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2Formation and Nanoscale Characterization of Asymmetric
3Supported Lipid Bilayers Containing Raft-Like Domains
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5Iván Ortega-Blake, Carlos Muñoz-Garay, and Sabina M. Maté

6Abstract

7The development of new strategies for achieving stable asymmetric membrane models has turned inter-
8leaflet lipid asymmetry into a topic of major interest. Cyclodextrin-mediated lipid exchange constitutes a
9simple and versatile method for preparing asymmetric membrane models without the need for sophisticated
10equipment. Here we describe a protocol for preparing asymmetric supported lipid bilayers mimicking
11membrane rafts by cyclodextrin-mediated lipid exchange and the main guidelines for obtaining structural
12information and quantitative measures of their mechanical properties using atomic force microscopy and
13force spectroscopy; two powerful techniques that allow membrane characterization at the nanoscale.

14Keywords Membrane asymmetry, Lipid domains, Supported lipid bilayers, Lipid exchange, Cyclo-
15dextrins, Atomic force microscopy-force spectroscopy

161 Introduction

17During the last century, the use of lipid membrane model systems
18(e.g., free-standing bilayers, supported bilayers, monomolecular
19films at the air/water interface) has made a tremendous impact in
20the field of membrane biophysics allowing the study of structural
21and dynamical aspects of biomembranes. Asymmetric model sys-
22tems are gaining increasing interest since they represent a more
23accurate version of biological membranes. Cells actively maintain
24an asymmetric distribution of phospholipids across the membrane
25with phosphatidylcholine and sphingolipid species mostly present
26in the outer leaflet; and phosphatidylserines, phosphatidylethano-
27lamines, and phosphatidylinositols mainly located in the cytoplas-
28matic leaflet [1, 2]. In recent years, different methodologies for
29preparing asymmetric models have been developed and improved
30[3–9]. In particular, the exchange of outer membrane lipids
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31catalyzed by cyclodextrins (CDs) has been successfully applied to
32prepare asymmetric small, large, and giant unilamellar vesicles
33(SUVs, LUVs, GUVs) [7, 10, 11] and more recently, to produce
34asymmetric supported lipid bilayers (SLBs) [12, 13]. By taking
35advantage of the lipid solubilizing capacity of CDs [14], one spe-
36cific lipid can be carried in soluble lipid-CDs complexes that inter-
37act with the external leaflet of the bilayer and deliver their cargo
38through lipid exchange, producing a local enrichment that gener-
39ates asymmetry in the lipid composition. This approach has opened
40a new window to studies on the role of lipid asymmetry and its
41impact on membrane structure and function [15]. The architecture
42and properties of lipid domains, like the sphingolipids-enriched
43ordered domains (rafts) [16], in asymmetric systems are of particu-
44lar interest to further the understanding of how lipid domains may
45form and act in vivo [17, 18].
46Atomic force microscopy (AFM) is an outstanding technique
47to study the membrane organization at the nanoscale since it
48enables nanometer lateral resolution and angstrom vertical resolu-
49tion in samples under physiological conditions and avoids the use of
50exogenous probes [19]. As a complement to AFM imaging, Force
51spectroscopy (FS) measurements can be performed to explore the
52nanomechanical properties of the bilayers which are related to lipid
53composition and phase behavior [20–23]. The combined AFM-FS
54techniques, therefore, provide nanometer/nanonewton resolution
55allowing the study of phase segregation and physical properties of
56the bilayers.
57In this chapter, we describe a protocol for preparing asymmet-
58ric SLBs mimicking membrane rafts by CD-mediated lipid
59exchange suitable for AFM-FS measurements. Also given is a gen-
60eral overview on data acquisition and analysis to extract information
61about asymmetric membranes’ structure and nanomechanics using
62those techniques. This experimental approach expands the applica-
63bility of membrane models allowing new studies on membrane
64properties and protein function in asymmetric environments.

652 Materials

2.1 Solutions 661. 2 mg/mL 1,2-Dioleoyl-sn-glycero-3-phosphocholine
67(DOPC) stock solution in HPLC grade chloroform or chloro-
68form: methanol 2:1 (v/v).

692. 25 mg/mL N-palmitoyl-D-erythro-sphingosyl phosphoryl-
70choline (SM) stock solution in HPLC grade chloroform or
71chloroform: methanol 2:1 (v/v) (see Note 1).

723. 1 mg/mL Cholesterol (Chol) stock solution in HPLC grade
73chloroform or chloroform:methanol 2:1 (v/v).
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74Store the lipid stock solutions in light safe glass vials her-
75metically closed at �20 �C (see Note 2).

764. HEPES-buffered saline (HBS Buffer), 20 mM HEPES,
77150 mM NaCl, pH 7.4.

785. HBS-Ca2+ Buffer, 20 mM HEPES, 150 mM NaCl, 3 mM
79CaCl2, pH 7.4.

806. Prepare the solutions in ultrapure Milli Q water (resistivity of
8118.2 MΩ cm at 23 � 1 �C), filter through 0.22 μm-pore-size
82filters, and keep them at 4 �C until use.

837. 30 mMMethyl-β-cyclodextrin solution in HBS Buffer (MβCD
84stock solution; see Subheading 3.1.2).
85

2.2 General

Materials

861. Glass vials.

872. Glass microsyringes.

883. 1.5 mL light-proof microcentrifuge tubes.

894. Ultracentrifuge tubes.

905. 0.22 μm-pore-size filters.

916. Muscovite mica grade V-1.

927. Adhesive tape.

938. Silicon nitride cantilevers.
94

2.3 Equipment 951. Vacuum desiccator.

962. Bath sonicator.

973. Heating block.

984. Ultracentrifuge.

995. AFM microscope.
100

1013 Methods

3.1 Preparation of

MβCD-SM Complexes

3.1.1 Preparing SM

Multilamellar Vesicles

(MLVs)

1021. Calculate the volume of the SM stock solution needed to
103prepare 333 μL of a 15 mM lipid suspension (see Notes 3 and
1044).

1052. Measure the calculated volume of the stock solution with a
106glass microsyringe and transfer it into a clean glass tube.

1073. Evaporate the solvents under a stream of N2 while gently
108rotating the tube to form a thin lipid film at the bottom of
109the tube.

1104. Place the tube under vacuum overnight to further remove the
111solvents.

1125. Add 333 μL of HBS Buffer prewarmed at 65 �C and let the
113lipids hydrate for 10 min at 65 �C (Fig. 1, Panel a).
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1146. Assist lipid dispersion by vigorous vortexing.

1157. Reheat the lipid suspension to 65 �C for 10 min and repeat the
116vortex mix step. Repeat this procedure until complete lipid
117detachment (see Note 5).
118

3.1.2 Preparing MβCD

Stock Solution

1191. Calculate the amount of MβCD needed to prepare 667 μL of a
12030 mM solution.

1212. Weight the calculated mass in an analytical balance and dissolve
122MβCD in 667 μL of HBS Buffer at 65 �C.

1233. Homogenize the solution using a vortex mixer.
124

3.1.3 Forming the

MβCD-SM Complexes

1251. Mix the 667 μL of the 30 mMMβCD solution with the 333 μL
126of 15 mM SM MLVs at 65 �C in a light-safe microcentrifuge
127tube (Fig. 1, Panel a). The final concentrations in the mixture
128will be 20 mM and 5 mM, respectively (see Note 6).

1292. Incubate for 3 h at 70 �C in a dry heating block with continu-
130ous shaking (350 rpm) (see Note 7).

1313. Divide the total volume according to the capacity of the avail-
132able ultracentrifuge tubes (see Note 8).

1334. Centrifuge at 54,000 � g for 20 min at 4 �C (see Note 9).

1345. Carefully separate the supernatant containing the MβCD-SM
135complexes with a microsyringe.

1366. Filter through 0.22 μm-pore-size syringe filters (see Note 10).

1377. Aliquot the total volume and store the complexes at �20 �C
138until use.
139

+

DOPC/Chol 
3:1 lipid film

SM lipid film

Vortex

DOPC/Chol
MLVs

DOPC/Chol
SUVs

Vortex

SM MLVs MbCD
MbCD-SM 
complexes

Sonicate 30 
min at 40 °C

A

B

Incubate 3 h 
at 70 °C

Hydrate with 
HBS at 65 °C

Hydrate with 
HBS at 40 °C

Fig. 1 Illustrated protocol for preparing MβCD-SM complexes and DOPC/Chol SUVs. Panel (a) schematic
presentation of the SM MβCD solubilization process to assess soluble MβCD-SM complexes for lipid
interchange. Panel (b) preparation of DOPC/Chol (3:1, mole ratio) SUVs for the subsequent formation of
supported bilayers
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3.2 DOPC/Chol (3:1

Mole Ratio) SUVs

Preparation

1401. Calculate the volumes of the DOPC and Chol stock solutions
141needed to prepare 500 μL (or the desired volume) of a 3:1
142mole ratio 150 μMDOPC/Chol suspension (e.g., 22.10 μL of
1432 mg/mL DOPC and 7.25 μL of 1 mg/mL Chol stock solu-
144tions for 500 μL).
1452. Measure the appropriate volumes of the lipid solutions with a
146glass microsyringe and put them in a clean glass tube (see Note
1473).

1483. Mix the solution completely by vortexing.

1494. Evaporate the solvents under a stream of N2 gently rotating the
150tube during the procedure to form a thin lipid film at the
151bottom of the tube.

1525. Place the tube under vacuum overnight to further remove the
153solvents (see Note 11).

1546. Add 500 μL of HBS Buffer prewarmed at 40 �C to the tube and
155let the lipids hydrate for 5 min at 40 �C.

1567. Vortex mix the hydrated lipids to formMLVs (Fig. 1, Panel b).

1578. Put the lipids again at 40 �C for 5 min and repeat the vortex
158mix step. Repeat this procedure until complete lipid
159detachment.

1609. Meanwhile, set the bath sonicator at 40 �C.

16110. Introduce the tube in the bath sonicator at 40 �C and sonicate
162for 30 min to form SUVs (Fig. 1, Panel b) (see Note 12).
163

3.3 Formation of

DOPC/Chol (3:1) SLBs

1641. Attach the mica substrate to its corresponding support for
165AFM imaging according to the microscope set up.

1662. Exfoliate the mica by peeling off the outer layer using adhesive
167tape. Repeat this until a uniform smooth mica layer is observed
168attached to the tape.

1693. Add 100 μL of HBS-Ca2+ Buffer prewarmed at 40 �C to the
170surface of the mica and incubate 10 min at 40 �C.

1714. Remove the Buffer.

1725. Add 65 μL of the 150 μM DOPC/Chol 3:1 SUVs suspension
173at 40 �C to the surface of the mica.

1746. Incubate for 20 min at 40 �C (Fig. 2) (see Note 13).

1757. Gently remove the remaining suspension and wash 3 times with
17660 μL of HBS Buffer at 40 �C (see Note 14).

1778. Turn off the heating and let the sample cool and equilibrate at
178room temperature for 1.5 h.

1799. Wash 10 times by adding 60 μL of HBS Buffer at room tem-
180perature each time to further remove the nonadsorbed vesicles,
181leaving 60 μL of fresh HBS Buffer on the surface of the mica
182after the last wash step.
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18310. Set the liquid cell of the AFM microscope at 24 �C, place the
184sample in the liquid cell, and let the sample equilibrate at 24 �C
185for at least 30 min.

18611. Check the integrity of the SLB by AFM-imaging (Fig. 2) (see
187Note 15).
188

3.4 Formation of

Asymmetric SLBs

Through MβCD-
Mediated Lipid

Exchange

1891. Set the liquid cell containing the DOPC/Chol SLB at 37 �C
190(see Note 16).

1912. Prepare a fourfold dilution of the MβCD-SM stock solution in
192HBS Buffer (15 μL stock solution + 45 μL of HBS). This
193results in a solution with 5 mM nominal MβCD concentration
194(see Note 17).

1953. Remove the HBS buffer on the surface of the DOPC/Chol
196SLB and add 60 μL of the MβCD-SM complex (Fig. 2).

1974. Incubate at 37 �C for 30 min.

1985. Remove the remaining suspension and delicately wash 15 times
199with 60 μL of HBS buffer at 37 �C. Leave 60 μL of fresh HBS
200buffer on the surface of the SLB and let the bilayer equilibrate
201at 24 �C.

2026. Confirm SM incorporation and domain formation through
203AFM-imaging (Fig. 2).

nm 

0 

1 
nm 

0 

1 

DOPC/Chol 3:1 
SUVs 

20 min at 40°C 

AFM-imaging Incubate with 
MbCD-SM 30 
min at 37 °C 

SUVs fusion 

AFM-imaging 

Asymmetric SLB 

SM DOPC Chol MbCD-SM 

Fig. 2 Formation of asymmetric supported bilayers by lipid exchange. Schematic presentation of the vesicle
fusion process to obtain DOPC/Chol (3:1 mole ratio) SLBs from SUVs (left schemes). The correct formation of
DOPC/Chol (3:1) SLBs is confirmed by AFM imaging (lower left image). The DOPC/Chol bilayers are then
incubated with MβCD-SM complexes to incorporate SM in the outer leaflet of the bilayers through lipid
exchange, forming asymmetric SLBs (right scheme). After the incubation, the AFM images of asymmetric
SLBs show lipid domains confirming the incorporation of SM (lower right image). (Adapted from Vázquez et al.
2021 [13], with permission from Elsevier)
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2043.5 AFM-Imaging

and Force

Spectroscopy

Measurements

2051. Mount the cantilevers in the atomic force microscope (seeNote
20618).

2072. Calibrate the optical lever sensitivity for the cantilevers acquir-
208ing force curves in a lipid-free mica substrate and determine
209their spring constant using the thermal noise method [24] (see
210Note 19).

2113. Place the liquid cell with the SLB in the AFM stage and let the
212system equilibrate at 24 �C for at least 30 min (see Note 20).

2134. Set the microscope for contact mode and acquire large images
214(e.g., 20 μm � 20 μm) with 512 � 512-pixel resolution at a
215scanning rate of 1 Hz maintaining the minimum possible force.
216Collect images at different positions of the SLB to get a general
217picture of the membrane (see Note 21).

2185. Acquire smaller images (10 μm � 10 μm or 5 μm � 5 μm) with
219512 � 512-pixel resolution in regions where asymmetric lipid
220domains appear.

2216. For measuring the height of the domains, flatten the images
222using a first-order plane correction and trace several line pro-
223files through the image (Fig. 3) (see Note 22).

2247. For force spectroscopic measurements, place a 16 � 16 grid
225(256 curves) over a representative area of the imaged bilayer
226(3 μm � 3 μm or 1 μm � 1 μm) and acquire force curves at
2271 μm/s and 1 Hz with approach and retraction curves com-
228posed of 1024 (distance, force) ordered-pairs each (Fig. 3).

2298. To process the collected data, plot the approach curves as
230force vs. tip-sample separation. Measure the breakthrough
231forces (Fb) and the rupture depths (d) at the region where a
232jump is detected in the curves that reflects a bilayer rupture
233event (Fig. 3). Calculate the Young’s modulus (E) by fitting the
234indentation region of the curves using the classical Hertz con-
235tact model. Process the curves using a home-made software
236routine (see Notes 23–25).

2379. Plot the histogram with the distributions from at least three
238independent sample preparations measured with at least three
239different tips (each sample prepared independently on a
240different day).

24110. Obtain the Fb, d, and E values from Gaussian fittings of the
242data (see Notes 26–28).
243

2444 Notes

2451. Use saturated SM to prepare SLBs mimicking membrane rafts
246(with liquid-ordered (Lo)/liquid-disordered (Ld) phase
247coexistence) [22].
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2482. Aliquot the dissolved lipids in brown vials, displace air with N2

249or other inert gas (Ar, He) previous to storage at �20 �C. Take
250care that the latter needs to be done every time the stock
251solutions are used. Due to solvent evaporation, the stock solu-
252tions become concentrated in time. Therefore, the lipid con-
253centration should periodically be checked or the stock
254solutions divided into aliquots to be used in only a few
255experiments.

2563. Using clean tubes and microsyringes throughout the whole
257procedure is critical for preparing lipid stocks and obtaining
258good quality samples for AFM imaging. Carefully wash the
259tubes and the glass syringes with chloroform:methanol 2:1
260(v/v) before use to avoid contamination. For washing the
261tubes, include a small volume of this solvent, vigorously stir

F (nN)

Tip-sample separation (nm)

d
Fb

F (nN)

Tip-sample separation (nm)

d2

d1
Fb1

Fb2

Height 
(nm)

0

1

Distance (µm)0 5

nm

0

1AFM-imaging

Force 
spectroscopy

EE

SM DOPC Chol

Fig. 3 Characterization of asymmetric SLBs through AFM microscopy and Force spectroscopy. A representa-
tive AFM image of an asymmetric SLB (DOPC/SM/Chol outer leaflet/DOPC/Chol inner leaflet) is presented in
the figure. The height of the domains can be measured by tracing line profiles through the image, as shown for
the dashed white line. After imaging, a 16 � 16 grid is placed over a representative area of the bilayer and
force vs. distance curves acquired at each subregion of the grid (256 curves per grid) by Force spectroscopy.
Force vs. distance curves are then transformed into Force vs. tip-sample separation curves like the ones
shown in the figure. From these curves, the breakthrough force (Fb), and the rupture depths (d ) can be
measured at the region where a jump is detected that reflects a bilayer rupture event. The Young’s modulus (E)
can also be calculated by fitting the indentation region of the curves (red dotted lines) using the Hertz contact
model. In this system, asymmetric Lo domains featured characteristic curves with two rupture events that
could be attributed to an Ld phase that collapsed first at lower forces and then a Lo phase that ruptured
secondly at higher Fb values (bottom right schemes). The continuous Ld phase showed single rupture events
at low Fb values (bottom left schemes). (Adapted from Vázquez et al. 2021 [13], with permission from Elsevier)
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262in a vortex mixer, and then safely discard the solvent. Repeat
263this procedure at least 10 times. Microsyringes need to be
264carefully washed both before and after measuring each volume
265of lipid by filling the syringe and discarding the solvent, 10–15
266times.

2674. The volumes reported here yield 1 mL of MβCD-SM com-
268plexes. Lower volumes can be prepared according to the exper-
269imental needs and available ultracentrifuge tubes. MβCD-SM
270complexes can be stored at �20 �C for at least 3 months.

2715. Usually, repeating this procedure 3 times is enough to achieve
272the complete detachment and resuspension of the lipid film,
273which can be evidenced by visual inspection of the bottom of
274the tube. This results in a milky suspension due to the high lipid
275concentration in the SM MLVs suspension.

2766. Cyclodextrins are α-1,4-linked cyclic oligosaccharides that
277form truncated cone-shaped structures with a hydrophilic out-
278side, that confers solubility in aqueous media, and a hydropho-
279bic inner cavity which allows them to carry lipophilic guest
280molecules that fit in that cavity [25]. Specifically, MβCD mole-
281cules consist of seven glucopyranose units randomly methy-
282lated on the external hydroxyl groups (Fig. 4). MβCD has a
283high affinity for Chol molecules and is widely used at low
284concentrations to remove Chol from cell membranes. Not-
285withstanding, at high concentrations, MβCD can bind to phos-
286pholipids and solubilize phospholipid bilayers [14]. The cavity
287of MβCD has a diameter of ~0.6–0.65 nm and ~0.8 nm in
288height. Considering that a 16C acyl chain is ~2 nm in length,
289two MβCD molecules are proposed to bind to each acyl chain,
290therefore, forming MβCD-phospholipid complexes with 4:1
291stoichiometry (Fig. 4). Results from calorimetric studies agree
292with this model [14].

2937. The suspension should become clear after the incubation due
294to solubilization of MLVs.

2958. Ultracentrifugation tubes should be filled to at least 2/3 of
296their maximum capacity to prevent collapsing of the walls.

2979. Since most of the MLVs become solubilized, the pellet is
298sometimes difficult to detect. Mark the ultracentrifuge tubes
299previously to point out where the pellet is expected to appear.
300Set a free deceleration mode to prevent resuspension of the
301pellet.

30210. Pre-wet the filter by passing HBS buffer through to reduce the
303dead volume.

30411. Shorter times can be applied at this step by instead just keeping
305the lipids under vacuum for at least 2 h to assure complete
306solvent removal.
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30712. The 150 μM MLVs suspension is slightly cloudy and gets clear
308after sonication due to the formation of SUVs.

30913. Monitor the amount of buffer on the surface of the SLB during
310the incubation and make sure that the sample does not get dry.
311Add small volumes (10–20 μL) of HBS buffer at 40 �C if
312needed.

31314. Always leave a small amount of buffer on top of the SLB to
314maintain hydration of the lipid bilayer at all times. Be particu-
315larly gentle during the washing steps to avoid destroying the
316bilayer.

31715. It is important to verify the formation of a defect-free DOPC/
318Chol bilayer that is completely covering the mica surface. This
319is to ensure the subsequent interaction of the MβCD-SM
320complexes with the SLB is only to the external leaflet of the
321bilayer.

32216. In our experiments, the incorporation of SM at 37 �C led to
323the formation of Lo phases while performing the exchange at
32424 �C resulted in a mixture of Lo and gel phases [13]. The
325incubation step can also be performed using a heating block
326separate from the stage of the AFM microscope.

32717. Assuming that noMβCD is lost during the incubation with the
328SM MLVs or in the centrifugation step, the nominal MβCD
329concentration in the stock solution would be 20 mM. In our
330experiments, a 1/4 dilution of this stock solution of MβCD-
331SM complexes (resulting in a nominal 5 mM MβCD concen-
332tration) was appropriate for achieving asymmetric stable SLBs

~2 nm 

16:0 SM 

R= H or -CH3 

MbCD 

~0.8 nm 

~0.65 nm 

4:1 
MbCD:SM 
complex 

Fig. 4 MβCD-SM complex stoichiometry. Left Panel: chemical structure of MβCD, depicting the seven
glucopyranose units and the sites of methylation (R). A scheme of the truncated cone-shaped structure of
MβCD showing the diameter and height of its internal hydrophobic cavity is also presented. Middle Panel:
chemical structure of palmitoyl-SM, the SM species used in these studies, with C16 chain lengths (highlighted
in orange). The length of the hydrocarbon chains is depicted in the SM cartoon. Right panel: schematic
representation of the 4:1 soluble complex formed between MβCD and SM used in the lipid exchange process
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333with no major effects of MβCD on the overall Chol levels or
334bilayer integrity after the delivery of SM [13]. Higher MβCD-
335SM concentrations resulted in instability and damage of
336the SLBs.

33718. In our studies, we used V-shaped cantilevers with nominal
338spring constants of 0.01–0.10 N/m and a 2 nm nominal tip
339radius [13]. Low spring constant cantilevers are suitable for
340AFM-imaging of lipid membranes as they exert low forces on
341the sample while sharp tips yield higher image resolution.

34219. Many commercial AFMs contain built-in calibration routines
343based on the thermal noise method to perform this automati-
344cally. The calibration of the cantilevers is of most importance
345for accurately performing the subsequent force spectroscopy
346measurements.

34720. To avoid thermal drift, it is important to equilibrate the SLBs
348with the microscope before imaging. In our experiments, this
349was accomplished in ~30min, but longer times may be needed,
350depending on the conditions.

35121. Once the tip is in contact with the surface, apply a sufficient
352force to ensure the tip maintains contact with the bilayer, but
353low enough to prevent deformation or damage of the SLB
354(typically <0.1 nN). Low scanning rates (<1 Hz) contribute
355to minimizing the friction forces.

35622. Image processing and analysis can be performed using the
357AFM software or other commercially available software (e.g.,
358Gwyddion free software). For statistical analysis, measure sev-
359eral domain heights in different images of at least three inde-
360pendent SLBs preparations.

36123. Force vs. distance (FvsD) curves can be transformed to
362Force vs. Tip-sample Separation (FvsS) curves by calculating
363the Tip-sample separation (S) as:

S ¼ D þ F
kc

ð1Þ
364

365where kc is the calibrated cantilever spring constant. In this
366scheme, the signal of the rupture process is enhanced (Fig. 3).
367By taking the derivative of the Force, the highest peak yields
368the rupture force (Fb) while the width yields the penetration
369depth into the membrane (d). The bilayers Young’s modulus
370(E) can be calculated by fitting the indentation region of FvsS
371curves using the classical Hertz contact model [26]:

F ¼ 4E
ffiffiffiffi

R
p

δ3=2

3 1� ν2ð Þ ð2Þ
372

373where F is the force, E the Young’s modulus, R the tip
374radius, δ the indentation, and ν the Poisson ratio, taken as 0.5.
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37524. For more information on routines for data processing, please
376consult refs. 26 and 27.

37725. In our experiments, the force curves acquired in asymmetric
378domains showed two rupture events that could be attributed to
379a Ld proximal hemilayer that collapsed first due to distal com-
380pression and a Lo outer hemilayer that was punctured by the
381tip in a second rupture event at higher applied forces (Fig. 3).
382The rupture depths (d) of each event agreed with these con-
383siderations. Symmetric Lo/Lo domains, instead, showed sin-
384gle rupture events [13].

38526. Fb corresponds to the maximum force that the bilayer can
386withstand before rupture and represents an intrinsic property
387of the membrane related to the intermolecular interactions
388between the lipid molecules. Notice, though, that Fb values
389will vary with temperature, and buffer conditions (pH, ionic
390strength, presence of divalent cations) since those variables
391affect the mechanical stability of the bilayers [21, 28,
39229]. Also, the chemical properties and geometry of the cantile-
393ver and the tip, the loading force, and approach velocity can all
394influence the Fb values measured [30–32].

39527. The width of the breakthrough step (d) can be used as an
396estimation of the bilayer thickness at the rupture point. This
397depth represents a good estimation of the thickness of only
398the lipid bilayer, even when it is measured at a point in which
399the SLB is under compression, avoiding the contribution of the
400water molecules of the hydration layer [33].

40128. E values reflect the resistance of the SLB against the elastic
402deformation induced by the tip in the indentation region.
403Notice that small variations in the tip’s radius will affect the
404absolute values of the calculated Young’s moduli. Also, con-
405sider that using small indenters, such as the 2 nm tips used in
406our studies, can yield lower Young’s moduli than
407expected [32].

408Acknowledgments

409This work was supported by the Agencia Nacional de Promoción
410Cientı́fica y Tecnológica [PICT 881/2018], and the Consejo
411Nacional de Investigaciones Cientı́ficas y Técnicas (CONICET)
412[PIP 948/2017], Argentina, and Universidad Nacional Autónoma
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