and very large pre-stress, where the force is a linear
function of the indentation depth. It is, however, not possible to
write the general (F–d) dependency in explicit form. Fitting the
model to the data was therefore done using a custom-made
MATLAB script (see ESI for details†).

Free-standing membranes in microuidic channel

As microuidic channel setup, we employed an H-junction
geometry previously tested as a platform to produce stable
13046 | RSC Adv., 2024, 14, 13044–13052
membranes to form unsupported lipid membranes in micro-
uidics,26,27 cf. Fig. 3A and B. To guarantee a good wettability for
the continuous oily phase at the channel walls, the microuidic
devices are fabricated from PDMS. The silicon elastomer base
and curing agent (PDMS, Sylgard 184, Dow Corning, USA) are
mixed in a ratio 10 : 1 and are casted on a silicon wafer, which
exhibits structures produced by photolithography with a SU-8
photoresist, and cured for 6 h at 65 °C. Aer curing the PDMS
elastomer, it is peeled off from the mold and exposed to
nitrogen plasma (Diener electronic GmbH, Germany) together
with an also PDMS-coated glass slide. The treated PDMS device
is sealed with the glass slide and heated at 125 °C for 1–2 h to
restore the hydrophobic properties of the PDMS. At the start of
the experiment, this microuidic device is lled with a contin-
uous phase of squalene containing the lipids (5 mg mL−1).
Subsequently, aqueous imaging buffer (Section 2.2) solution is
injected into both channels of the device. Due to the wettability
conditions, a thin squalene lm remains between the buffer
and the device walls, and the lipids contained in the squalene
solution will decorate the oil–buffer interface forming a mono-
layer. A slow ow is created by hydrostatic pressure such that
the lipid decorated oil–buffer interfaces are pushed through
both channels and are brought in close vicinity at the junction.
When the two monolayers touch each other, a zipping
phenomenon driven by the intermolecular forces between the
hydrophobic tails will occur, forming a bilayer (Fig. 3A, C and
D). Optical images of the bilayer formation occurring in the chip
were acquired with uorescence microscopy at 10× magnica-
tion. The angle q between the two leaets of the bilayer can be
obtained by analyzing the optical micrographs.
Interfacial tension g and bilayer tension G

Interfacial tension g of a water–oil interface decorated with
a monolayer of the lipid mixture is measured via the standard
© 2024 The Author(s). Published by the Royal Society of Chemistry
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pendant drop method using a WCA goniometer (OCA 20,
DataPhysics Instruments GmbH, Filderstadt, Germany). Briey,
a 1 mg mL−1 solution of lipid in squalene (0.858 g cm−3) is
transferred in an optical glass cuvette. A drop of imaging buffer
solution (0.997 g cm−3) is introduced from a needle that is
dipped into the solution and the change of drop shape was
observed over time, i.e. as a monolayer is formed at the inter-
face. The droplet contour was tted according to the Young–
Laplace equation to obtain the interfacial tension g. The
decrease of g due to the adsorption of lipids to the newly created
interface is recorded over 20–30 minutes until a plateau is
reached, denoting the interfacial tension of the monolayer
decorated interface.

From the values of the interfacial tension g and the bilayer
contact angle q, the bilayer tension G can be calculated using
Young's equation:28,29

G = 2g cos q (1)

Although the bilayer tension G and the pre-stress in the
spanned bilayer s are, in principle, the same quantity, namely
the in-plane stress in the bilayer, they are named differently
here to clarify their different origin: as the preparation condi-
tions are different, it is not expected to measure the same in-
plane stress in both experimental setups. Particularly, the
bilayer tension G in the microuidic setup results from the
interfacial tension g and the adhesion energy DW between the
two bilayer leaets as

DW = 2g − G = 2g(1 − cos q). (2)
Fig. 4 AFM images showing PMC (A and B) and PMC− (C) lipid
membranes spanning holes in a functionalized Au-grid. Section
analysis in B and C show intact (red and black) and broken (light red
and gray dashes) membranes respectively for PMC and PMC−. Images
were recorded at a PeakForce Setpoint of 280 pN. Additional images of
PMC and PMC− are reported in Fig. SI1.†
Results

Unsupported lipid membranes with PM-like composition
(PMC) or with a PM-like composition without CL and SM
molecules (PMC−) spanning hydrophilic coated TEM grids
(pore diameter 1.2 mm and 0.8 mm) were formed. AFM scans
(Fig. 4) revealed the presence of membranes over the selected
spots. The AFM cross sections (Fig. 4b and c) show that the
membrane covers the rim around the hole, which has a height
of ca. 20 nm, and is recessed inside the hole below the actual
substrate's surface to a depth of ca. 70–100 nm.

We performed AFM force–indentation (F–d) measurements
in the center of membrane-covered holes (Fig. 5A). From these
data, we extracted the three parameters of breakthrough force
(BF), elastic modulus (E), and bilayer pre-stress (s) in order to
understand the effect of CL and SM on the mechanical prop-
erties of the PMC membranes. BF is dened as the maximum
force the membrane can withstand before it ruptures, indicated
by an abrupt decrease in force. It can be correlated to the
packing density of lipids in the membrane.30 The F–d curves
reported in Fig. 5A show a nonlinear response in the region
between the snap in/contact point, which is due to tip–surface
interactions like capillary forces, and the BF point. This region
was tted (green dashed lines) with a model from non-linear
© 2024 The Author(s). Published by the Royal Society of Chemistry
elastic theory of membranes25 (see ESI†) enabling an estima-
tion of both the elastic modulus E of the bilayer and its pre-
stress s.

The histograms shown in Fig. 5B are a collection of BFs from
PMC and PMC− membranes. They exhibit peaks that are tted
by Gaussian functions centered at (366 ± 7) pN for PMC and at
(146 ± 9) pN for PMC−.

In Fig. 5C, E values obtained from the tting procedure are
plotted. Since no dependency on the hole radius was observed,
we combined data from membranes spanning holes of 0.8 mm
and 1.2 mmdiameter. The maximum indentation depth reached
in the experiment, however, affects the accuracy of the estima-
tion of the Young's modulus. Since the stretching of the bilayer
RSC Adv., 2024, 14, 13044–13052 | 13047
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Fig. 5 (A) F–d curves on PMC (red) and PMC− (black) membranes. (B)
Histograms of the breakthrough force values (BF) for PMC (red) and
PMC− composition (black) fitted using a Gaussian function. (C) Stacked
histograms reporting the Young's modulus E for PMC (red squares for
d > 0.03 and pink for d < 0.03) and PMC− (black squares for d > 0.03 and
gray for d < 0.03). Additional F–d curves are reported in Fig. SI2.†

Fig. 6 (A) Box plots of pre-stress s (±SE) values recorded via AFM
indentation measurements for PMC and PMC− compositions. (B) Plots
of interfacial tensions recorded via pendant drop measurements and
optical micrographs of the membranes formed in a microfluidic chip
showing respectively the interfacial tension g and the bilayer angle q

for PMC and PMC− compositions. q and g are used to calculate the
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is more pronounced for larger indentations, the elastic
modulus will be more important for the force response of the
bilayer and thus, the estimation of E is improved. From a plot of
the obtained E-values vs. the scaled maximum indentation
depth on hole radius d/R we decided for a threshold of d/R =

0.03. Only values above this threshold were used for the esti-
mation of the mean value of E. In Fig. 5C, histograms of the E-
value distributions are presented where the excluded values
with d/R < 0.03 are displayed as lighter shaded bars showing that
13048 | RSC Adv., 2024, 14, 13044–13052
they are mainly high value outliers in the distributions. Values
above this threshold (red and black bars of Fig. 5C) are tted
with a Gaussian distribution with a peak value for the elasticity
modulus E at (513 ± 19) MPa and (21.4 ± 0.5) MPa for the PMC
(red squares) and PMC− (black squares) compositions,
respectively.

Pre-stress values s extracted from the F–d measurements that
are shown in Fig. 5A are reported in Fig. 6A. We nd that the value
for s is reduced from (5.2 ± 0.8) mN m−1 for the PMCmembrane
to (2.0 ± 0.2) mN m−1 for the PMC− membrane. For qualitative
comparison, the tension in the bilayer for both compositions was
also determined from the contact angle q of two contacted lipid
monolayers in a microuidic setup. Together with the interfacial
tension g of the monolayer, which was measured using the drop
shape analysis of a pendant drop, and employing the Young–
Laplace equation (eqn (1)),26 bilayer tension values G of (13 ± 4)
mN m−1 and (10 ± 1) mN m−1 (Fig. 6B) were obtained for PMC
and PMC− membranes, respectively. These values relate via eqn
(2) to adhesion energies DW between the sheets of (2.3 ± 0.2) mJ
m−2 and (1.4 ± 0.3) mJ m−2.

In addition to the mechanistic insights, we used the imaging
capabilities of the AFM to resolve the bilayer surface. Our choice
to employ unsupported membranes for AFM investigation is
guided by the need to construct platforms for protein
bilayer tension G with the Young–Laplace equation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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observation and detection of its related processes, i.e., diffu-
sion, kinetics assembly, pore forming mechanisms. Fig. SI3†
shows a series of AFM images of the free-standing part of the
bilayer recorded while the protein broblast growth factor 2
(FGF2-GFP) was added to the solution above the bilayer, using
a uid cell setup. These AFM time-lapse frames show the
adsorption of this peripheral protein across the bilayer.
However, due to the uidity of lipid membranes and the diffi-
culty of imaging standing portions of lipid membranes, it is
hard to picture a clear statement from the reported images.

Discussion

The described characterization allowed us to gain insight to the
mechanics of membranes. The BF values of (366 ± 7) pN and at
(146 ± 9) pN recorded by AFM for both unsupported PMC and
PMC− membranes imply a difference in the compactness of the
two membranes. The PMC membranes exhibit a higher break-
through force, meaning that the membrane can resist the
applied force more strongly. This observation matches quite
well with the condensing effect of cholesterol,31 which is well
known to regulate the membrane uidity and produce an
ordering of the lipids, leading to a decrease in its
permeability.31–33 Such insights have been suggested already by
studies of SLBs34–36 where information about the chemical
composition of the membrane, its lipid packing, and the
surrounding environment were gained from the BF. Sullan
et al.37 found that an increase of the BF was observed in the SM/
Chol-enriched liquid-ordered domains (Lo) compared with the
DOPC-enriched uid-disordered phase (Ld). While the BF
values they reported for SLBs were in the nN-range, our results
for free-standing membranes fall, however, in the pN-range.
Such differences are reasonably explained by the absence of
a solid support. In our setup, the AFM cantilever causes a tensile
stress and thus a stretching of the whole free-standing part of
the membrane. On the molecular scale, this translates into
a reduction of the packing density, which facilitates rupture of
the bilayer (at the BF point) through the increase in inter-
molecular distances. In the SLB, in contrast, the AFM tip cau-
ses a localized compressive stress in order to punch through the
bilayer, inducing an even higher packing density.

A closer insight into the mechanics of PMC lipid membranes
and into the interplay of cholesterol and sphingomyelin can be
obtained by extracting the stretching elasticity of the bilayer
from the F–d curves. Therefore, a theoretical description derived
from the Föppl–von Karman model of elastic membranes was
used. For a clamped elastic membrane under a central point
load, a linear relation between force and indentation is pre-
dicted if the indentation is small and the pre-stress is not
negligible. For higher indentations and small or negligible pre-
stress, stretching of the membrane dominates and leads to
a cubic relation depending on the elasticity for the membrane,38

F f Ed3. As an approximation, a linear superposition of those
limiting behavior descriptions is used in similar studies39–41

F ¼ spdþ pEh

3R2
d3 (3)
© 2024 The Author(s). Published by the Royal Society of Chemistry
where h is the bilayer thickness, here assumed as 6.7 nm for
PMCmembranes and as 6.0 nm for PMC−membranes,42,43 R the
hole radius, E the elastic modulus and s the pre-strain of the
membrane. Note, however, that in this setup the membrane is
stretched laterally and thus only its lateral 2D elasticity E2D is
probed. E2D is related to E as E2D = E × h under the assumption
of an isotropic material, which is not strictly valid in this case.
We nevertheless state the values for E for a better comparability.
In the data of this study (Fig. SI4 and SI5†), both behaviors,
linear and cubic, can be observed: a constant slope for low
indentations and a deviation from the linear dependency for
higher indentations of d/R T 0.03. Therefore, the accuracy with
which E is determined increases with higher d. Physically, this
reects the notion that the more the membrane is indented, the
more it is stretched, and the more important Young's modulus
becomes.

Since the data of this study fall, however, mostly in the
transition region between linear and cubic behavior, where the
inaccuracy of the simple model is highest, we chose a slightly
more complicated, yet analytically exact solution of the theo-
retical model by Jin et al.25,44 (see ESI for details†). Data shown in
Fig. 5C and 6A were obtained by tting this model to the
experimental F–d curves. Compared to the approximation of
eqn (1), we obtained slightly lower values for E and s as well as
a lower scattering (a comparison between the approximate and
exact solution of the model is reported in Fig. SI4†). The ob-
tained elasticity values recorded upon membrane indentation
vary from 10 to 1000 MPa. Thereby, lower elasticity values are
found for higher maximum indentation depths, with the
smallest near 100 and 30 MPa for PMC and PMC− membranes,
respectively (Fig. SI4†). The latter values correspond to the
maximum achievable membrane stretching.

The obtained results on membrane mechanics match with
many works reported in literature15,45 where the role of SM and
CL is attributed to an increase in stiffness. Yet, in most of the
studies elasticity of membranes has been extensively probed for
supported lipid bilayers and vesicles, but rarely for unsupported
membranes. To enable a better comparison for the data deter-
mined from this study with elasticity measurements from
vesicle indentation,46,47 where normally the bending rigidity is
probed, we calculated this property from our measurements via

Kc ¼ Eh3

12 ð1� n2Þ (4)

where n is the Poisson ratio kept as 0.485,48 E the elastic
modulus and h the membrane thickness. We nd values of
about 200 × 10−19 J and 9 × 10−19 J at maximum indentation
depths for PMC and PMC− membranes, respectively. Such
values are slightly above those typically reported in the litera-
ture for membranes not containing rigid molecules such as SM
and CL9,20,49 and could be attributed to the presence of rigid-like
lipids such as SM and CL that increase the membrane rigidity.
Our results report a remarkable membrane rigidity, which is
even larger compared to cholesterol enriched membranes.15,50

Sphingomyelin, in fact, increases the packing density of the
membrane due to its hydrogen bond forming capacity with
neighboring lipids.17 Also, the PI(4,5)P2 may cause, due to its
RSC Adv., 2024, 14, 13044–13052 | 13049
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conical shape, a stiffening of themembrane15 and an increase of
the lateral pressure in the acyl chain region.51

Studies on tension and pre-stress instead have been carried
out more extensively also for monodisperse and unsaturated
lipids on unsupported membranes.21,23,52 In the work of Kocun
et al.,21 site specic force indentation experiments on porous
substrates were performed to determine membrane tension as
a function of lipid composition. Although they used a similar
setup, their pure POPC or DOPC membranes showed only
a linear force–indentation behavior, which did not allow for
a determination of the bilayer's elasticity. They obtained,
however, an apparent spring constant, which depends on the
preparation-imposed pre-tension of the bilayer and is compa-
rable to (sp) in our analysis. They observed an increase in the
apparent spring constant for DOPC membranes from about 1.0
mN m−1 to 3.5 mN m−1 aer the addition of cholesterol, which
matches well with our ndings, where the addition of the two
rigid-like components cholesterol and sphingomyelin led to
a shi from 2 mN m−1 to about 5 mN m−1. In the case of the
spannedmembrane, the tension of the membrane is inuenced
by the adhesion to the substrate surrounding the hole, where
a higher adhesion leads to a higher tension.52,53 For the
membranes in the microuidic setup, the tension is directly
given by the adhesion between the sheets via eqn (2). For both
situations, a higher tension thus means an increase in adhe-
sion; in one case, to the substrate and, in the other case,
between the leaets. It is interesting to note that the addition of
CL and SM in the membrane leads, in both cases, to an
increased adhesion. However, the ratio of this increase seems
too large to be attributed solely to an increased molecular
density in the bilayer.

Our observations shed light on the function of sterols and
sphingolipids on more complex compositions, namely on
membranes composed by seven different lipid types, each of
them featuring polydispersity in unsaturation degree and
carbon chain length.45 Previous studies showed that for certain
proteins, e.g. the FGF2 used in our experiments, both binding
and translocation are highly enhanced when cholesterol and
sphingomyelin are present.54 The underlying mechanism
remains not entirely elucidated, but it's probable that variations
in tension and the lipids' inherent properties play signicant
roles in this phenomenon.

Conclusions

The technology of membrane biomechanics is continuously in
evolution and currently many systems are studied, from in vitro
constructed liposomes,55 pore spanning membranes,35

synthetic cells56 to entire cells,57 using a variety of techniques,
including AFM, uctuation spectroscopy and micropipette
aspiration. In our study, we employed atomic force microscopy,
atomic force indentation and less extensively alsomicrouidics,
to achieve insights into mechanical properties, such as bilayer
tension and elasticity, morphological features, and protein-
membrane interaction studies on unsupported membranes.
Starting from the pore spanning technology we used biomi-
metic lipid membranes for which we chose a plasma
13050 | RSC Adv., 2024, 14, 13044–13052
membrane-like composition from natural lipids, to shed light
on the properties of complex membranes, which feature lipid
heterogeneity and polydispersity. The focus was mainly on the
role of cholesterol and sphingomyelin, for which there is still
a lack of information. The shi in the values of elastic modulus,
of the breakthrough force as well as in the adhesion energies
between PMC and PMC− shows how the combination of
different bilayer components affects the compactness and the
mechanics of the membranes. This led us to the conclusion that
cholesterol and sphingomyelin increase membrane tension and
rigidity even in more complex PMC compositions. Eventually,
we propose the described unsupported membranes as an
alternative to supported ones as model for systematic studies
with more natural dynamics.
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R. Dimova, Mechanical properties of plasma membrane
vesicles correlate with lipid order, viscosity and cell
density, Commun. Biol., 2019, 2, 337.

16 R. M. A. Sullan, J. K. Li and S. Zou, Direct Correlation of
Structures and Nanomechanical Properties of
Multicomponent Lipid Bilayers, Langmuir, 2009, 25, 7471–
7477.

17 J. P. Slotte, The importance of hydrogen bonding in
sphingomyelin's membrane interactions with co-lipids,
Biochim. Biophys. Acta, Biomembr., 2016, 1858, 304–310.

18 N. Delorme and A. Fery, Direct method to study membrane
rigidity of small vesicles based on atomic force microscope
force spectroscopy, Phys. Rev. E, 2006, 74, 030901.
© 2024 The Author(s). Published by the Royal Society of Chemistry
19 H. A. Faizi, C. J. Reeves, V. N. Georgiev, P. M. Vlahovska and
R. Dimova, Fluctuation spectroscopy of giant unilamellar
vesicles using confocal and phase contrast microscopy,
So Matter, 2020, 16, 8996–9001.

20 R. Dimova, Recent developments in the eld of bending
rigidity measurements on membranes, Adv. Colloid
Interface Sci., 2014, 208, 225–234.

21 M. Kocun, T. D. Lazzara, C. Steinem and A. Janshoff,
Preparation of Solvent-Free, Pore-Spanning Lipid Bilayers:
Modeling the Low Tension of Plasma Membranes,
Langmuir, 2011, 27, 7672–7680.

22 J. P. Steringer, et al., Phosphatidylinositol 4,5-Bisphosphate
(PI(4,5)P2)-dependent Oligomerization of Fibroblast
Growth Factor 2 (FGF2) Triggers the Formation of a Lipidic
Membrane Pore Implicated in Unconventional Secretion, J.
Biol. Chem., 2012, 287, 27659–27669.

23 F. Heinemann and P. Schwille, Preparation of Micrometer-
Sized Free-Standing Membranes, ChemPhysChem, 2011, 12,
2568–2571.

24 A. Som, et al., Strong and Elastic Membranes via Hydrogen
Bonding Directed Self-Assembly of Atomically Precise
Nanoclusters, Small, 2022, 18, 2201707.

25 C. Jin, A. Davoodabadi, J. Li, Y. Wang and T. Singler,
Spherical indentation of a freestanding circular membrane
revisited: Analytical solutions and experiments, J. Mech.
Phys. Solids, 2017, 100, 85–102.

26 N. Khangholi, R. Seemann and J.-B. Fleury, Simultaneous
measurement of surface and bilayer tension in
a microuidic chip, Biomicrouidics, 2020, 14, 024117.

27 Y. Guo, M. Werner, R. Seemann, V. A. Baulin and J.-B. Fleury,
Tension-Induced Translocation of an Ultrashort Carbon
Nanotube through a Phospholipid Bilayer, ACS Nano, 2018,
12, 12042–12049.

28 J. Bibette, F. L. Calderon and P. Poulin, Emulsions: basic
principles, Rep. Prog. Phys., 1999, 62, 969–1033.

29 D. Needham and D. A. Haydon, Tensions and free energies
of formation of ‘solventless’ lipid bilayers. Measurement of
high contact angles, Biophys. J., 1983, 41, 251–257.

30 B. Gumı́-Audenis, F. Sanz and M. I. Giannotti, Impact of
galactosylceramides on the nanomechanical properties of
lipid bilayer models: an AFM-force spectroscopy study, So
Matter, 2015, 11, 5447–5454.

31 W.-C. Hung, M.-T. Lee, F.-Y. Chen and H. W. Huang, The
Condensing Effect of Cholesterol in Lipid Bilayers, Biophys.
J., 2007, 92, 3960–3967.

32 T. Róg, M. Pasenkiewicz-Gierula, I. Vattulainen and
M. Karttunen, Ordering effects of cholesterol and its
analogues, Biochim. Biophys. Acta, Biomembr., 2009, 1788,
97–121.

33 B. Gumı́-Audenis, et al., Structure and Nanomechanics of
Model Membranes by Atomic Force Microscopy and
Spectroscopy: Insights into the Role of Cholesterol and
Sphingolipids, Membranes, 2016, 6, 58.

34 S. Garcia-Manyes and F. Sanz, Nanomechanics of lipid
bilayers by force spectroscopy with AFM: A perspective,
Biochim. Biophys. Acta, Biomembr., 2010, 1798, 741–749.
RSC Adv., 2024, 14, 13044–13052 | 13051

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra00738g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 4

/2
0/

20
26

 1
0:

51
:3

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
35 A. Janshoff and C. Steinem, Mechanics of lipid bilayers:
What do we learn from pore-spanning membranes?,
Biochim. Biophys. Acta –Mol. Cell Res., 2015, 1853, 2977–2983.

36 S. Chiantia, J. Ries, N. Kahya and P. Schwille, Combined
AFM and Two-Focus SFCS Study of Ra-Exhibiting Model
Membranes, ChemPhysChem, 2006, 7, 2409–2418.

37 R. M. A. Sullan, J. K. Li, C. Hao, G. C. Walker and S. Zou,
Cholesterol-Dependent Nanomechanical Stability of Phase-
Segregated Multicomponent Lipid Bilayers, Biophys. J.,
2010, 99, 507–516.

38 U. Komaragiri, M. R. Begley and J. G. Simmonds, The
Mechanical Response of Freestanding Circular Elastic
Films Under Point and Pressure Loads, J. Appl. Mech.,
2005, 72, 203–212.

39 M. Kocun, et al., Viscoelasticity of pore -spanning polymer
membranes derived from giant polymersomes, So Matter,
2010, 6, 2508–2516.

40 R. Zhang, V. Koutsos and R. Cheung, Elastic properties of
suspended multilayer WSe2, Appl. Phys. Lett., 2016, 108,
042104.

41 Y. Wang, et al., Thermomechanical Response of Self-
Assembled Nanoparticle Membranes, ACS Nano, 2017, 11,
8026–8033.

42 P. V. Konarev, A. Yu. Gruzinov, H. D. T. Mertens and
D. I. Svergun, Restoring structural parameters of lipid
mixtures from small-angle X-ray scattering data, J. Appl.
Crystallogr., 2021, 54, 169–179.

43 F. Lolicato, et al., Cholesterol promotes clustering of PI(4,5)
P2 driving unconventional secretion of FGF2, J. Cell Biol.,
2022, 221, e202106123.

44 K.-T. Wan, S. Guo and D. A. Dillard, A theoretical and
numerical study of a thin clamped circular lm under an
external load in the presence of a tensile residual stress,
Thin Solid Films, 2003, 425, 150–162.

45 M. Saeedimasine, A. Montanino, S. Kleiven and A. Villa, Role
of lipid composition on the structural and mechanical
features of axonal membranes: a molecular simulation
study, Sci. Rep., 2019, 9, 8000.
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