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Evidence of the bottom stiffness effect on atomic
force microscopy-based cell mechanobiology+
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AFM is the dominant method to characterize the nanomechanical properties of cells. These properties are

obtained by model fitting. Semi-infinite contact mechanics models predict that the force depends on the

cell's mechanical properties, indentation and the tip's geometry. Finite-thickness rheological models predict

that the force should depend also on the rigidity of the substrate. The latter property has never been observed

experimentally. It would make cells appear stiffer than they are. Here, we designed a force—distance curve

experiment to reveal the influence of the rigidity of the substrate on the forces and the apparent moduli
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Introduction

The mechanical properties of cells are of paramount relevance
in mechanobiology. Atomic force microscopy (AFM) has
become the most common technique to measure the elastic
and viscoelastic properties of cells at the nanometer scale." ™
AFM measurements have significantly contributed to our
current understanding of the relationship between mechanical
forces, physiology and disease.”*

Several methods have been developed to determine the
mechanical properties of cells with AFM, which include
force-distance curves or nanoindentation,>®  oscillatory
indentation,”'? load relaxation and creep measurements.'’
These methods require culture of cells on a solid substrate such
as glass or plastic. These substrates are significantly stiffer than
mammalian cells. For example, the Young’s modulus of a glass
Petri dish is about 100 GPa while the Young’s modulus of live
mammalian cells is in the 0.5-10 kPa range. Furthermore, the
height of a mammalian cell is relatively small. In many cell
types, it varies from 2 pm (cytoplasm edge) to 7- 15 pm on the
region located above the nucleus. The combination of the cell’s
softness and finite-thickness causes the compressive stress
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measured by AFM. Model fitting by using a semi-infinite power-law rheological model showed an increase of
the apparent modulus with increasing force. This behavior was an artifact which disappeared when the force
was fit with a bottom-effect correction model. Our findings demonstrated that the force applied on a cell
depended intrinsically on the stiffness of the substrate while the mechanical properties (true values) did not.

applied by the tip to propagate through the cell until it reaches
the substrate. Then, the stress bounces back towards the tip. The
net effect would be an increase of the force applied by the tip to
the cell. This effect is known as the bottom stiffness effect.® As a
consequence, cells might appear stiffer than they are.
Dimitriadis and co-workers were the first to point out that
the above effect might influence AFM measurements on soft
materials."® For a spherical tip, they proposed a model to estimate
the force measured in AFM as a function of the Young’s modulus
and the material thickness (height). The theoretical model was
generalized for any axisymmetric tip by Garcia and Garcia'” and
extended to include viscoelastic interactions.'®' These models
were generically called bottom-effect correction models.® Finite
element simulations and additional theoretical contributions have
validated bottom-effect correction models."””****> The bottom
stiffness effect, if it is not corrected, would introduce significant
errors in the determination of the Young’s modulus of a cell.'”*®
To date, theoretical predictions of the bottom stiffness
effect on AFM measurements performed on cells have not
been demonstrated. As a consequence, bottom-effect correc-
tions have been sparsely applied to correct AFM
measurements.?””*® Therefore, the accuracy of the modulus
values provided by some AFM experiments is questionable, in
particular, for the measurements performed with tips of a
large effective radius (R > 1 pum). In contrast, experimental evi-
dence of the bottom stiffness effect has been reported for AFM
measurements performed on self-assembled and lipid bilayers
deposited on mica substrates.>*° In those experiments, the
thickness of the system was easily changed by increasing the
number of monolayers. This approach enabled a straight-
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forward comparison between experiment and theory. The
theory predicted that the force should decrease when increasing
the thickness of the system. AFM experiments verified the above
prediction by reporting that for the same indentation, the force
applied by the tip decreased with the number of layers.>**°

Similar experiments cannot be done on live cells. Single
cells cannot be piled up. In addition, mammalian cells have
complex rheological behaviour which prevents a straight-
forward study. For example, a cross-section of a cell might
show height variations from the cytoplasm edge (2 pm) to the
region on top of the nucleus (7-15 pm). Therefore, a single cell
could provide a platform to test the bottom stiffness effect by
measuring the forces on different regions of the cell. However,
the results of this experiment might be flawed. It has been
shown that for some cells, the elastic and viscoelastic pro-
perties of the nucleus were markedly different from the
mechanical properties of the cytoplasm.?**> Such experiments
might give forces over the nucleus which are different from
those measured on the cytoplasm. However, those differences
might be attributed to the intrinsic mechanical property differ-
ences of the nucleus and the cytoplasm.

Gavara and Chadwick measured the spatial variation of the
Young’s modulus across an NIH 3T3 cell.>® The results were
interpreted in terms of the bottom stiffness effect. However,
that interpretation was flawed. The values of the modulus
changed considerably (10-fold) from nearby points. The ana-
lysis neglected the viscoelastic response of the different
regions of the cell. Furthermore, the bottom-effect correction
model derived in ref. 33 was found to be incorrect.'®*!

Here, we demonstrate that the stiffness of the substrate mod-
ifies the force applied and/or measured by AFM on a single cell.
A series of force-distance curves were acquired on the cytoplasm
and nuclear regions of HeLa cells cultured on a Petri dish as a
function of the maximum value of the force. These curves were
fit with semi-infinite and finite-thickness single power-law
rheology models. A semi-infinite model, that is, a model that
does not consider the height of a cell, gave a modulus that
increased with the value of the force. On the other hand, the
modulus remained nearly constant, that is, independent of the
force, when the force was fit with a model that considered the
finite height of the tip as an input. These trends were indepen-
dently reproduced on cytoplasmic and nuclear regions. The
above results were hallmarks of the influence of the rigidity of
the substrate on the forces applied and/or measured in AFM. In
addition, we found that the fluidity coefficient did not depend
on the force value. The latter results were reproduced by both
finite and semi-infinite single power-law rheology models.

Results and discussion
Bottom-stiffness effect

The bottom stiffness effect postulates that for a given indenta-
tion, the force applied to a cell is higher than the one
measured on an ideal cell of semi-infinite height. The increase
of the force reflects the rigidity of the substrate. This effect is
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parameterized by the ratio between the radius of the tip-cell
contact area and the average height of the cell in that region.
Therefore, the force would depend on the indentation, cell’s
mechanical properties, cell’s height and substrate stiffness.
However, the mechanical properties of a cell, being intrinsic to
its structure, should not be modified by the rigidity of the sub-
strate. In quasistatic measurements, mechanical properties
might have spatial variations, but in any case, for non-invasive
measurements, they should not depend on the force applied
to probe the cell.

We remark that the bottom stiffness effect discussed here is
different from the substrate stiffness effect described in
mechanobiology.>**> The latter is related to the activation of
mechanoresponsive proteins that respond to the rigidity and
viscosity cues of the substrate. In AFM experiments both
effects might happen simultaneously.

Fig. 1a shows a confocal microscopy image of a HeLa cell.
The cross-section provides values of the cell’s height as a func-
tion of the x coordinate. Height measurements from confocal
microscopy in combination with AFM topography data were
used to provide accurate estimations of the cell’s height.
Height values were needed as inputs to determine the force
with a bottom-effect correction model. Fig. 1b shows a sche-
matic of an AFM experiment designed to measure the mechan-
ical properties of a cell. Fig. 1b illustrates how the stress
caused by the AFM might be reflected back at the cell-solid
support interface. Fig. 1c shows a SEM image of one of the
spherical tips used in the measurements.

Power-law rheology model

The nanomechanical parameters of a cell were obtained by
fitting the experimental data to the single power-law rheology
model developed in ref. 19. The model included the geometry of
the tip, the determination of the contact area as a function of
the cell’s deformation history and the finite-thickness of the cell.
In this model, the relaxation function was expressed in terms of
two parameters, the scaling modulus and the fluidity coefficient,

E, t\ 7
0= () .
where I is the Euler gamma function; E, is a scaling factor
with units of force divided by area (scaling modulus). It has
been identified as the elastic modulus of the material at time
tp (commonly ¢, = 1 s). The value of the fluidity coefficient y = 0
defines an elastic solid of Young’s modulus E, while y = 1 indi-
cates a Newtonian viscous liquid with viscosity . = Et,. The
above model has been successfully applied to determine the
viscoelasticity of cells at different speeds and indentation
scales.**?”
For a paraboloid tip of radius R, the force as a function of
the indentation was calculated as follows:

d
ZO‘JJO t_t d_(
Zaj w(t=t) g,

() de

()

t<tmax (20)
F(I) =

t>tmax  (2b)
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Fig. 1

(a) Top view and cross-section (dashed lines) of a Hela cell. The cells were cultured under similar conditions to those used in the AFM experi-

ments. The confocal microscopy image provides information on the cell's height at zero force. (b) Schematic of an AFM experiment designed to
measure the mechanical properties of a cell. The arrows schematize the balance of the force associated with the bottom stiffness effect. (c) SEM

image of a colloidal tip similar to the ones used in the experiments.

where a; and f; are coefficients that depend on the geometry of
the probe and the height (thickness) of the cell % (see table);
tmax iS the time at which indentation reached its maximum
value (Inmay); w(t — t) is the viscoelastic relaxation function of
the material and ¢(¢) is the solution to determine the contact
area during tip’s retraction,'®

J.t w(t—t)w()de = 0. (3)

t1(2)
The coefficients in Table 1 converged to the semi-infinite
power-law rheology coefficients for # — 0.

Experimental force-distance curves

Fig. 2a shows a series of theoretical force-distance curves gen-
erated by using the above expressions for a tip of R = 5 pm (E,
=1 kPa and y = 0.2). The thinner the cell, the smaller the
indentation to reach the same force. The curves shared the
same path during the approach. However, the retraction path
depended on the maximum value of force applied. This is a
history dependent behavior associated with the viscoelasticity
of the system. Fig. 2b and ¢ show some representative force-
distance curves (black) taken over cytoplasmic and nuclear
regions of a HeLa cell. The hysteresis of those curves revealed

This journal is © The Royal Society of Chemistry 2025

Table 1 Bottom-effect correction coefficients for a parabolic tip of
radius R

J aj i
0 1.778R'? 3/2
1 2.014Rh™* 2
2 2.661R*2h2 5/2
3 2.659R*h ™3 3
4 1.342R°?K~* 7/2

the existence of intrinsic energy dissipation processes within
the cell. These effects were associated with the viscoelasticity
of the cell. The FDC curves were plotted versus time and inden-
tation. The fitting obtained by using the model described
above is shown in red. The blue point shows the point of
contact between the tip and the cell (approach curve).

Fig. 3 shows the nanomechanical parameters of two HeLa
cells (scaling modulus and fluidity coefficient) as a function of
the force. The experiments were performed on several HeLa
cells (n = 7). We found the same trend in all the cells (ESIT).
The panels are divided into two sections (left and right). The
left panels show the results obtained by fitting the FDCs with
the semi-infinite power-law rheology model. The right panels
show the results obtained using the bottom-effect correction

Nanoscale, 2025, 17,14897-14903 | 14899
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Fig. 2 (a) Theoretical force—time and force—distance curves for two different cell heights (2 and 7 um); Eq = 1 kPa and y = 0.3; R = 5 pm. (b) Force—

time and force—distance curves measured on the cytoplasm region of a Hela cell (v = 10 pm s7™Y. (c) Force—time and force—distance curves
measured on top of the nucleus ((v = 10 um s™4). The red curves show the fitting obtained from the power-law rheology model with bottom-effect
corrections. The blue dot represents the contact point. Microcantilever parameters: k = 0.08 Nm™, Q = 2.00, f, = 3.479 kHz.
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Fig. 3 Apparent and corrected nanomechanical parameters of Hela cells cultured on a Petri dish. (a) Modulus and fluidity coefficients obtained
over a cytoplasmic region (cell 1). (b) Modulus and fluidity coefficients obtained over a nuclear region (cell 1). (c and d) Modulus and fluidity coeffi-
cients obtained over cytoplasmic and nuclear regions (cell 2). Apparent values were obtained by fitting the force—distance curves with the semi-
infinite single power-law rheology model. Corrected values were obtained by fitting the FDCs with the single power-law rheology model that
includes bottom-effect corrections. The red points in top panels were generated by using the bottom-effect correction model. The agreement
obtained with the experimental values is a self-validation of the model.

model (eqn (2) and Table 1). In agreement with the predictions
of the bottom stiffness effect, the apparent modulus increased
with the value of the maximum force (Fig. 3a-d, top panels).

The above behavior did not depend on the cell region (nucleus
versus cytoplasm). However, the apparent modulus values were
higher on the cytoplasm than on the nucleus. This result was

14900 | Nanoscale, 2025, 17, 14897-14903 This journal is © The Royal Society of Chemistry 2025
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also consistent with the bottom stiffness effect because height
was larger on top of the nuclear region than on the cytoplasm
(Fig. 1). However, this finding by itself should not be taken as
conclusive proof because the viscoelastic forces over the
nucleus might be different from those over the cytoplasm. The
influence of the substrate stiffness on the modulus was
removed by fitting the FDCs with the bottom-effect correction
model. The fitting led to modulus values which were indepen-
dent of the applied force and, therefore, of the substrate
stiffness. These values should be considered, for a given vel-
ocity, the true modulus values of the cell.

On the other hand, the fluidity coefficient did not show any
dependence on the applied force (bottom panels). The values
remained practically constant at about 0.15. We concluded
that the fluidity coefficient of a cell was not affected by the
substrate stiffness. Under quasistatic conditions and for rela-
tively low velocities, the fluidity coefficient did not depend on
the cell region.

The above findings were validated by estimating the cell’s
height from the fitting and re-calculating the dependence of
the apparent modulus values on the force (red points and red
discontinuous line). The agreement obtained between the
experimental values and the simulations provided a self-con-
sistent validation of the bottom stiffness effect.
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To better understand why an increase of the modulus
(apparent values) with the value of the force is direct evidence
of the bottom stiffness effect, we need to recall its physical
origin. This effect originated at the cell-substrate interface.
There, the stress generated by the tip was reflected back
towards it. The reflected stress was transformed into a force by
integrating it over the contact area. Therefore, two parameters
were involved besides the rigidity of the substrate, the height
and the contact radius. Fig. 4a shows the dependence of the
apparent modulus and the fluidity coefficient values on the
force. The FDCs were calculated for several heights (2, 5, 10
and 15 pum). For a fixed height, the apparent modulus
increases with the maximum value of the FDC. The above be-
havior is significantly enhanced when reducing the cell thick-
ness from 15 pm to 2 um. The fluidity coefficient (right panel)
hardly changed with the applied force. This result was
expected. Viscoelastic forces were mostly dominated by shear
forces.

The apparent increase of the modulus with the force
(Fig. 4a) correlated with the dependence of the ratio between
the contact radius and the cell height (Fig. 4b). For a given
height, the ratio increased with the force. For a fixed force,
the ratio increased when decreasing the cell’s height.
Notwithstanding the above, the simulations showed that for

0.30 T T T T T

0.25 R

= 0.204

0.15 4 4

2.5

2.0

Force (nN)

(a) Dependence of the apparent modulus and fluidity coefficient on the force for different cell heights (simulation). (b) Simulation of the

dependence of the ratio between the contact radius and the cell’'s height on the force for different heights. (c) Radius of the projected contact area
as a function of the force for different cell heights (simulations). Data obtained by using eqn (2) with Eg = 1 kPa and y = 0.2; R = 5 ym. The discon-
tinuous lines show the results for a semi-infinite system with the same Eg and y values.
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the same force, the contact radius increased with the cell’s
height (Fig. 4c).

Conclusions

We concluded that the rigidity of the substrate modified the
forces measured in AFM. Therefore, in general the increase of
the cell’s modulus with the force must be considered an arte-
fact. It was associated with the use of a semi-infinite contact
mechanics model to fit the forces measured on a finite system.
The proper values of the modulus were obtained by fitting the
experimental data with a contact mechanics model that incor-
porated the finite height of a cell. In retrospect, the above find-
ings provided an explanation to previous observations.*®

The bottom stiffness effect is a universal property of a finite
thickness system subjected to compressive forces. It should be
present in other types of single cell measurements such as those
performed by micropipette aspiration. In some AFM measure-
ments, its presence might be masked by the depth dependence
of the mechanical properties associated with changes in the
cell’s structure (membrane, cortex, cytosol, nucleus).*>*°

We have experimentally demonstrated that the rigidity of
the solid support modifies the force values measured in AFM.
This effect is an intrinsic property of the cell-substrate inter-
face. The rigidity of the substrate makes the modulus of a cell
(apparent value) increase with the value of the force. The
bottom stiffness effect is dependent on the ratio between the
projected radius of the tip—cell contact area and the thickness.
It became significant whenever the tip—cell contact radius was
comparable to the cell thickness. Contrary to common
wisdom, the use of large tips enhanced the error in the esti-
mation of the modulus. This effect might lead to overestima-
tion of the modulus by a factor of 5 or larger. The bottom
stiffness effect might be easily corrected by processing the
AFM data with bottom-effect correction models which provide
the true nanomechanical parameters of the cell.

Methods

Force-distance curves

AFM experiments were performed with a JPK Nanowizard V
atomic force microscope (Bruker Instruments) mounted on an
inverted optical microscope (AXIO Observer D1; Carl Zeiss). All
experiments were carried out with samples immersed in
culture medium (see below). Colloidal probe cantilevers
CP-PNPL-SiO (sQube) were used. These cantilevers have a
nominal spring constant of 0.08 N m~" and a radius R = 5 pm
(Fig. 1c). The actual spring constant of the cantilever was
determined using the thermal noise method as implemented
in the AFM. The FDCs were acquired by applying a triangular
waveform with a speed of 10 pm s,

FDCs were obtained on 5 different positions on the cyto-
plasm and five different positions over the nucleus; on each
position, we acquired 10 FDCs.

14902 | Nanoscale, 2025, 17, 14897-14903
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The FDC curves used to generate the nanomechanical
values represented in Fig. 3 are included in ref. 41.

Contact model fitting

The semi-infinite and bottom effect correction models were
implemented in Python. The simulations and the processing
and fitting of experimental measurements were performed
using Numpy and Scipy libraries. The code used to process the
FDCs is given in ref. 41.

Cells and culture

HeLa cells (Sigma-Aldrich) were cultured in Eagle’s minimum
essential medium (EMEM) with 10% calf serum-CS (Gibco Life
Technologies), 1% penicillin/streptomycin  (Gibco Life
Technologies, UK) and 2 mM Il-glutamine (Sigma-Aldrich,
Missouri, USA). The cells were maintained at 37 °C under a
controlled atmosphere with 90% humidity and 5% CO2. The
cells were seeded in Petri dishes for 24-48 hours in the culture
medium before the measurements. The AFM measurements
were performed in the above Petri dishes and culture medium.
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