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ABSTRACT

The physic-chemistry of biological membranes is at the origin of fundamental cellular
functions such as vesicle trafficking, cell adhesion and'migration=. Because most of intracellular
shapes and local demixing of membranes take place.in the nanometer scale, AFM becomes an
extremely powerful technique to assess the properties of these biological membranes. Porous
substrates provide ‘an elegant strategy to avoid the, conundrum of placing soft and thin
biomembranes on hard substrates for AFM studies, although the surface chemistry make the
actual substrates rather challenging' setups. Here, we have engineered porous systems on the
most widely used substrate in AFM, mica muscovite, with tunable pore sizes from some tens to
few hundreds nanometers for biological applications. We show that free-standing bilayers on
nano-porous can be obtained by using well-established vesicle spreading methods and that they
display equivalent nano-mechanical stability and phsyco-chemical properties to that of
membranes on conventional mica supports. By reducing the pore radius < 40 nm and limiting the

contribution of membrane tension to the elastic response of free-standing membranes we

estimate a bending modulus of 18 kT and 73 k, T for DOPC and DPPC bilayers, respectively.

The quantitative mapping of suspended membranes shows a different mechanical response at the
pore rims, which is more pronounced for DPPC and suggest a different lipid ordering. We find
that the combination of membrane bending and the different lipid packing at the edges of pores

shapes the curvature of free-standing membranes on pores in the range of few tens of nm.
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INTRODUCTION

Biological membranes are essential components of cells by providing a physical boundary to
the extracellular environment and the intracellular compartmentalization of organelles. Cellular
membranes are 5 nm-thick heterogeneous composites made of a wide diversity of proteins and
lipids with different structural and functional properties. Theinterplay between the biochemical
and mechanical properties of membranes is at the origin of fundamental processes such as exo-
and endocytosis, cell adhesion and migration-. To infer on the mechanical response of cellular
membranes, bottom-up synthetic approaches provide a straightforward strategy by controlling
several parameters such as the lipid composition, membrane organization or protein-lipid
interactions’. Atomic Force Microscopy (AFM) has been widely used to asses the nanoscale
properties of these synthetic minimal systems:, as a result of its unique capabilities to probe the
sample’s mechanics-while accessing to its topographical features, which becomes a major
advantage for those lipid mixtures displaying phase separation at the nm- to meso-scale:.
However, this comes at the expenses of placing thin and soft samples, such as biological
membranes, on solid supports. Indeed, the contribution of the underlying substrate on the
mechanical response of biological membranes as well as on other physico-chemical parameters
such as lipid mobility in the membrane plane® or the lipid symmetry/asymmetry’ should not be
neglected. Several analytical methods have been proposed to overcome the contribution of a hard
substrate on the AFM mechanical measurements of soft samples+, although these approaches do
not take into consideration the physico-chemical contributions. An interesting alternative to
tackle the contribution of the underlying substrate is the engineering of free-standing biological
membranes on porous substrates>. This strategy has been successfully applied on porous
silicon”, alumina®, silicon nitride*, or gold-coated silicon nitride substrates. However, the main
drawback of the current porous substrates used on AFM studies is linked to their surface

chemistry, which makes difficult to obtain a large and homogeneous formation of supported lipid
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bilayers by classic methods, as well as the eventual spontaneous rupture of membranes on large
pores (hundreds of nm to micrometers)-.

Here, we have taken advantage of the most widely used substrate in AFM, which is muscovite
mica, to engineer nano-porous mica substrates of tunable pore sizes from some tens to few
hundreds nanometers for biological applications. We have validated the suitability of nano-
porous mica substrates by assessing the physico-chemical properties of DOPC:DPPC (1:1,
mol/mol) lipid bilayers at the nanoscale using AFM. As a result, we provide a straightforward
strategy to produce free-standing biomembranes that'open up multiple applications in the AFM
field. By performing nano-indentaiton_experiments.and. quantitative mapping of free-standing
membranes suspended on pores of different radius we have evaluated the elastic response and the
correlation between the mid-plane curvature of suspended membranes and pore radius, both for
DOPC and DPPC lipid phases. Our results provide an original strategy to probe the mechanical
properties of biological membranes, including the bending modulus, with access to the lateral
organization and heterogeneity of membranes in the range of tens of nm, which could be further

extended to other relevant lipid mixtures and biological systems.

RESULTS

Control of pore size and crystallinity of porous mica substrates by chemical

etching

Mica substrates are among the most widely used supports for high-resolution AFM
observations of biological samples, as they provide a hydrophilic and atomically flat surface.
Moreover, they offer the possibility of exfoliation, a feature that largely improves sample quality
by exposing clean mica surfaces upon each delamination. To produce porous mica substrates
with improved porous tracks depth, we chose high energy and heavy Xe ions to irradiate mica
wafers over other lighter ions or particles”. In addition, this type of ion tracks should provide the

possibility to further develop the substrates by soft chemical etching. As a result, mica wafers
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where irradiated with 420 MeV Xe ions accelerated using a cyclotron (Cyclotron Research
Center, Louvain-la-Neuve, Belgium and GANIL, Caen, France). We produced a random
distribution of rhombic shape nano-pores with a controlled pore dimension, as shown by the
AFM topographic characterization of nano-porous mica substrates (Figure 1). The pore size was
controlled by the etching time of Xe irradiated mica substrates (see methods) and remained
stable after 3-4 exfoliation cycles, as confirmed by AFM and electron microscopy (Figure 2).
Pore size distribution as a function of the different etching times was established by AFM from
the projected area of the pores and then fitted by assuming a circular shape of radius R (nm). The
average pore radius obtained at each of the etching conditions tested was designed to be 12.9 +
1.0 nm, 204 + 3.0 nm, 32.6 £2.1nm, 42.1 + 4.5 nm and 82.3 + 0.87 nm, as shown in Figure 1C.
The pore density was optimized at 1-10° cm~ (Figure 1A). " High-resolution AFM imaging at the
pores rims confirmed that the Xe ion irradiation and further chemical etching did not render the
outmost mica layers amorphous.as shown by Fast-Fourier Transform (FFT) analysis (Figure 1B).
In addition, we could-observe several mica terraces at the edges of mica pores (see cross-section
analysis in Figure 1B).

The size and crystallinity of nano-porous mica tracks is stable over tens of

microns

To further confirm the crystallinity of the nano-porous mica substrates and establish the pore
length we performed a structural characterization of the samples by Field-Emission Scanning
Electron Microscopy (FE-SEM) and Transmission Electron Microscopy (TEM) (Figure 2). FE-
SEM analysis of nano-porous mica substrates confirmed a remarkable porous length over several
tens of microns (see Figure 2A and 2B). Moreover, we also observed that the pore size
established by the etching time was constant all along the ion tracks (Figure 2C and magnified
region, Figure 2D). TEM images and Electron diffraction analysis confirmed that nano-porous
mica substrates display an atomically flat single crystalline surface with a uniform diameter of
the track-etched pores (see Figure 4D and Figure 4E). Electron diffraction pattern along the

[001] zone axis showed the high crystallinity and crystallographic planes corresponding to the
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facets of the rhombic porous (see yellow dashed dots in Figure 2E). The indexed and
reconstructed unit cell of nano-porous mica substrates confirmed that our substrates present a
monoclinic cell with lattice parameters a=5.19 A, b=9 ,04A, c=20.08A =95.5°. Importantly, this

unit cell has the symmetry expended for the 2M1 muscovite structure®.

Free-standing lipid bilayers on nano-porous mica substrates are mechanically

stable

Next, we evaluated the suitability of the nano-porous mica substrates to obtain continuous lipid
bilayers suitable for AFM studies (Figure 3). To this end, we chose a lipid'mixture consisting of
DOPC:DPPC (1:1, mol/mol) because is amongst the best characterized lipid mixtures in AFM

studies and thus, a suitable in vitro model to correlate our observations with previous works®.

Also, this lipid mixture makes possible‘to-evaluate the behavior of liquid (L, for the DOPC) and

gel (Lg, for the DPPC)-lipid phases at room temperature. DOPC:DPPC lipid bilayers on nano-

porous mica substrates where obtained by classic methods» (see methods section). AFM analysis
of these samples showed the presence of liquid and gel phase separation, in agreement with
previous studies using classic mica substrates. In addition, we confirmed that the resulting lipid
bilayers are continuous and without the absence of apparent defects over several tens of
micrometers (Figure 3A). This feature was also confirmed by epifluorescence microscopy of
DOPC bilayers doped with 0.1% of DOPE-rhodamine. Altogether, suggesting that that formation
of lipid bilayers on nano-porous mica substrates by classic methods, such as the spreading of
small unilamellar vesicles, has a yield comparable to that of classic mica supports.

We then evaluated the stability of free-standing lipid bilayers on nano-porous mica substrates
by performing a topographical mapping of DOPC and DPPC phases spanning over pores of R =
42.1 £ 4.5 nm (Figure 3C). The AFM characterization of liquid and gel phases at minimal
loading forces (i.e. 100 pN) confirmed the existence of free-standing bilayers for the two phases

and showed a profile analysis that is more pronounced in the absence than in the presence lipid
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bilayers and for the DOPC over the DPPC lipids, respectively. The absence of membrane rupture
at any of the setpoint loading forces tested also confirmed that free-standing lipid bilayers on
nano-porous mica substrates are mechanically stable, at least, up to 500 pN, both for the fluid
and gel lipid phases (Figure 3C).

To validate that the chemical etching and the subsequent exfoliation of the outmost mica layers
provide DOPC:DPPC (1:1, mol/mol) lipid membranes comparable to that of conventional mica
substrates we evaluated the elastic properties of both lipid phases away from nano-pores, 1.€. on
supported lipid bilayer (SLBs) (Figure S2). We estimated the Young’s modulus (E) of both
DOPC and DPPC supported lipid bilayers by fitting the Hertz model to retracting force-distance
(FvD) curves acquired uponstatic force spectroscopy measurements. - The resulting E was of
13.3 MPa and 19.1 MPa for the fluid and gel phase, respectively, and was in quantitative
agreement with previous studies performedion SLBs of the same lipid composition”. Taken
together, these observations point ‘out-that free-standing bilayers on nano-porous mica substrates
display equivalent nano-mechanical stability and properties to that of conventional mica

supports.

The mechanical response of free-standing bilayers is modulated by the pore size

The mechanical response of free-standing lipid bilayers on porous substrates is mainly
governed by the membrane tension and bending modulus at moderate AFM indentations, since
membrane stretching is rather prevented by the flow of membrane towards the pore rims. Thus,
for lipid membranes suspended on large pore’s radius, R, of several hundreds of nm, the elastic
response is primarily dictated by the lateral tension of the membrane, as previously suggested-.
This is not the case for smaller pore’s sizes, where the membrane bending could eventually
dominate over tension and thus, become the main mechanical contribution to AFM indentations®.
This behavior is well supported by theoretical predictions and experimental findings on large
pores*, but there is current lack of mechanical studies on smaller pore’s sizes that could provide a

complete picture of the mechanical response of free-standing membranes. Therefore, we
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monitored the mechanical response of free-standing membranes of DOPC and DPPC in the
elastic regime as a function of the pore radius, R (R =204 +3.0 nm, 32.6 + 2.1nm, 42.1 £4.5
nm and 82.3 + 0.87 nm) (Figure 4). For each of the aforementioned pore radius we performed
static force spectroscopy measurements at moderate indentation forces of 100 — 150 pN and FvD

curves were recorded (typical indentation curves obtained are displayed in Figure S1). The

apparent stiffness (K.¢) of DOPC and DPPC lipid membranes was estimated by linear fitting of

FvD curves performed at the center of each of the four diffetent pore radius tested (Figure 4A-

B). The resulting K, on DOPC bilayers was 3810 + 5.8 nN‘umi™, 22.0 + 6.3 nN-pm’™", 13.0 +
2.8 nN-urn-l, and 139 + 7.5 nN-Um'l, respectively. In the case .of DPPC lipid phases we
obtained a K, 0f 153.7 + 38.5 nN-ym’', 70.3 + 8.5nN-pm’", 140 + 2.8 nN-pm’", and 17.6 +

23 nN-|Jm'1, respectively. To confirm-that long-range interaction forces would not provide an

overestimation of our quantifications we evaluated the deformation of lipid bilayers at two
loading forces: 100 pN and 150 pN (Figure S3). As expected, our measurements showed larger
deformation values at 150 pN for both DOPC and DPPC lipid bilayers and for any of the pore

sizes tested. In addition, we found that membrane deformation increases with the pore size and

reaches a plateau at pore sizes of R 2 42.1 + 4.5 nm for both DOPC and DPPC phases.

By invoking thin plate theory, the membrane bending, k, can be estimated by assuming a point
load force Facting on a clamped free-standing membrane suspended on a pore with radius R~:

. 4mEh3 5 = 647TK6
~ 3(1—-v2)R2~  R?

ey
where h is the bilayer thickness>, v the Poisson ratio, and § indentation depth. We found that
the Keff-R2 increases with pore radius and would reach a plateau at radius R > 42.1 + 4.5 nm

therefore, suggesting that above this pore sizes other components than bending modulus might
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contribute to the mechanical response of free-standing membranes. Indeed, this observation is
agreement with previous findings suggesting that increasing pore radius would limit the
possibility to evaluate the membrane bending as a result of the curvature stress exerted by the

AFM tip+. Consequently, from our experimental data on free-standing membranes of DOPC and

DPPC on the porous substrates of R =20.4 + 3.0 nm we estimated a bending modulus of 18 kT

and 73 kT, respectively. Importantly, these values are in quantitative agreement with previous

estimations of the same lipid mixture»»>.
Finally, we assessed the potential heterogeneity in the mechanical properties of free-standing

lipid bilayers we performed high-resolution quantitative mechanical -mapping of DOPC and
DPPC phases suspended on pores of different radius (R = ‘20,to 40 nm) (Figure 4C-D for DOPC

and DPPC, respectively). As expected, we found a-well differentiated apparent stiffness between
supported and suspended DOPC and DPPC lipid bilayers, which supports the results displayed in
Figure 4 A-B from single-point force spectroscopy measurements acquired at the center of pores.
Interestingly, we found slight changes in the apparent stiffness at the pore rims of both DOPC
and DPPC, which could suggest different lipid packing. Indeed, this intermediate stiffness, which
ranged from few to tens of nm, was particularly remarkable in the case of DPPC, possibly as a
result of the increased lipid ordering and the shear-stress forces of gel phases.

Collectively, our experimental data suggest that the mechanical response of free-standing
bilayers is likely modulated by the pore radius with two well-defined trends around R = 40 nm,

with a contribution of membrane bending below this pore size and dominated by the membrane

tension at larger pore’s radius (Figure 4E).

The pore size shapes the curvature of free-standing lipid membranes

A fundamental feature of cellular membranes is related to their ability to be shaped, a process

that is typically assisted by dedicated proteins that can either introduce lipid bilayer asymmetry
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or apply a mechanical constrains to force membranes to bend**. The energy needed to bend a
membrane and thus, undergo a given curvature is, in general terms, related its bending modulus
and to the membrane tension*. Since we found that the pore rim might display different lipid

ordering and that membrane bending is likely to contribute to the elastic response of free-
standing membranes at pore radius R £ 40 nm (Figure 4), we asked whether the pore size could
influence the shape of free-standing membranes. To this end, we performed high-resolution
contact point mapping of DOPC and DPPC lipid membranes suspended on pores with radius R <

40 nm (Figure 5 and Figure S4). Briefly, the contact point mapping 1s based on the acquisition of
series of FvD curves at each pixel ‘'of the image and the subsequent rendering of a topography
image, where the height is determined by the force at which' the tip gets into contact with the
sample, i.e. the contact point. As the contact point mapping minimizes the peak forces exerted on
the sample it should reveal its unperturbed topography profile. Using this approach we have
evaluated the relationship.between the mid-plane membrane curvature as a function of the pore
radius for both DOPC and DPPC free-standing membranes, as shown in Figure 5A and B.
Interestingly, in both cases we found a correlation between the pore size and the curvature of
suspended membranes, which was more pronounced in the case of free-standing DOPC lipid
membranes. Indeed, we observed that for the same pore sizes DOPC lipid membranes shape into
more curved membranes, possibly as a result of their lower membrane rigidity and thus, bending
energy, compared to gel phases. Taken together, these results suggest that sub-hundred
nanometer pores are able to shape the curvature of liquid and gel lipid bilayers and that this
feature is possibly dictated by the interplay between membrane bending and eventual changes in

lipid ordering at pore rims.

DISCUSSION

The engineering of porous substrates provides an effective strategy to circumvent the

conundrum of the underlying substrate on AFM measurements> * », which might become a
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critical issue in the case of thin and soft samples such as biological membranes. However, the
material’s chemistry of the actual porous substrates make them quite challenging systems to
engineer biological membranes, in addition to the difficulty to transpose well-established
methods already developed on classic mica substrates. In the present work we have engineered
nano-porous mica substrates of tunable pore sizes from some tens to hundred nanometers for
biological applications. Our structural and surface characterization of these substrates. (Figure 1
and 2) points out that by using high energy and heavy Xe ions to irradiate mica wafers and soft
chemical etching we can obtain well-defined pore-sizes (Figure 1C) with a constant radius

throughout the porous track (Figure 2A-B). This finding importantly supports the potential of
using this method on thinnér mica sheets (< 10 ‘pPm) to engineer two separating aqueous

compartments with wide number of biological applications (e.g. on ion pumps, voltage gated
channels, etc). We have validated the suitability of nano-porous mica substrates by evaluating a
widely established lipid mixture in the AFM field such as DOPC:DPPC (1:1, mol/mol). Our
results show that by-using classic vesicle spreading methods, which is among the most used
methods to obtain biomembranes in AFM studies, we can produce lipid bilayers that are
continuous over tens of micrometers (Figure 3A-B) and that display equivalent mechanical
properties to that obtained on classic mica substrates (Figure S2). Therefore, confirming that
well-established methods in AFM can be transposed and thus, no additional optimization steps
need to be considered when using nano-porous mica substrates. The obtention of large and
homogenous membranes might be an additional advantage (Figure 3B), as no further
fluorescence microscopy is required to pinpoint the regions of the sample containing membrane
patches*. In addition, our results show that free-standing membranes of DOPC and DPPC on
nano-porous mica substrates are mechanically stable up to 500 pN (Figure 3C), a feature that
prevents the chances of eventual spontaneous membrane rupture that is often observed on
substrates with larger pore sizes . Altogether, supporting the suitability of nano-porous mica
substrates to assess the physico-chemical properties of biological membranes at the nanoscale

without the drawbacks of an underlying hard substrate.
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The physic-chemistry of biological membranes plays a major role in a wide number of
fundamental cellular functions: from vesicle trafficking to cytoskeleton-mediated processes**, as
stated above. A common feature of all these processes is linked to the ability of membranes to
be bent and thus, to undergo shape changes that are generally assisted by specialized molecular

machines*. Importantly, in the case of vesicle trafficking membranes typically display:strongly
curved shapes in the nanometer range (R = 20 to 50 nm)». Not to mention.the growing number of

studies pointing out that local demixing of lipid molecules in the membrane plane, possibly in
the nm range, might be relevant to orchestrate trafficking and signaling process*. However, the
number of techniques allowing for.the correlation of physical properties, such as membrane
curvature, with the chemical organization of ‘cellular membrangs  at the nanoscale is rather
limited+ ». In this work we have made a step forward by assessing the elastic properties of
biological membranes at a nanometer relevant scale in biology by engineering nano-porous mica

substrates with pore radius-from 20 to 80 nm to suspended lipid bilayers displaying the

coexistence of liquid-(L, for the DOPC) and gel (Lg, for the DPPC) lipid phases. Importantly,

we found that the mechanical behavior of free-standing bilayers is not homogenous with an
intermediate apparent stiffness between supported-suspended lipid membranes at the boundary
of the pore’s rim (Figure 4C and 4D). The fact that this feature was more pronounced in the case
of free-standing lipid bilayers consisting of a gel phase (Figure 4D, R = 40 nm) strengthens the
hypothesis that differences in lipid packing might be at the origin of this heterogeneity. Since
membrane curvature can arise from lipid bilayer asymmetry with respect to the membrane
plane”, we assessed whether the eventual different lipid ordering at the supported-suspended

lipid membrane interface of DOPC and DPPC bilayers might eventually assist changes in

membrane shape. By performing high-resolution contact-point mapping (Figure S4) in of free-
standing membranes suspended at different pore radius (R = 20 to 40 nm) we found a correlation

between the mid-plane curvature of suspended membranes and pore radius for both fluid and gel

phases (Figure 5D and E). This behavior was more pronounced in the case of DOPC lipid
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bilayers, i.e. for an equivalent pore radius DOPC free-standing membranes are display smaller
mid-plane curvature than DPPC membranes. Thus, suggesting that in addition to the eventual
different lipid packing at the pore’s rim, other parameters such as the intrinsic deformability of

membranes might also plays a role in the shaping free-standing membranes on nano-pores.

Indeed, we found that DOPC lipid bilayers display a lower bending modulus (18 k;T) than

DPPC membranes (73 k,T), as assessed from the experimental data shown in Figure 4 and in

quantitative agreement with the values reported in the litarature* »*_ It is well reported that
parameters such as membrane bending and tension as well as lipid composition and packing are
relevant to determine the degree of membrane curvature* =. In the case of porous systems, the

contribution to the elastic response of freesstanding membtanes at moderate indentations is
dominated by the lateral tension and bending modulus for pore size from R = 60 nm down to

tens of nm, as previously anticipated«. Indeed, by finely tuning the size of nano-porous mica

substrates we could confirm the existence of two well-defined trends in the mechanical behavior

of pore-spanning membranes, as shown by the relationship between Keff-R2 of DOPC and DPPC

suspended bilayers as a function of pore radius (Figure 4A and B). In our porous system, we

found that Keff-R2 reaches a plateau at above pore radius 40 2 nm. Interestingly, in the case of

DOPC we estimated a K ¢ of = 14 nN-|.1m'1 for pore R = 40 nm, which is in agreement with the

apparent stiffness previously obtained on phosphatidylcholine pore-spanning membranes on
larger pores radius R = 600 nm». Altogether, supporting the fact that at larger pore sizes other

components than membrane bending might contribute to the elastic response of free-standing

lipid bilayers for both DOPC and DPPC membranes (equation 1). This observation could
explain the fact that close to R = 35 the mid-plane curvature of free-standing membranes is

approaches to zero (i.e. flat membrane) for both DOPC and DPPC (Figure SA-C), possibly as a

result of the contribution of membrane tension to the elastic response of suspended membranes at
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larger pore radius. Therefore, the combination of membrane bending and the different lipid

packing at the edges of pores might be relevant to shape the curvature of free-standing
membranes suspended on small pore radius, i.e. R £ 40 nm. Therefore, resulting into singular

membrane curvatures for both liquid and gel phases (Figure 5SB-C): whereas DOPC membranes
would display a large bending modulus and possibly, lower lipid packing at the pore rims, DPPC
membranes exhibit a lower bending modulus but a remarkable difference in lipid ordering at the
boundary of pores. It is tempting to speculate that on a more complex cellular context the
existence of a configuration that would mimic a suspended bilayer might contribute in generating
or initiating membrane curvature, although to a lower extend to that of specialized molecular
motors>. Interestingly, the-:expected mesh size of cortical cytoskeleton networks (i.e. 30-150 nm)=»
correlates welliwith the window of pore radius that we found to be relevant to shape suspended
membranes, thus suggesting a potential cotrelation between membrane curvature and pore/mesh

size in a biologic relevant context.

CONCLUSIONS

In conclusion, we have presented experimental data supporting the suitability of a new method
to engineer free-standing biomembranes, with equivalent physic-chemical properties to that of
widely used mica wafers therefore, opening up large number of future applications of nano-
porous mica in the AFM field: from chemistry to physics and biology. By controlling the pore
size radius we have shown the potential of our method to probe the elastic properties of
biological membranes, including the bending modulus, with improved access to the lateral
organization and heterogeneity of membranes in a biological relevant range of tens of nm.
Finally, we have investigated the mechanisms of curvature creation on nano-porous systems by
applying high-resolution quantitative imaging, including contact-point mapping, to map the

mechano-chemistry of free-standing membranes at the nanoscale.
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METHODS

Nano-Porous Mica Substrates

Nano-porous mica substrates were obtained following a similar experimental approach as in.
In the present work, mica substrates were exposed to 420 MeV MeV energy Xe ions. Exposure
to high-energy ions produced depth local defects on mica sheets (Muscovite Mica V-1 Quality,
71855-01, Electron Microscopy Sciences) and consequently remarkable porous' length over
several tens of microns. Irradiated mica wafers were-then immersed in 20 wt.% HF (11.4 M) at
different etching times. Because the etching rate was.seéveral orders of magnitude higher around
damaged regions in comparisen with unexposed mica regions, increasing etching time results in
enlargement of the pores size around the local defects. The relation between the etching time
(min) versus the pore radius (nm) obtained is-displayed in Figure 1C. The pore radius, R, was
estimated from AFM images of uncleaved nano-porous mica substrates and estimated as detailed

in the AFM data analysis section.

Lipid Bilayer Preparation

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dioleoyl-sn-glycero-3-phosphocoline
(DOPC) were purchased from Avanti Polar Lipids, Inc. DOPC:DPPC (1:1, mol/mol) Lipid
Bilayers (LBs) were prepared following the protocol previously reported-. Briefly, DPPC and
DOPC were dissolved in chloroform:methanol (2:1, vol/vol) in a glass tube. Then, the solvent
was evaporated under nitrogen flow in order to obtain a thin film. The lipid film was then
hydrated with a buffer solution of 10mM Tris (pH 7.4), 150 mM NaCl prepared with ultrapure
water (Milli-Q reverse osmosis system, 18.2 m€2 cm resistivity) to a final concentration of 0.2
mM. The obtained suspension was extruded through a polycarbonate membrane filter (100 nm
pores size, Whatman) to obtain small unilamellar vesicles. (SUVs). 50 uL of SUVs solution were

deposited onto freshly nano-porous mica (1 cm diameter, 100 gm thick). LBs were formed
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during 30 min incubation at 70°C, followed by incubation at room temperature for 10 min, then

rinsed 10 times with the buffer solution.

AFM Experiments

AFM experiments were performed on a Nanowizard 3 AFM (JPK), except for the
characterization of nano-porous mica substrates that were performed on a Multimode TV. AFM
(Bruker). All experiments were performed in fluid (10mM, Tris (pH 7.4), 150 mM NaCl). Unless
stated otherwise V-shaped Silicon nitride tips with a nominal tip radius of 2 nm» on 0.1 N/m or
0.6 N/m cantilevers were used (MSNL, Bruker). Cantileverspring constant and sensitivity were
calibrated on a contact-based operation using thermal tuning (JPK Nanowizard or Nanoscope 8
software). Characterization of porous mica substrates was performed in Peak-Force Quantitative
Nano-Mechanical Mapping (PF-QNM,; Bruker) mode at a setpoint loading force of 200 pN.
Atomically resolved AFM images of nano-porous mica were obtained in Amplitude-Modulation
mode (AM-AFM) with ACS55 cantilevers (Olympus) with nominal spring constant and tip radius
85 N/m and 7 nm, respectively. Nano-indentation experiments were performed by first acquiring
an image of a single pore and then, acquiring FvD curves in static mode AFM Force

Spectroscopy at the center of the pore by indenting with forces of 0.2 nN-0.5 nN at a rate of 3-5

um-s-l. Quantitative mapping of free-standing membranes was performed at a scan size of 300

nm x 300 nm and 600 nm x 600 nm (256 lines x 256 pixels). Force setpoint was set at 100 to 200
pN for DOPC and 200 to 500 pN for DPPC free-standing membranes. To achieve a high quality

approach-retract FvD curve at each pixel of the sample, the amplitude of the tip was set at 40 -

70 nm and the tip speed at 10 um-s-l. These parameters were optimized to maximize the S/N

ratio for each FvD curve, leading to an accurate evaluation of the contact point at each pixel of

the image.
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Electron Microscopy

Porous mica structure was assessed using a field emission gun scanning electron microscope
(FEG-SEM), Hitachi's SU77. Transmission electron microscopy (TEM) studies were performed
using a FEI Titan3 operated at 300kV and equipped with a superTwin® objective lens and a
CETCOR Cs-objective corrector from CEOS Company. Specimens for TEM observation were
prepared by standard dispersion of the sample with ultrasonic device during 10 min and then
deposited on carbon coated grid. Electron diffraction experiments were performed using a Jeol
1210 transmission electron microscope operating at 120 KV, equipped with a side-entry 60/30°

double tilt GATHAN 646 analytical.specimen holder.

AFM data analysis

AFM data analysis was.péerformed using the JPKSPM data processing software and
Gwyddion*, a modular‘open-source software for SMP data analysis (gwyddion.net). The average
radius of nano-porous mica substrates was obtained by applying a mask with an automated

threshold method on AFM images that were previously flattened. Statistical pores size
distribution was obtained by evaluating the projected surface area of individual pores (N 2 100

pores per condition). Adjacent pores were not considered in the data treatment. Finally, the

obtained area was fitted into the area of a circle of a given radius, R. The apparent stiffness

(K.gp) of either supported or suspended bilayers was obtained from the slope in the contact region

of FvD curves of either static force spectroscopy measurements or on individual curves obtained
at each pixel of the image in the case of the quantitative mapping. The deformation was
designed as the tip penetration at the setpoint force and was estimated from FvD curves acquired
by performing static force spectroscopy measurements. The measured Young’s modulus (E) on
supported lipid bilayers was estimated from the contact region of the retracting FvD curve using

by fitting the Hertz model of a parabolic tip of radius R = 5 nm indenting an elastic half-space* >,
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where ¢ is the indentation and v the Poisson ratio (v = 0.5). The contact point mapping was
generated through post-processing of each of the FvD curves obtained at each pixel of the image
using the JPKSPM data processing software by placing the image setpoint at the forceat which

the tip contacts the sample’s surface therefore, creating a final topography image at the contact

point, i.e. in the absence of peak forces.
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Figure 1. Surface characterization of nano-porous mica substrates by AFM. (a) Large scan
AFM topography image of nano-porous mica substrates etched for t = 25 min and cleaved before

imaging. Inset shows a detail of the obtained porous morphology afer chemical etching. (b) AFM

image acquired at the pore’s rim (upper panel, highlighted in inset of a) showing the crystallinity
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of nano-porous mica substrates after etching assessed by Fast-Fourier transform on the dashed
circle (FFT on inset) and by high-resolution imaging on the dashed rectangle (middle panel).
Profile analysis along the dashed line in b showing the mica terraces that compose the pore’s rim
after etching (lower panel). (c) Quantification of the relationship between etching time (min) and

the obtained pore radius (R, nm) on nano-porous mica substrates obtained as detailed in the

methods section.
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Figure 2. Structural characterization of nano-porous mica substrates by Electron Microscopy.
(a) Cross-sectional view SEM-FEG image of porous mica showing the regular distribution,
diameter and alignment of nanochannels over several microns of thickness. (b) Cross-sectional
view SEM-FEG image of porous mica substrate showing the possibility to produce 3-4 porous
exfoliation cycles of a same wafer. (c) Detailed SEM-FEG image of regular porous channels in

track-etched mica substrate. (d) Low resolution HAADF TEM image of two pores with long axis
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dimension of 90 nm. (e) Electron diffraction pattern of image d along the [001] zone axis that
shows the high crystallinity and crystallographic planes corresponding to the facets of rhombic
shape porous. The indexed unit cell of porous mica substrate corresponds to a monoclinic cell
with lattice parameters a=5.19A, b=9,04A, c=20.08A =95.5°. This reconstructed unit cell

corresponds to a 2M1 muscovite structure.
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Figure 3. Stability of free-standing lipid membranes on nano-porous mica substrates. (a)

Schematic representation of supported and suspended lipid bilayers on nano-porous mica
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substrates. (b) Typical AFM topography image of DOPC:DPPC (1:1, mol/mol) lipid bilayers

obtained on nano-porous mica substrates displaying separation between liquid (L, for the

DOPC) and gel (Lg, for the DPPC) lipid phases at room temperature (left). Epifluorescence

image of DOPC bilayers doped with 0.1% of DOPE-rhodamine obtained on nano-porous mica

substrates. (c) 3D profile analysis of suspended membranes of DOPC and DPPC on.nano-porous
mica substrates of R = 40 nm acquired at different setpoint loading forces (100 pN, 200 pN;, 300
pN, and 500 pN) (left). Control experiment was performed on the same porous substrates in the
absence of lipid bilayers showing that in‘the absence of suspended membranes there is a 2 10-

fold increase in the profile-depth (no lipids, right).
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Figure 4. Quantitative nano-mechanics of free-standing lipid membranes on nano-porous mica

substrates. (a) Representation of the apparent stiffness (K¢) of DOPC (blue dots) and DPPC
(red squares) lipid bilayers suspended on different pore radius (R = 20.4 nm, 32.6 nm, 42.1 nm,

and 82.3 nm) obtained from FvD curves acquired at the center of different pores (st.d., N 2 5)
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for each of the conditions tested. (b) Representation of Keff-R2 of free-standing DOPC (blue

dots) and DPPC (red squares) lipid as a function of the pore radius R = 20.4 nm, 32.6 nm, 42.1

nm, and 82.3 nm. (c, d) Representative quantitative nanomechanical maps showing the different

distribution of the apparent stiffness (K.¢) of DOPC (c) and DPPC (d) suspended lipid bilayers

on pores of R = 20 nm, 30 nm, 40 nm. (e) Schematic representation of the mechanical response
of free-standing bilayers at low indentation forces. Based on the experimental data obtained in a

and b two conditions are displayed: pore R 2 40 nm showing that the mechanical response is

dominated by the tension in the membrane plane (0) and R £ 40 nm, where both membrane
bending (%) and tension contribute to the mechanics of free-standing membranes under an AFM

tip.
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Figure 5. Pore size and curvature of free-standing lipid membranes. (a, b) Representation of
the mid-plane curvature of DOPC (blue dots, a) and DPPC (red dots, b) suspended lipid
membranes as a function of the pore radius (R). Curvature values where estimated from contact-
point maps to reveal the shape of membranes with negligible effect of peak forces on the image’s
topographic features. (c) Schematic picture of the representative membrane shapes obtained from

the experimental data shown in images a and b: flat membrane and membrane with a mid-plane

curvature of R # 13 nm and 6.6 nm. (d, e) Top and front view of representative of contact-point
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maps showing the shape of DOPC (d) and DPPC (e) suspended lipid membranes on pores of R =

20 nm.

ASSOCIATED CONTENT

Supporting Information.

Supporting Information includes details on the nano-mechanical characterization of supported
and free-standing lipid bilayers on nano-porous mica substrates (Figure S1-S3) as well as on the
contact-point mapping of samples (Figure S4).
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Figure S1. Representative FvD curves acquired on supported lipid bilayers (supported) and on
free-standing lipid bilayers of DOPC (a) or DPPC (b) suspended on pores of different diameters.
In this case, FvD were acquired at the center of the pore.
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Figure S2. Representation of the apparent stiffness (K.¢) of DOPC (blue dots) and DPPC (red
squares) supported lipid bilayers (st.d., N 2 5) (left, upper panel). Representation of the Young’s

modulus of DOPC (blue dots) and DPPC (red squares) supported lipid bilayers (st.d., N 2 5)
(right, upper panel). Representation of the deformation of DOPC and DPPC supported lipid
bilayers at a loading force of 100 pN (black dot) and 150 pN (gray square) (left, bottom panel)

(std.,N 2 5).
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Figure S3. Representation of the deformation of DOPC (left panel) and DPPC (right panel)
free-standing lipid bilayers at a loading force of 100-pN. (black dot) and 150 pN (gray square)

(left, bottom panel) (st.d., N 2 5).
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Figure S4. Schematic representation of the contact-point mapping showing the topographic
features of a suspended lipid bilayer showing a coexistence of DOPC (dark region) and DPPC

phases (light region) acquired at a setpoint force of 200 pN and at the minimal force, i.e the
contact point.
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