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The dynamics of cellular membrane tension and its role in mechanosensing,
whichis the ability of cells to respond to physical stimuli, remain
incompletely understood, mainly due to the lack of appropriate tools. Here,
we report aforce-controlled nanopipette-based method that combines
fluidic force microscopy with fluorescence imaging for precise manipulation
of the cellular membrane tension while monitoring the impact on single-cell
mechanosensitivity. The force-controlled nanopipette enables control of
the indentation force imposed on the cell cortex as well as of the aspiration
pressure applied to the plasma membrane. We show that this setup canbe
used to concurrently monitor the activation of Piezol mechanosensitive

ion channels via calcium imaging. Moreover, the spatiotemporal behavior
of the tension propagation is assessed with the fluorescent membrane
tension probe Flipper-TR, and further dissected using molecular dynamics
modeling. Finally, we demonstrate that aspiration and indentation
actindependently on the cellular mechanobiological machinery, that
indentationinduces alocal pre-tensionin the membrane, and that
membrane tension stays confined by links to the cytoskeleton.

Our cells need the ability to sense and react to the forces surrounding
them in a multitude of contexts to ensure healthy development and
avoid malfunctions'. While the importance of mechanical regulation
in the development and physiology of tissues and organs has been
extensively demonstrated?, the molecular and physical origin of this
process has long remained elusive, mainly due to the lack of appropriate
nanotechnology tools with which to study mechanosensitivity at the
single-celllevel. The relatively recent discovery of the major mechani-
cally activated ion channel Piezo1in 2010 (ref. 3) has opened up anew
stream of investigation into mechanosensitive processes at the protein,

cell and tissue level, the significance of which was highlighted by the
2021 Nobel Prize for Physiology*. It has been established that Piezol is
activated by membrane tension’, whichis defined as the force needed
for the two-dimensional (2D) deformation of a unit length of memb
rane, and is driven by the disturbance of equilibrium distance bet
ween phospholipid molecules in the lipid bilayer®. Membrane ten-
sion is normally measured under the assumption of a mechanically
homogeneous environment, with any stretch propagating across the
whole membrane. While thisis the case for liposomes and experiments
performedinreconstituted environments, membranes of cells behave
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inacompletely different way. The classical model of the cellmembrane,
with lipid rafts floating in a fluid environment, has recently been chal-
lenged’, suggesting a more complex structure characterized by the
presence of immobile objects (transmembrane proteins anchored to
the cytoskeleton) that create anetwork of dynamic fences hindering the
propagation of mechanical stimuli across the membrane®'° and result-
ing in a mechanically inhomogeneous environment". Notably, when
directly engagingthe actin cortex, rapid long-range tension propaga-
tions canbe observed'. This phenomenon of mechanical compartmen-
talization together with the clustering-enhanced response of Piezol
(refs.13,14) is deemed to allow cells to spatially resolve mechanical
stimuli and enable directional responses as observed in durotaxis” or
endothelial shear sensing'®.

The mechanical properties of the intracellular microenviron-
ment, as determined by the interplay between the membrane and the
cytoskeleton, are emerging as a key driver of cellular mechanosensa-
tion", but acomprehensive method to study this mechanism is still
missing. Patch-clamp electrophysiology is aninvaluable tool to meas-
uretheion currents associated with the opening of mechanosensitive
ion channels®'*?°?', While the aspiration pressure inside the patch
pipette can be finely tuned, the indentation force applied on the con-
tactregion cannot be controlled, limiting the ability of this technique
tomodulate the local tensional state to the regioninside the pipette.
Alternative approaches based on atomic force microscopy (AFM) and
fluorescence microscopy have recently been suggested”?’. These
methods integrate contact force sensitivity in the study of mecha-
nosensitive ion channels and seem particularly suited to study the
interaction processes between cells and with the extracellular matrix.
However, they remain unsuitable to address the role of the mechanical
intracellular microenvironment in Piezol activation. In fact, the pres-
ence of the micrometer-sized AFM probe displaces the ionic solution
fromthe contact area, thereby compromising calciumimaging-based
studies of local mechanosensitive ion channel activation.

Here, we present anovel method to study the single-cell mechano-
sensitive response based on force-controlled micropipettes, namely
fluidic force microscopy (FluidFM)***, Using this unique tool, the mem-
brane can be both indented with a well-defined force and at the same
time aspirated inside the micropipette with a controlled pressure. By
monitoring the Piezol response via calciumimaging and fluorescence
microscopy, the contribution to the membrane tension induced by
indentation as well as by aspiration can be decoupled and indepen-
dently tuned. Moreover, we combined the platform with fluorescence
lifetime imaging to take advantage of the recently developed fluores-
cent membrane tension probe Flipper-TR?. This integration enables
usto finely resolve the spatial distribution and propagation of tension
across the membrane upon controlled mechanical stimulation. Com-
plemented by molecular dynamics simulations, this platform enables
us to quantify the influence of different mechanical stimuli on the
local membrane tension and the activation of mechanosensitive ion
channels, and to confirm the local confinement of cellular membrane
tension by the cytoskeleton.

Results

FluidFM with Ca*' imaging measures mechanosensitivity

The experimental setup is based on a modified FluidFM device, opti-
mized to achieve controlled nanoindentation and micropipette aspira-
tion. FluidFM probes, used here as force-controlled micropipettes, are
AFM cantilevers with anintegrated microfluidic channel connected to
apressure controller that enables controlled fluid delivery or aspira-
tion (Fig. 1a). Standard probes are available tipless or with a pyramidal
tip, but these geometries are not suited for aspiration experiments.
Therefore, we used customized probes with a cylindrical tip with an
opening of 2 um in diameter, designed to reproduce the geometry
of glass capillaries (Fig. 1b)”. By coating the pipette with the recently
developed copolymer PAcrAm-g-PMOXA with enhanced anti-fouling

properties and stability, a combined indentation and aspiration pro-
tocol could be serially repeated up to 100 times without clogging the
tip by cell debris®?,

FluidFM stimulation was combined with calciumimaging by load-
ingadherent cells with the cytosolic calcium sensor Cal520. Our setup
enabled experiments to be carried out at physiological temperatures
of 37 °C, which is not accessible by patch-clamp electrophysiology
thatisnormally carried outat room temperature, and might therefore
observe shifted protein and cytoskeletal kinetics. We chose fibroblasts
asamodel cell for their confirmed presence of Piezol (refs. 14,30).

FluidFM stimulation yields Piezol-mediated
mechanosensation

As afirst test of the proposed stimulation and readout method, cells
were subjected to acombined stimulus of 25 nN indentation force and
200 mbar (2150 mmHg) aspiration pressure (Fig. 1c): Indeed, cells
showed anincrease in fluorescence signal related to arise in calcium
concentration throughout the whole cell (Fig. 1d and Supplementary
Video 1). As a control to confirm that this cell-wide calcium rise is not
associated with any unwanted membrane rupture during the pipette-
membrane contact, the red hydrophobic dye Sulforhodamine 101
(SR101) was added to the solution inside the FluidFM microchannel.
Given that the dye did not enter the cell, we concluded that the mem-
braneremained intact during the mechanical stimulus. To remove any
doubt, we intentionally ruptured the cell membrane by applying an
800 mbar (2600 mmHg) aspiration pressure and immediately noted
SR101entering the damaged cell (Fig. 1e and Supplementary Video 2).
In these cases, not only the damaged cell but also the surrounding
ones showed an increase in calcium concentration, probably due to
ATP release caused by membrane rupture and consequent activation
of purinergic receptors’.

Tobetter elucidate the nature of the mechanically induced calcium
increase, we repeated the experiment in different conditions, not-
ing how many cells showed at least a threefold fluorescence increase
above baseline (Fig. If). In the control case, with calcium-containing
physiological solution in both the bath and pipette, 70% of the cells
responded to the stimulus. When replacing both the bath and pipette
solution with EGTA-containing calcium-free solution, only 3% of the
cells responded, suggesting a mechanism reliant on extracellular
calcium, such as the activation of mechanosensitive ion channels. To
confirm this, upon treatment with the mechanosensitive ion chan-
nel blocker GsMTx4 (ref. 32) only 25% of the cells showed a cell-wide
calcium increase. This points towards the involvement of mechano-
sensitive ion channels, known to show reduced, but not completely
abolished activity after GsMTx4 treatment™. By contrast, treatment
with the Piezol-specific activator Yodal (ref. 34) increased the likeli-
hood of cell response to 95%. From this experiment we could deduce
that the mechanosensitive ion channel Piezol plays a key role in the
observed response in fibroblasts (Fig. 1f).

Furthermore, we investigated the spatial origin of the calcium
response by coupling the FluidFM stimulation setup to a fast confocal
laser scanning microscope. Arepresentative calcium response is shown
inFig.1g: the calciumrise clearly originates at the stimulation site and
spreads throughout the whole cell with a speed of 22.4 +4.8 pms?,
which is in agreement with the previously measured diffusion speed
of calcium in the cytosol of 10-50 pm s (ref. 35).

Flipper-TRimaging during FluidFM reveals tension changes

The previous results suggest that Piezol channels are activated only
locally. Giventhat Piezol activation has been associated with changes
in membrane tension>'**, we aimed to quantify the extent and propa-
gation of membrane tension changes upon mechanical stimulation
by FluidFM. For this, we combined the FluidFM system with a fluores-
cencelifetime imaging microscopy (FLIM) setup to exploit the recently
developed fluorescent membrane tension probe Flipper-TR (ref. 26)
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Fig.1|Measurement of mechanosensitivity combining FluidFM with

Ca* imaging. a, Schematic diagram showing single-cell stimulation by (1)
force-controlled indentation into the cell and (2) subsequent aspiration of

the membrane, to (3) detect a calcium response by fluorescent imaging.

b, Representative scanning electron microscopy (SEM) images of custom
fabricated FluidFM probes with a cylindrical tipand a2 pminner diameter (scale
bars: top, 10 um; bottom, 2 um). This imaging was repeated independently for
each of the 32 FluidFM probes used in this study. ¢, Representative example
protocol showing combined indentation and aspiration stimulus applied by
FluidFM to adherent cells loaded with a calcium-sensitive dye. Numbers refer to
the stepsshownina.d,e, Representative time series of a HFF cell stimulated with
25 nNindentation and 200 mbar aspiration (d), and an intentional rupture of an
HFF cell membrane during stimulation with 25 nN indentation and 800 mbar
aspiration (e). The position of the FluidFM cantilever and pipette tip are outlined

by the white rectangle and circle, respectively. The green channel shows the
cell-permeable calcium-sensitive dye Cal520-AM. The red channel shows the
membrane-impermeable dye SR101, which is added to the pipette solution (scale
bars, 20 pm). This imaging was repeated independently for each of the 320

cells for calcium imaging. f, Fraction of cells responding to 25 nN indentation
and 200 mbar aspiration, in control conditions (n = 25), calcium-free solution
(n=10), after treatment with 500 pM of the mechanosensitive ion channel
blocker GsMTx4 (n =20), and with 10 pM of the Piezol activator Yodal (n = 25).
Error bars correspond to1s.d. of threeindependent measurements with each

of the number n of cells stated above. The control was significantly different to
each ofthe other conditions, as determined using a two-sided ¢-test (P= 0.00005,
0.00267 and 0.00010, respectively). g, Representative high-resolution time
series of initial calcium response to 100 nN indentation (scale bar, 5 um). The
high-resolution imaging was repeated independently for four cells.

(schematic showninFig. 2a). This fluorophoreisinsertedinto thelipid
membrane where its flippers rotate depending on the tension and
lipid environment of the surrounding membrane, thereby altering its

fluorescence lifetime. Thus, imaging the lifetime of this fluorescent
probe can provide quantitative insights into the magnitude of mem-
branetension changes and enable the tracking of its spatial distribution
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Fig. 2| Flipper-TRimaging during FluidFM stimulation quantifies tension
changes. a, Schematic diagram of fluorescent measurement of membrane
tension changes during FluidFM stimulation by monitoring the fluorescence
lifetime of Flipper-TR with FLIM microscopy. b, Top: representative time
distribution of single photon counts after excitation for Flipper-TR, and

the 2-exponential reconvolution fit to obtain the fluorescence lifetimes.
Photon counts were measured independently for all 42 FLIM measurements.
Bottom: average Flipper-TR lifetimes (n = 21,22, 22,23 and 23 cells for the
osmotic conditions 0f 100,150, 200, 250 and 300 mOsm kg™, respectively)
corresponding to membrane tension values measured by optical tweezer
tether pulling (n=7,7,8,8and 10 cells per osmotic condition) on HFF-1cells
under varying osmotic pressure. Error bars correspond to1s.e. Linear fit with
R?=0.890. ¢, Representative bright field (left), and fluorescence lifetime images
ofacellloaded with Flipper-TR before (middle) and after (right) indentation

-3

e Photon decay
Reconvolution fit

Photon count

0 5 10 15 20 25

Time (ns)

o
w
]

AT=1.325 2.1 -

mns

o
)

o
|

o

Mean membrane
tension (mN per m)

[ —
§ 3 AT, =a F+T,,
8 04l o=0006515 .
T = 3 <
EE ! .
£ .3 s L)
[0} 5 o8 ¢
D5 '
55 |-
< E T T T T T
o
20 125 250 375 50.0
g Indentation force (nN)
o —~
§ €
S5
€ Q 04 Py
O = v
E€ .
C ~ : 4 -
— C . =
g _% [0} ATp =a p+ Tp,o
S S o, =0.0024 2
6 hed T T T
0 50 100

Aspiration pressure (mbar)

witha 25 nN force with the FluidFM pipette (white circle and arrow) (scale bar,

5 um). Dark pixels are not part of the membrane cross-section and therefore do
not emit sufficient photons to obtain significant FLIM statistics. Thisimaging
was repeated independently for 92 cells shown in Supplementary Information 7.
d,e, Representative time series of fluorescence lifetime imaging of the FluidFM
pipette onone Flipper-TR loaded cell during increasing indentation (d) and
aspiration (e) (scale bars, 1 pm). White circlesin the firstimage show the position
of the wall of the pipette tip. This imaging for indentation and aspiration was
repeated independently for 5and 4 cells, respectively. f,g, Change in membrane
tension with increasing indentation (f) and aspiration (g), averaged from
independent measurements on 5and 4 cells, respectively. Aspiration is applied
while cells are indented at 25 nN. Error bars correspond to1s.e. Linear fits with
R?:=0.979 and R?,= 0.996, respectively.

over time. This approach offers aspatially resolved measure of the local
tension, which is normally not accessible in micropipette aspiration
or tether pulling experiments in which the local average membrane
tensionis measured. To date, Flipper-TR has been used to study spatial
membrane tension changesinastatic environment” >, Here, we went a
step further by combining Flipper-TR spatial membrane tension imag-
ing with dynamic mechanical stimulation and additional extraction of
real-time information on tension propagation.

To perform FLIM imaging on Flipper-TR-incubated cells in the
presence of the FluidFM tool, we modified the AFM stage and scan
head as documented in the Methods and Supplementary Information
1. To obtain a statistically relevant value for the fluorescence lifetime,

aminimum of 1,000 photons per pixel must be collected to reliably
perform a 2-exponential reconvolution fit of the time distribution
of single photon counts upon excitation (Fig. 2b, top)*>*'. The larger
componentofthe Flipper-TRlifetime extracted from thefitis directly
related to the membrane tension. Once established, the spatial dis-
tribution of membrane tension can be directly observed in the FLIM
images during mechanical stimulation. Figure 2c shows a reference
experiment in which the FluidFM probe is indenting into the cell with
a25nN force. The colors, from blue to yellow, encode for the larger
fluorescence lifetime component 7, which is directly proportional to
the membrane tension 7. Theincreased tension induced locally by the
FluidFM tip is clearly visible in the images. To convert the measured
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Flipper-TRlifetime changes to membrane tension changes, a calibra-
tion was performed on HFF-1 (human foreskin fibroblast) cells by
optical trap tether pulling during hypoosmotic shock, yielding a
conversion factor of 1.325 + 0.392 (mN m™) ns™ (Fig. 2b, bottom, and
Supplementary Information 2). Additional measurements with the fluo-
rescent lipid order probe, Laurdan, confirmed that here, Flipper-TRis
indeed anindicator of membrane tension changes and not of lipid order
(Supplementary Information 3).

Indentation and aspiration locally increase tension
We further analyzed the behavior of the membrane tension during Flu-
idFM stimulation, combiningindentation and aspiration. Focusing on
the stimulationsite (Fig.2d-g), the Flipper-TR lifetime appears clearly
altered where the membrane is in contact with the ring-shaped edge
ofthe hollow cylindrical FluidFM probe, and the local tension changes
can be monitored as a function of the ongoing mechanical stimulus.
Withincreasingindentation from 2to 50 nN, anincreasing lifetime was
observed (Fig. 2d). Similarly, when applying an increasing aspiration
stimulus from 0 to 100 mbar (275 mmHg) on a cell indented with a
constant25 nNforce, an overall lifetime increase was observed (Fig. 2e).
In Fig. 2f,g the Flipper-TR lifetime changes were measured on 4
and 5 cells during increasing indentation and aspiration*?, respec-
tively, and converted into membrane tension changes using the cali-
brated conversion factor fromFig. 2b. Bothindentation and aspiration
induce a linear increase of the local membrane tension, with total
changes of 0.31 mN m™and 0.24 mN m™, respectively. The coefficients
of the linear fit of the tension change a,=0.0065 (MmN m™) nN"and
a,=0.0024 (mN m™) mbar™ can be used to compare their net effect.

Combined stimuli affect the number of activated Piezol
channels

In standard micropipette aspiration and patch-clamp experiments,
the force exerted by the pipette tip on the membrane at contactis not
controlled. Although the applied contact forceis typically held minimal,
the indentation with the pipette doesinduce alocal increase in mem-
branetension, asshownby the Flipper-TR measurementsinFig.2. The
FluidFM force-controlled micropipette enables us to independently
control local indentation force and aspiration pressure, and thereby
to assess their cooperative effect on mechanosensitive ion channels
via calcium imaging. We defined an experimental protocol in which
the probe is first brought into contact with the cell membrane at a
controlledindentation force F (Fig. 3a). Subsequently, aspiration pres-
sure pulses of increasing intensity are applied while monitoring the
fluorescence level as a sign of the elicited mechanosensitive calcium
response. Between pressure pulses, the aspiration was paused for1s
to ensure equilibration of Piezol and to minimize the impact of chan-
nelinactivation®’. This protocol was serially executed on several cells,
with the application of a positive pressure pulse after each unloading of
the cantilever, to detach the membrane and clean possible cell debris
fromthe pipette. While repeating the measurement with indentation
forcesbetween 2 nN and 50 nN on =60 cells each (see Supplementary
Information4 and Supplementary Video 3 for measurements at higher
indentation forces), the critical aspiration pressure p.inducing the
calcium response is recorded for each cell, achieving a throughput
of 1-2 cells per minute. For each indentation force, the cumulative
histogram of the events is constructed, representing the activation
probability for the specific condition (Fig. 3b).

Fitting the datafor each condition with aBoltzmann curve deter-
mines the half-maximum critical aspiration pressure p 5, as the pres-
sure at which 50% of the cells respond. Considering the dependence of
Dcsoontheaverageindentation depth (Supplementary Information 5),
adecreasing, but non-linear relationship is seen. This result suggests
that Piezol response and/or membrane tension are affected not only
by the geometrical stretch of membrane areabut also by the presence
of the underlying cytoskeleton. However, examination of the p. s, as

afunction of the indentation force F (Fig. 3¢) shows that the critical
aspiration pressure decreases for increasing indentation force, exhib-
iting a clearly linear trend with a slope of p =4.84 + 0.05 mbar nN.,
The linearity of the p.5,(F) curve provides a reliable readout to study
changes in the mechanosensitive response of a cell population (as
detailed laterin Fig. 5a,b). This force-dependent readoutis enabled only
by a force-controlled indenter, showing the unique suitability of the
FluidFM for this method. The maximum stimuli of 50 nN indentation
and 181 mbar (2136 mmHg) aspiration required to elicitamechanosen-
sitive response with this method are comparable to values previously
reportedintheliterature, as discussed in more detail in Supplementary
Information 6.

Thelinear decay of p. 5,(F) hints atamechanism whereby colocal-
ized indentation and aspiration stimuli add together toinduceacritical
total membrane tension, leading to the activation of mechanosensitive
ion channels. To understand the nature of this cooperative effect, we
canrefer back to the Flipper-TR measurementsin Fig. 2f,g and use the
measured coefficients a and a, to convert the applied indentation
force Fand aspiration pressure p into the corresponding average mem-
brane tension changes AT, = a,-F and AT, = a,-p. Summing the average
tensionincrease fromapplication ofindentation and aspiration for the
combinations determined in p5,(F) in Fig. 3¢, it can be seen that the
total membrane tension change 4T, leading to a mechanosensitive
calciumresponseis not constant (Fig. 3d, light bars). If we assume that
neitherindentation nor aspiration change the sensitivity and conduc-
tivity of each Piezol channel, this result highlights that the cell-wide
calcium response does not depend solely on the average membrane
tensionincrease induced at the pipette.

Infact, the observed cell-wide calcium responseis not elicited by
asingle, but by anumber of Piezol channels, and thelikelihood of each
channel being activated is dependent on the local membrane tension
surrounding it’. Piezol is known to be very mobile across the plasma
membrane, exploring different microdomains®® where clustering
mostly occurs at adhesion sites™. Inthe work presented here, we chal-
lenged the apical membrane with a pipette aperture far larger than the
average size of Piezol clusters'. For this reason, we can assume an equal
number of channelsin each portion of membrane area, and therefore
estimate a measure for the number of channels activated during a
stimulus by integrating the local membrane tension changes over all
portions of membrane area at the stimulation site. For this, we used
the Flipper-TR measurements in Fig. 2d-g and summed the lifetime
of all pixels that show a significant increase during mechanical stimu-
lation, thereby obtaining the integrated membrane tension change
over the affected membrane area AT dA for different stimulation
intensities by indentation and aspiration (Fig. 3e). Using this approach,
we recalculate the relevant conversion coefficients as a, = 0.0076
(mNm™)-(um*nN™) and a, , = 0.0325 (mN m™)-(um’ mbar™) for inden-
tation and aspiration, respectively. These coefficients are used to
recalculate the bar plot (Fig. 3d, dark bars), now showing that the
effects of both indentation and aspiration independently contribute
to the mechanosensitive calcium response by activating the same
mechanism, ultimately associated with the tension increase in the
local microenvironment and the number of Piezol mechanosensitive
ion channels affected by it (Fig. 3f).

Tension changes do not propagate across the cellmembrane

Interestingly, when using the combination of FluidFM with Flipper-TR
imaging presentedin Fig.2 to examine the lifetime at the spatial scale of
whole cells, no significant changes could be observed during FluidFM
stimulation, neither for strongindentation nor aspiration (Supplemen-
tary Information 7). Therefore, the question remains as to whether
fast transient tension changes might occur on the cell-wide level and
are averaged out during the typical imaging time of 30 s necessary to
obtainasignificant FLIM photon count for a full cell frame. Therefore,
itisnecessary to collect, on one hand, the statistically required 1,000
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Fig. 3| Effect of combined mechanical stimuli on Piezol channel activation.
a, Representative protocol of combined indentation and aspiration to determine
the critical aspiration pressure as a function of the indentation force. This
protocol was repeated independently for all 399 combined indentation and
aspiration measurements included in this study. b, Cumulative frequency of
critical aspiration pressures p. measured for eachindentation force, fitted with a
sigmoid function to determine p 5, as the pressure of half-maximum response,
measured in threeindependent repeats with a total of 60, 24, 43,34 and 59 cells
for the force steps of 2,12.5, 25,37.5 and 50 nN, respectively. ¢, Half-maximum
critical aspiration pressure p 5, (as determined from b) as a function of the
indentation force F. Linear fit with R?= 0.997. The error bars correspond to the
standard deviation of the sigmoid fit plus ameasure for the goodness of fit of the

sigmoidal model, as defined in the Methods section. d, Total membrane tension
change AT, (light bars) integrated over the corresponding affected area fAT,,, dA
(dark bars) induced by indentation and aspiration, calculated as AT, = aF + a,:p
and [ AT, dA = ag 4 - F + @, 4 - pfromthe a values measured in Fig. 2f,g and
Fig.3e, respectively. Error bars correspond to1s.d. of the linear fit parameters
determined from Fig. 2f,g and Fig. 3e. e, Mean tension change AT integrated over
membrane area fAT dA for increasing indentation (bottom) and aspiration (top),
averaged from independent measurements on 5and 4 cells, respectively. Error
bars correspond to1s.e. Linear fits with R%-= 0.963 and R?, = 0.989, respectively.
f, Schematic diagram of the role of the area and number of channels affected
during a stimulus by combined indentation and aspiration.

photons per pixel, but on the other hand to achieve a minimal frame
rate in the millisecond regime. This was accomplished by performing
imaging notasa2Dimage, but alonga cross-sectional lineacross the cell
membrane and the stimulationsite (Fig. 4a,b). Assembling the imaged
lines nextto each other, atension kymographis created, which provides
information not only on the spatial, but also on the temporal distribu-
tion of membrane tension with a20-80 ms time resolution (Fig. 4c,d).

Areference experimentonacellisshowninFig.4c. Whenindent-
ingwitha7.5 nNforce, the FluidFM probe comesinto contact with the
cellmembrane after 1.8 s (note the rise of the AFM cantilever deflection
inFig.4e). Atthis timepoint neither the fluorescence intensity nor the
Flipper-TRlifetime at the cell membrane or indentation site show any
significant changes withinthe time resolution of 80 ms. After 2.6 s, the

FluidFM probe enters the plane of view and the intensity at the inden-
tation site increases significantly. The lifetime at the indentation site
shows a slight increase, while no significant changes are observable
at the cell membrane. In experiments repeated on five separate cells
with anindentation of 50 nN (ref. 42), no changesin Flipper-TR lifetime
in the cell membrane are observed (Supplementary Information 8a).
This confirms the previous observation of the localized nature of mem-
brane tension changes in cells, which is consistent with the anchored
transmembrane fence model, recently demonstrated using single-cell
tether pulling experiments®”’.

The experimentwas repeated on cellmembrane blebs, whichare
known to be devoid of the actin cytoskeleton underlying the mem-
brane'®. When indenting a bleb (Fig. 4d), the FluidFM probe comes
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Fig. 4 | Propagation of tension changes throughout the intact celland
detached membrane. a,b, Schematic diagrams of the stimulation and imaging
setup for anintact cell (a) and a cell-attached membrane bleb (b), as seen from
the side (left) and bottom (right). c,d, Kymographs for real-time fluorescence
lifetime imaging of Flipper-TR on the cross-section of anintact cell (c) and a
membranebleb (d), during indentation with 7.5 nN (scale bars, 2 um; timescale:
¢,80 ms px’;d, 20 ms px™). e,f, Timelines of the AFM quantities piezo movement
and cantilever deflection (bottom), and the FLIM quantities average Flipper-TR

intensity and average fluorescence lifetime (top) over all pixels at the indentation
site (dark green) and on the outer membrane (light green). The shaded areas
correspond to one standard deviation of the Flipper-TR intensities and lifetimes.
The vertical black dashed lines represent the timepoints of the first contact of
the pipette with the membrane, and the appearance of the pipette in the imaging
plane, respectively. g,h, Schematic models for the propagation of membrane
tensioninanintact cellmembrane (g) and the membrane of a cytoskeleton-
freebleb (h).

into contact with the membrane after 1.8 s (Fig. 4f). Simultaneously,
the Flipper-TRlifetime at the membrane shows a significant increase.
After 2.4 s the FluidFM probe enters the plane of view and the inten-
sity at the indentation site rises, while the intensity at the membrane
drops, probably due to a positional shift of the whole bleb resulting
fromits weak cell attachment. Interestingly, in the cytoskeleton-free
case of the bleb, anincrease in tension occursinstantly at the onset of
the mechanical stimulus on the cell membrane at a distance of 5 pm
fromthe stimulationsite. Experiments repeated on five separate blebs
with an indentation of 50 nN show comparable results (Supplemen-
tary Information 8b). This proves that long-range membrane tension
propagation is possible in the absence of the cytoskeleton (Fig. 4g,h)
and is another indication for the mechanism of tension confinement
by cytoskeletal anchorsin the membrane.

Altering cell mechanics affects the p_ ;,(F) curve
Tostartunderstanding theinfluence of the cytoskeleton on membrane
tension dynamics and mechanosensation, we chemically modified two

cell components. Onthe one hand, we targeted the actin cortex using
cytochalasin D (CytoD), an inhibitor of actin polymerization. On the
other hand, the composition of the membrane was altered by adding
margaricacid (MargAc), asaturated fatty acid that integratesinto the
cellmembrane.

We then assessed the mechanosensitivity of such chemically
altered cells viacombined indentation and aspiration using the same
protocol as in Fig. 3a-c. To compare the overall mechanosensitive
response, the total activation pressure was calculated for each cell by
summing the combinations measured individually (Supplementary
Information 9) for the critical aspiration pressure and indentation force.
Asseeninthe cumulative histogramin Fig. 5a, the total activation pres-
sures needed toelicitawhole-cell calciumresponsein 50% of the cells,
islowered significantly inboth cases, by 25% from 121 + 5 mbar for Ctrl
to 91+ 5 mbar for CytoD, and by 37%to 76 + 4 mbar for MargAc-treated
cells. InFig. 5b, this is reflected by a significant downward shift of the
Pcso(F) curves, by 12% from ay intercept of 190 + 6 mbar for Ctrl to
167 + 11 mbar for CytoD, and by 38% to 117 + 5 mbar for MargAc. While

Nature Methods


http://www.nature.com/naturemethods

Article

https://doi.org/10.1038/s41592-024-02277-8

a b 0.
5 8 &
-
&g
ge
3
g2
« 0
28
59 e Control
E S A MargAc
58 = CytoD
O© §
T T T T T T
o 50 100 150 200 250 300
Total activation pressure (mbar)
c d e
[} — *kk
E NS g € g Control
= 3 Sy % i A MargAc
P £a 02 — fin}
2 2 gz 5 CytoD
2 *kk c o
C —
£, 2 o E 2 Control
w o
3 0 g’@ < o > 10% tension
© .
o s g ., 'é < 20% increase
20% stiffness
> O Q > L L
('\éo ‘()?‘ c;\.&o &SO \Q} C;\\_o 0 12.5 25 0 125 25 A0% decrease
S P W Indentation force (nN)
f
9 eFE B Intact cytoskeleton
©=2 0+
Q9 -1
g 2 B Cytoskeleton removed
E < T T T T T
(2]
g 3" m
273
C ©
25 nN Q= 094 . : : ;
_+150 mbar 0 1 2 3 4

Indentation

2 25 375
Indentation force (nN)

50

Fig. 5|Molecular dynamics model to uncover therole of cytoskeletal
components in mechanosensation. a, Cumulative histogram of the total
activation pressure for different chemical treatments, calculated as the sum
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cells for Ctrl, 106 cells for MargAc, and 73 cells for CytoD. b, Critical aspiration
pressure ps,as afunction of the indentation force F for chemical treatment

by MargAc and CytoD. Linear fits with R?cono1 = 0.997, R:yyrgac = 0.994 and

Rcyi0p = 0.980, measured in 3 independent repeats with a total of 25, 24, 27,10
and 10 cells for MargAc, and 19,11,13,11and 19 cells for CytoD treatments for the
force steps of 2, 6,12.5,18 and 25 nN, respectively. The error bars correspond to
the standard deviation of the sigmoid fit plus a measure for the goodness of fit
ofthe sigmoidal model, as defined in the Methods section. ¢,d, Distribution of
cell stiffness (c) and cell membrane tension (d) for control conditions and upon
chemical treatment with MargAc and CytoD, for 142 and 72 cells, respectively.
The violin plots show the mean as a white dot, while the black box corresponds
to the 25% and 75% quantiles, and the whiskers show the minimum and maximum
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values. Statistical significance was determined using a Welch’s ¢-test (0.9968
and 0.000009 for cell stiffness measurements, and 0.00081 and 0.02718

for membrane tension measurements). e, p. s,(F) graph of experimental and
modeled data. Model parameters were calibrated using the control case (blue
circles), while changes in the modeled data were observed uponincrease of the
initialmembrane tension (left, teal triangles) and decrease of the cytoskeletal
stiffness (right, green squares). f, Setup of the molecular dynamics model
consisting of flexible cytoskeletal filaments (blue), filament interconnections
(red), adenser filament cortex below the membrane (green), a flexible membrane
with connections to the cytoskeleton (yellow), and the pipette (gray). g, Shape
of cytoskeleton and membrane at 2 nN and 25 nN indentation depths of the
pipette and with an additional 150 mbar aspiration pressure applied. h, Shape
and normalized tension profile of the membrane at 25 nN indentation with and
without underlying cytoskeleton. i,j, Spatial distribution of local membrane
tension changes at the pipette for increasing indentation (i) and for 25 nN
indentation and increasing aspiration pressures (j).
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theslope of -5.6 + 0.4 mbar nN*for the MargAc case lies within 1.5-fold
of the confidence interval of the slope of —4.7 + 0.2 mbar nN™ for the
control case, treatment with CytoD leads to a significantly steeper
slope of -6.3 £ 0.7 mbar nN.,

Tounderstand these effects on the p. so(F) curve, the changesin cell
stiffness and membrane tension were investigated using AFM-based
force spectroscopy and Flipper-TR lifetime imaging, respectively.
As shown in Fig. 5¢, d, CytoD treatment lowered the cell stiffness sig-
nificantly and slightly increased the resting membrane tension, while
MargAcsignificantly increased the resting membrane tension without
changing the cell stiffness, as previously reported**.

Giventhat the mechanosensitive ion channel Piezolis triggered by
tension, anincreased resting membrane tensionis expected toincrease
the number of channels close to the activation threshold. This would
causeadecreasein the additional mechanical stimulus needed to elicit
amechanosensitive response. That vertical shift of the p. 5o(F) curveis
therefore associated withthe resting membrane tension, while changes
in the slope of the p. 5,(F) curve indicate changes in the cytoskeleton
underlying the membrane. This means, for the specific case of the
CytoD treatment (Fig. 5b), that cells with inhibited actin polymerization
react in almost the same way as control cells at low indentations, but
more promptly than control cells at higher indentations. This shows
that actin does not play a pivotal role in the response to stimulation
by mainly aspiration, but starts playing a mechanoprotective role by
hindering the mechanosensitive response at higher indentations. This
observation is in agreement with previous reports using whole-cell
patch-clamp that CytoD treatment resulted in reduced Piezo ion cur-
rent amplitudes upon indentation, but not aspiration'®*>*¢, Recent
reports of long-range tension propagation upon direct engagement of
the actin cortex point towards a stimulus-dependent dual role of the
cytoskeleton®. Given that FluidFM enables the spatiotemporal combi-
nation of indentation and aspiration, itis therefore apowerful method
to decouple the influences of the cytoskeleton and the membrane on
the process of cellular mechanosensation.

Molecular dynamics modeling enables interaction studies

To gain an in-depth understanding of how the mechanical compo-
nents and their properties influence cellular mechanosensitivity, one
method is to change the individual cellular components chemically,
asdescribed above. However, inmany experimental cases, a cross-talk
canbe observed between different cellular components or biological
functions, and effects cannot necessarily be individually and gradually
tuned. Therefore, we aimed to create afully controllable model system
to simulate the effects of changes of mechanical cellular components.
For this, we set up acoarse-grain particle-based computational model
that resembles the modernview of the cytoskeletal and cellmembrane
organization*** (see Fig. 5f and Supplementary Information 10 for
details onsetup and calibration). On the one hand, the actin cortex was
mimicked by including a200-nm-thick layer with higher fiber density
just below the membrane. On the other hand, anchored transmem-
brane fences were included as linkers between the cytoskeleton and
the membrane.

The systemwas disturbed by a hollow pipette of 2 umindiameter
applyingincreasing indentation and aspiration stimuli, which resulted
inaprotrusion of the cellmembrane formed inside the pipette (Fig. 5g),
matching previous experimental observations’. When examining the
spatial distribution of local membrane tension around the pipette,
increasing tension outside and inside the pipette with increasing
indentation could be seen (Fig. 5i). Similarly, for increasing aspira-
tion pressures, increasing tensionis ascertained inside the pipette, but
not outside the pipette (Fig. 5j). These results exhibit the same trend
as observed in the experiments in Fig. 2d,e. The effects further from
the pipette are shown as a tension profile alongamembraneindented
with 25 nN (Fig. 5h). For the cytoskeleton-free case, the tension rises
throughout the whole membrane. However, withanintact cytoskeleton

thetensionincrease stays confined toa 0.7 pmdistance from theinden-
tation site, which is in the range of the 1.7 + 0.2 um measured previ-
ously®. The model thereby confirms the experimental observation from
the tension kymographs (Fig. 4), and the anchored transmembrane
fence model, suggesting that linkers between the membrane and the
cytoskeleton hinder the propagation of membrane tension.

Overall, this model recapitulates all experimental observations
and highlights how membrane tension is influenced by the cytoskel-
eton and the presence of the pipette. Given that the model was con-
structed by relying solely on the basic understanding of cell structural
mechanics, it separately supports our conclusions of the role of indi-
vidual cell components in the observed processes.

Pcso(F) curveis dependent on cell mechanical properties
Thevalidated model was subsequently used to assess the influence of
changes in mechanical cellular components on cellular mechanosen-
sitivity and thereby the trends in the p. 5,(F) curve. First, the resting
membrane tensioninthe modelwasincreased (Fig. Se, left). This altera-
tion resulted mainly in a downward vertical shift of the p. so(F) curve,
with the vertical shiftincreasing in the case of ahigher initialmembrane
tension. These results match well with the experimental observations
after MargAc treatment, which resulted in both a membrane tension
increase and a downward vertical shift of the p.5(F) curve. Second,
the cell stiffness in the model was decreased (Fig. 5e, right). For a40%
change in cytoskeleton network parameters, a major steepening in
theslope of the p;,(F) curve was observed. These observations arein
good agreement with the experimental results obtained after CytoD
treatment, showing, on the one hand, a significant decrease in cell
stiffness and a small increase in resting membrane tension, while on
the other hand, a steeper slope and a slight downward vertical shift of
the p¢so(F) curve.Insummary, both experiments and simulation point
towards amechanism whereby the vertical shift of the p. 5,(F) reflects
the resting membrane tension, while the slope of the p.5,(F) curve
correlates with the cytoskeletal stiffness.

Ahigher resting membrane tension leads to more channels close
to the activation threshold. Therefore, the vertical shift of the p ;,(F)
curveisameasure that canbe used to compare the mechanosensitive
reactivity state of different cell populations to the same controlled
stimulus. While this first aspect could be determined from a one-point
measurement at a fixed stimulus, measuring the whole p_ ;,(F) curve
and deriving its slope opens up a new dimension. Indeed, it offers the
possibility to additionally account for the mechanical state of the cell
and for the response dependence on the stimulus type, as detailed
above for the CytoD case in Fig. 5b. Extracting these features of the
mechanosensitive response for different cell populations enables
investigation of therole of different membrane and cytoskeletal com-
ponents, and differences in tension regulation and mechanosensing
mechanisms between cell types.

Discussion

To date, the influence of membrane tension on cell behavior remains
incompletely understood. Here, we demonstrated the potential of
combining FluidFM stimulation with fluorescent calciumand tension
imaging tostudy the effect of tension dynamics on cellular mechanosen-
sitivity. The experimental system enables the tension to be controlled
during pipette-cell contact, the cell-wide mechanosensitive calcium
response tobeinvestigated, and the spatial and temporal distribution
of membrane tension to be quantified without disruption. In contrast
to the patch-clamp, FluidFM measurements can be performed at physi-
ological temperatures, influencing both the mechanical and biochemi-
cal components of the cell. The ability to control aspiration pressure
andindentation force independently enables the investigation of the
cross-talk between cytoskeleton and membrane mechanics®, whereby
the experimental results can be interpreted on the basis of a detailed
molecular dynamics model. Moreover, the sensitive force-control of
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FluidFM enables the application of both small stimulidownto1nNand
large ones up to 2 pN, potentially addressing different regimes of the
cellular tension machinery'.

In our studies we observed a localized increase in tension upon
stimulation of the cell membrane, potentially activating a limited
number of mechanosensitive ion channels that allow for calciuminflux
from the stimulation site. A growing field of research is investigating
the spatiotemporal dynamics of cell membrane tension and its role
in regulating processes including mechanosensation, cell shape and
migration, membrane fusion and fission.

The proposed approach offers a direct method to assess the
impact of specific cellular treatments on mechanosensation, with
unprecedented control of the localizationand amplitude of the applied
stimulus, either aspiration pressure or indentation force. However,
whenitisrelevant to transduce the informationinto absolute tension
changes, the method relies on the capability of the fluorescent mem-
brane tension probe Flipper-TR. This requires re-calibration of the
transduction coefficient for every cell type, which is currently based
on the use of an additional technique, optical tweezers. To widen the
adoption of the approach across the scientific community, it would be
idealto design a calibration method for Flipper-TR based on FluidFM,
that could be adopted in situ.

Moreover, the process of mechanosensing is monitored through
the fluorescence of a calciumreporter. The method could be extended
tootherions using different reporters, but adirect measurement of the
ion current would be more general, asis the case in electrophysiology.
While this was shown to be possible using FluidFM technology, there
isstillalimitinthe efficiency of the seal achieved with this technique,
which hinders the sensitivity of FluidFM-based electrophysiological
measurements®.

Finally, while the molecular dynamics model cannot ultimately
validate biological processes, in combination with experimentsit can
give hints on potential mechanisms, for example by carefully chang-
ing different structural components such as membrane-cytoskeleton
linkers, actin cortex thickness and density, or underlying microtubule
density and connectivity. Therefore, the combined application of the
experimental and modeling methods presented here will be crucial to
gain a deeper understanding of the cell machinery regulating mem-
brane tension and mechanosensitivity.

Allinall, the presented method enables a deeper study of mecha-
nosensitive ion channels, leading to insights into the interplay with
thelocal microenvironment®™ and the impact of membrane-cytoskel-
eton coupling on the tension propagation and mechanosensitive ion
channel activation across the plasma membrane’’. This tool promises
to extend the existing methodological toolbox, and help to address
major open questions related to cellular mechanosensation and the
mechanobiology of the actin cortex™.
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Methods

Solutions and chemicals

The following solutions and chemicals were used: MEM (Modified
Eagles Medium +GlutaMAX, Thermo Fisher Scientific), FBS (Thermo
Fisher Scientific), penicillin-streptomycin (Thermo Fisher Scientific),
trypsin-EDTA (Thermo Fisher Scientific), PBS (Thermo Fisher Sci-
entific), PDL (poly-D-lysine, Sigma-Aldrich), physiological solution
(140 mMNacl, 5.4 mMKCI, 10 mM HEPES, 10 mM glucose,1 mM MgCl,,
1.8 mM CacCl,, pH 7.4 with NAOH, all from Sigma-Aldrich), SR101 (Sul-
forhodamine 101, Sigma-Aldrich), AMCA (7-amino-4-methylcoumarin,
Sigma-Aldrich), PAcrAm-g-(PMOXA, NH,, Si) (poly(acrylamide)-g-
(poly(2-methyl-2-oxazoline),1,6-hexanediamine,3-aminopropyldi
methylsilanol), SuSoS), EGTA (ethylene glycol-bis(2-aminoethylether)-
N,N,N’,N’-tetraacetic acid, Sigma-Aldrich), Cal520, AM (Abcam), Yodal
(Sigma-Aldrich), GsMTx4 (Abcam), cytochalasin D (Abcam), margaric
acid (heptadecanoicacid, Sigma-Aldrich), sorbitol (Sigma-Aldrich) and
Flipper-TR (Spirochrome).

Cell culture

The cells used were human foreskin fibroblasts (HFF-1, American Type
Culture Collection (ATCC)). The cells were cultured under standard
adherent cell culture conditions at 37 °C and 5% CO, in MEM culture
medium supplemented with 10% FBS and 1% penicillin-streptomycin.
Theyweresplit using 0.05% trypsin-EDTA and seeded at 5,000 cells cm™
inglass bottom dishes (Willco) 1-2 days before experiments.

For calcium imaging, cells were incubated with 5 pM Cal520 in
medium at 37 °C for 60-120 min, subsequently washed, and trans-
ferred to physiological solution before experiments, unless otherwise
stated. Cell activity and cytoskeletal components were chemically
altered by adding 10 puM Yoda for 5 min, 8 uM GsMTx4 for 5 min, 10 pM
cytochalasin D for 30 min, or 100 pM margaric acid for 20 hto the bath
solution before and during experiments. A calcium-free extracellular
environment was created using PBS + 3 mM EGTA as the bath solution.
Blebs were formed by adding 4 M sorbitol for 10 min prior to but not
during the experiment, as adapted from ref. 53.

Cylindrical FluidFM probe preparation
The FluidFM probes used were custom fabrications at the wafer scale
(SmartTip) witha pipette-like tip geometry withatip length of 10 pm,
aperture diameter of 2 pum and cylinder wall thickness of 200 nm.
Details of the exact manufacturing process of the cylindrical FluidFM
probes used here are described in ref. 27, with the only modification
beingthathere no postprocessing by focusedionbeam was performed.
For filling and coating, the protocol was adapted from ref. 29. In
brief, a cylindrical FluidFM probe made of Si;N, was plasma treated
for 30 s (PDC-002, Harrick Plasma) and the microfluidic channel was
filled with physiological solution supplemented with fluorescent dye
(during calciumimaging: 0.1 mg mI™ SR101 (red fluorescence); during
FLIM imaging: 0.1 mg ml” AMCA (blue fluorescence)). The probe was
thenimmersed for at least 1 h in 0.05 mg mI™ PAcrAm-g-PMOXA (ref.
28)in1 mMHEPESI1 solution, and negative pressure was applied directly
afterimmersion for 20 sto achieve an external and internal non-fouling
coating of the probe. The spring constant (nominal value,1N m™) and
deflection sensitivity were calibrated using optical beam deflection
and the Sader method** %",

Combined calcium imaging and mechanical stimulation
Calcium imaging was performed on an AxioObserver.Z1 inverted
microscope with a x40 objective (Carl Zeiss). The dye was excited by
an attenuated 470 nm wavelength Colibri LED at low light intensities
to avoid an otherwise observed calcium concentrationincrease solely
by light exposure. Images were acquired at a frame rate of 50 ms with
anelectron-multiplying CCD camera (C9100, Hamamatsu Photonics)
that was water cooled externally by arecirculating cooler (F250, Julabo)
to avoid vibrations from the camerainternal fan cooling.

The mechanical stimulation was performed with aFluidFM system
consisting of an AFM system (FlexAFM-near-infrared scan head with a
C3000 controller driven by the EasyScan2 software, Nanosurf), a pres-
sure controller witha1,000 mbar (£750 mmHg) range (Cytosurge), and
a customized motorized x-y microscopy stage with AFM positioning
(Nanosurf). The whole system was placed inanincubator box heated to
37 °C.CO,control was not necessary because the cells were measuredina
CO,-independent buffer foramaximum of 30 min. Timelines of the piezo
movement, cantilever deflection and fluidic pressure were recorded
using adataacquisitionbox and custom LabView script (National Instru-
ments), and time correlated to the recorded images by atrigger output
fromthe microscope. For high-resolutionimaging, the AFM system and
the customized microscopy stage with a stage adapter were placedona
FluoView 3000 inverted confocal laser scanning microscope (Olympus).

The start and propagation speed of calcium concentration
increase was determined using a custom Python script (Python
v3.6). The stimulation events were segmented by hand, de-noised
using Noise2Void (v0.2.1)*%, and the baseline brightness of each pixel
(5th percentile value) was removed, low-pass Gaussian filtered and
normalized. From the filtered images, arise in calcium concentration
was detected by threshold and the propagation speed was determined
from the traveled distance of the wave front over 50 frames.

Single-cell mechanical stimulation
The FluidFM probe was positioned 10 pm above the glass surface and
acellwas positioned underneath. Contact between cell and probe was
establishedinthe force spectroscopy mode by approaching the cell at
1pm s until the desired contact force of between 2 nN and 50 nN was
reached, and the contact force was subsequently held constant by the
AFM PID (proportional-integral-derivative) controller in standard
‘contact mode’. After establishment of the contact, aspiration pres-
sure pulses from 0 to 400 mbar (2400 mmHg) in steps of —25 mbar
£ -18.75 mmHg) were applied through the microchannel of the canti-
lever withaduration of 5 sand pauses at O mbar of 1s. After theincrease
of calcium concentrationinthe cell at the critical aspiration pressure,
the pressure was set to zero, the probe was removed from the cell and
the microchannel was cleaned by a pulse 0f1,000 mbar (2750 mmHg)
overpressure. Onevery cell, only one measurement was conducted to
avoid effects from previous activation.

For each cell, the measured critical aspiration pressure as a
function of the applied indentation force was processed as follows: a
cumulative histogram of the critical aspiration pressures was collected
for each indentation force and chemical treatment (Supplementary
Information 9). To these data a sigmoidal curve with formula
1/(1 + e~&-27by was fitted to extract ps, as the pressure of half-
maximum response. The obtained p. s, values were then plotted
versus the indentation curve to obtain the p ;,(F) curve from which
the vertical shift and slope can be inferred for each cell population
by aleast squareslinear fit. The error of the p 5, value for each indenta-
tion force is determined as error = o + ’% with o as the standard
deviation of the sigmoidal fit and GoM as the goodness of fit of the
sigmoidal model compared toalinear fit, defined as GoM = %= + 1, with

sig
)(ﬁn = ch(Cumulative frequency — Expected value from linear fit)> and

)(gig = Z,, (Cumulative frequency — Expected value from sigmoidal fit)?2.
Then, to obtain the total activation pressure, the values for each cell are
treated individually. First, theindentation forceis converted into pres-
sure using the slope obtained from the p 5,(F) curve. The total pressure
for each cellisthen calculated by summing the critical aspiration pres-
sure and the converted indentation force. Upon plotting these total
pressures in a cumulative histogram, a sigmoidal curve is then fitted
tothese datato extract the total activation pressure of the cell popula-
tion as the pressure of half-maximum response.

Cellstiffness values were extracted from the FluidFM-based force
spectroscopy performed during each cell approach in the protocol
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described above. The cell stiffness was extracted from the recorded
force-indentation curves with a custom Python user interface as
described previously*’. Inbrief, the contact point of the force-distance
curvewas determined by thresholding, and the Hertzmodel was fitted
to the force-indentation curve to obtain the cell stiffness.

Combined FLIM imaging and mechanical stimulation

To enable the combination of FluidFM stimulation with FLIM imaging,
several adjustments were made to the microscope and the AFM scan
head, as detailed in Supplementary Information 1. Once established,
FLIM imaging was performed in the presence of the FluidFM probe on
cellsincubated with1 pMFlipper-TR for 10 min. FLIM imaging was carried
outonaleicaSP8inverted confocal laser microscope run by the LAS X
software (Leica) withax63 objective (HC PLAPO CS2x63/1.40 OIL, Leica),
and excitation with a white light laser at 20% laser power and 488 nm.
Whole-cellimages were taken with azoom factor of 1, pixel dimensions
of361 nm, ascanspeed of 400 Hz, and 23x frame averaging. Forimages
ofthetubetip,azoomfactor of7.24, pixel dimensions of 100 nm, ascan
speed of 400 Hz, and 30x frame averaging were used. Single photons
and their lifetimes between 550 nm and 800 nm were collected with a
HyD detector in counting mode. Forimaging at the indentationssite, the
focal plane was adjusted to the tip of the FluidFM probe after contact with
2nNindentationforce and anaperture of 3 Airy units was chosen. Dueto
thelarge optical aperture, the tube tip remained in focus during further
indentation. For zoomed images without indentation, the focus plane
was set to the highest point of the upper cell membrane.

For statistically relevant lifetime determination, a minimum of
1,000 photons per pixel were collected and a 2-exponential reconvo-
lution fit was performed to the time-correlated single-photon count-
ing histogram (Fig. 2b, top)*°*'. Hereby, the two components of the
Flipper-TR lifetime were determined using the LAS X software (Leica),
and the smaller component was fixed for each image and neglected for
all further analyses. The larger component with direct relation to the
membrane tension? was determined for each pixel, yielding the spatial
distribution of membrane tension during mechanical stimulation. By
thresholding the fluorescence intensity of each pixel (Fig. 2c, middle),
membrane areas were separated from the background and the average
fluorescent lifetime for a selected region of interest was determined.
To obtain tension kymographs, lineimaging over time was performed
and atleast 500 photons per pixel were collected in 16 line repetitions,
resultinginatimeresolution of 20-80 ms per line. During imaging, cells
orblebswereindented with 7.5 nN or 50 nN. The obtained fluorescence
lifetimes are converted to membrane tension using the conversion
factor of1.325 (mN m™) ns™as calibrated by tether pulling (see below).

Calibration of Flipper-TR lifetime versus membrane tensionin

HFF-1cells

HFF-1 cells were cultured and detached as described above, subse-
quently seeded in a glass bottom plate in physiological solution and
1puMFlipper-TR, and left to adhere for 30-60 minat 37 °C. The osmolar-
ity pressure was then changed by adding adjusted mixtures of physi-
ological solution and Milli-Q water to the well. The osmolarity of the
solutions was measured separately with an osmometer. Flipper-TR
lifetimes of atotal of 21-23 cells per condition in three separate dishes
were measured at 37 °C as described above, using the sameimaging and
analysis parameters. Membrane tension was measured for 7-10 cells
per osmotic condition by pulling membrane tethers attached to Con-
canavalin A-conjugated beads using a custom optical setup combining
optical tweezers and imaging®°.The membrane tension was obtained
by tether force at the plateau as described in ref. 61, and more details
aregivenin Supplementary Information 2.

Coarse-grained molecular dynamics model
The coarse-grain particle-based model of a portion of the cell was based
onthepreviously developed eukaryotic cellmodel*®. The simulations

were performed using LAMMPS®” at Swiss National Supercomputer
Center (CSCS). The model has three main components: cell membrane,
cortex and cytoskeleton. The membrane consists of particles with flex-
ible connections forming a surface triangulation. The cytoskeleton
consists of a random network of filaments that are assembled from
particles connected with links. The cortex is composed of the same
filaments but exhibits higher density and a preferred orientation of
the filaments along the membrane. All components are placed in a
fluid environment and connected to each other by cross-links. The
micropipette is modeled using solid wall boundary conditions, and
adhesion of the membrane to the pipette is imposed. More detailed
information on the setup and calibration of the model is given in Sup-
plementary Information 10.

Statistics and Reproducibility

Nostatistical method was used to predetermine sample size, but a mini-
mum of three independent replicates were performed for all experi-
ments. Unless otherwise stated, individual values were aggregated
by calculating the mean and standard deviation or standard error as
reported in the figurelegends. Statistical significance was determined
using a two-sided ¢-test. For the mechanical stimulation of cells, data
were excluded when the blockage of the FluidFM probe or a rupture
of the cellmembrane occurred, as determined by release or cell entry
of SR101, respectively. The experiments were not randomized and the
investigators were not blinded to allocation during experiments or
outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Full datasetsare availablein the datarepository published here: https://
doi.org/10.3929/ethz-b-000659903 (ref. 42). The data repository
includes complete image data sets for the step-wise and real-time meas-
urement of Flipper-TR. For the calcium imaging data, representative
image files are included, due to the large size of the full data set. The
full data set for calcium imaging is available from the corresponding
authorsuponrequest and afileincluding all extracted datapoints are
included inthe repository. Source data are provided with this paper.

Code availability

The computational model that is the basis for the molecular dynamics
model was previously peer-reviewed and published in PLOS Computa-
tional Biology*®, and the implementation is based on the open-source
Large-scale Atomic/Molecular Massively Parallel Simulator, LAMMPS,
which is available together with information on its installation and
usage at www.lammps.org.

References

53. Ragoonanan, V., Hubel, A. & Aksan, A. Response of the cell
membrane-cytoskeleton complex to osmotic and freeze/thaw
stresses. Cryobiology 61, 335-344 (2010).

54. Sader, J. E., Larson, |., Mulvaney, P. & White, L. R. Method for the
calibration of atomic force microscope cantilevers. Rev. Sci.
Instrum. 66, 3789-3798 (1995).

55. Nagy, A. G., Kdman, J., Horvath, R. & Bonyar, A. Spring constant
and sensitivity calibration of FluidFM micropipette cantilevers for
force spectroscopy measurements. Sci. Rep. 9, 10287 (2019).

56. Bonyar, A., Nagy, A. G., Gunstheimer, H., Flaschner, G. & Horvath, R.
Hydrodynamic function and spring constant calibration of FluidFM
micropipette cantilevers. Microsyst. Nanoeng. 10, 26 (2024).

57. Sittl, S., Helfricht, N. & Papastavrou, G. Contactless calibration
of microchanneled AFM cantilevers for fluidic force microscopy.
VIEW 5, 20230063 (2024).

Nature Methods


http://www.nature.com/naturemethods
https://doi.org/10.3929/ethz-b-000659903
https://doi.org/10.3929/ethz-b-000659903
http://www.lammps.org

Article

https://doi.org/10.1038/s41592-024-02277-8

58. Krull, A., Buchholz, T. O. & Jug F. Noise2Void: learning denoising
from single noisy images. In: Proceedings of the IEEE/CVF
Conference on Computer Vision and Pattern Recognition,
2129-2137 (2019).

59. Lichtefeld, I. et al. Elasticity spectra as a tool to investigate
actin cortex mechanics. J. Nanobiotechnology 18, 147
(2020).

60. Sergides, M. et al. Probing mechanotransduction in living cells
by optical tweezers and FRET-based molecular force microscopy.
Eur. Phys. J. 136, 316 (2021).

61. Arbore, C., Perego, L., Sergides, M. & Capitanio, M. Probing
force in living cells with optical tweezers: from single-molecule
mechanics to cell mechanotransduction. Biophys. Rev. 11,
765-782 (2019).

62. Plimpton, S. Fast parallel algorithms for short-range molecular
dynamics. J. Comput. Phys. 117, 1-19 (1995).

Acknowledgements

The authors thank J. Vorés and the whole Laboratory of Biosensors
and Bioelectronics for useful discussions and continued support to
the project. The authors also thank E. Sarajlic and SmartTip B.V. for
their support in cantilever fabrication, S. Wheeler for his support in
the workshop, and J. Kusch and the ScopeM facility at ETH Zurich for
their microscopy support. I.L. was funded by the EUREKA Network
(Eurostars Project E11644 SOUL to T.Z.). E.Z.-E. was funded by the
Swiss National Science Foundation (Sinergia CRSII5_202301/1to T.Z.).
1V.P. acknowledges the support from the Swiss National Science
Foundation (Grant 205321_173020). Simulations were carried out at
the Swiss National Supercomputer Center (CSCS Projects s747 and
u4). C.G. was funded by the Volkswagen foundation (Initiative ‘Life’).
M.C. and L.G. were supported by the European Union’s Horizon 2020
research and innovation program under grant agreement no 871124
Laserlab-Europe. B.M. acknowledges the National Health and Medical

Research Council of Australia for a Principal Research Fellowship
(APP1135974).

Author contributions

I.L., MV. and T.Z. conceived the project and designed the study. I.L.
performed the main experiments. L.V.P. performed the modeling. I.L. and
E.Z.-E. performed the Supplementary Information experiments. C.G.
prepared the FluidFM probes. I.L. and S.J.I. analyzed the data. L.G. and
M.C. performed and analyzed the tether pulling experiments. I.L., MV.,
IV.P., A.M.R., B.M. and T.Z. interpreted the data and prepared the figures.
I.L., M.V. and L.V.P. wrote the manuscript with input from all authors.

Funding
Open access funding provided by Swiss Federal Institute of
Technology Zurich.

Competinginterests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41592-024-02277-8.

Correspondence and requests for materials should be addressed to
Ines Liichtefeld, Igor V. Pivkin, Tomaso Zambelli or Massimo Vassalli.

Peer review information Nature Methods thanks Min Lin and the other,
anonymous, reviewer(s) for their contribution to the peer review

of this work. Primary Handling Editor: Madhura Mukhopadhyay, in
collaboration with the Nature Methods team.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Methods


http://www.nature.com/naturemethods
https://doi.org/10.1038/s41592-024-02277-8
http://www.nature.com/reprints

nature portfolio

Corresponding author(s): Ines Liichtefeld, Massimo Vassalli

Last updated by author(s): Feb 12, 2024

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
~
Q

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name, describe more complex techniques in the Methods section.

A description of all covariates tested

L X XK

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

O 0O XX [0

X X X
O X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Calcium imaging data were collected with the open-source micromanager microscopy software. FLIM data were collected with the
commercial LAS X software (Leica). AFM data were collected with a custom LabView script.

Data analysis The commercial LAS X software (Leica) was used to analyse FLIM lifetimes. Python 3.6 was used to process calcium videos (using the python
package Noise2Void) and FLIM images.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Full data sets are available in the data repository published here: https://doi.org/10.3929/ethz-b-000659903. The data repository includes complete image data sets
for the step-wise and real-time measurement of Flipper-TR. For the calcium imaging data, exemplary image files are included, due to the large size of the full data

>
Q)
—
c
D)
§O)
o)
=
o
=
_
D)
©
o)
=
S
Q@
wv
[
3
3
Q
=
2




set. The full data set for calcium imaging is available from the corresponding authors upon request and a file including all extracted datapoints are included in the
repository.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender N/A

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical method was used to predetermine sample size since distributions were unknown for this new data type, but a minimum of three
independent replicates were performed for all experiments. For mechanical stimulation and calcium imaging, 3x 20 cells were sufficient to
show significant differences between conditions. For FLIM imaging, 4-5 cells were sufficient to show clear trends.

Data exclusions | In figure 3b and 4a non-responding cells and ruptured cells were excluded since they do not yield a critical aspiration pressure. These
exclusion criteria were pre-established.

Replication All experiments were performed on at least 3 independent sets of cells, and trends were consistent between sets.
Randomization  Samples were allocated randomly to experimental groups.

Blinding Blinding was not performed, since the workflow is automated and an influence of the operator is minimal.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

X[ ] Antibodies XI|[] chiP-seq

|:| |Z Eukaryotic cell lines |Z |:| Flow cytometry

g |:| Palaeontology and archaeology |:| MRI-based neuroimaging
|Z |:| Animals and other organisms

|Z |:| Clinical data

XI|[] pual use research of concern

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Cell line HFF-1 obtained from ATCC

>
Q
—
c
)
o)
le)
=
o
=
—
)
o)
o)
=
>
Q@
wv
[
3
3
Q
=
2




Authentication Authenticated by ATCC (by STR profiling and morphology), used directly from supplier

Mycoplasma contamination No mycoplasma contamination was detected, as tested by ATCC.

Commonly misidentified lines  None
(See ICLAC register)

>
Q
—
(e
(D
O
O
=
s
S
-
(D
©
(@)
=
i}
(@]
wm
[
3
3
Q
o
e




	Dissecting cell membrane tension dynamics and its effect on Piezo1-mediated cellular mechanosensitivity using force-control ...
	Results

	FluidFM with Ca2+ imaging measures mechanosensitivity

	FluidFM stimulation yields Piezo1-mediated mechanosensation

	Flipper-TR imaging during FluidFM reveals tension changes

	Indentation and aspiration locally increase tension

	Combined stimuli affect the number of activated Piezo1 channels

	Tension changes do not propagate across the cell membrane

	Altering cell mechanics affects the pC,50(F) curve

	Molecular dynamics modeling enables interaction studies

	pC,50(F) curve is dependent on cell mechanical properties


	Discussion

	Online content

	Fig. 1 Measurement of mechanosensitivity combining FluidFM with Ca2+ imaging.
	Fig. 2 Flipper-TR imaging during FluidFM stimulation quantifies tension changes.
	Fig. 3 Effect of combined mechanical stimuli on Piezo1 channel activation.
	Fig. 4 Propagation of tension changes throughout the intact cell and detached membrane.
	Fig. 5 Molecular dynamics model to uncover the role of cytoskeletal components in mechanosensation.




