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ARTICLE INFO ABSTRACT

Keywords: In the field of tissue engineering, determining the mechanical properties of hydrogels is a key prerequisite to
Viscoelasfi?ity develop biomaterials mimicking the properties of the extracellular matrix. In mechanobiology, understanding the
Poroelasticity relationships between the mechanical properties and physiological state of cells is also essential. Time-dependent
Igz](lismgels mechanical characterization of these soft materials is commonly achieved by atomic force microscopy (AFM)

experiments in liquid environment. However, the determination of an appropriate model to correctly interpret
the experimental data is often missing, making it difficult to extract quantitative mechanical properties. Here,
force relaxation and force-distance curves were combined to elucidate the origin of dissipative processes involved
in hydrogels and cells, before applying the relevant poroelastic or viscoelastic theory to model the curves. By
using spherical AFM tips, analytical equations were developed to transform these curves into mechanical pa-
rameters by describing the relationships between the exerted force and the elastic, poroelastic or viscoelastic
responses of semi-infinite and finite-thickness materials. Poroelastic behavior was evidenced for a thermores-
ponsive hydrogel and a set of poroelastic parameters was extracted from the force relaxation curves. In contrast,
cells exhibited viscoelastic properties characterized by a single power-law relaxation over three-decade time
scales. In addition, compressive modulus and fluidity exponent of cells were obtained by fitting force relaxation
curves and approach-retraction force-distance curves. This combined theoretical and experimental framework
opens a rigorous way toward quantitative mechanical properties of soft materials by (1) systematically deter-
mining the origin of their relaxation mechanisms, (2) defining the theoretical models to correctly interpret the
experimental data, (3) using analytically solved equations to extract the mechanical parameters.

Power-law rheology model
Spherical AFM tips

differentiation, compared to purely elastic hydrogels (Chaudhuri et al.,
2020; Lee et al., 2017, 2021). To accurately assess the corresponding

1. Introduction

Atomic force microscopy (AFM) has become an indisputable inves-
tigation tool for soft materials and biological samples thanks to its
remarkable capability of high-spatial resolution imaging and mapping
mechanical properties at the nanoscale, in live conditions and at
controlled temperature. In mechanobiology, knowing about the prop-
erties of living cells is crucial for deciphering the complex interplay
between cells and their physiological state, impacted by external con-
ditions. In the context of tissue engineering, recent studies have pre-
cisely established that hydrogels with time-dependent mechanical
behaviors significantly enhanced cell proliferation, migration and
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rheological properties, various AFM-based methods have been devel-
oped by exploiting the piconewton sensitivity in force measurements.
However, two main difficulties arise when soft materials are investi-
gated, associated with (1) the experimental procedure to be applied to
provide reproducible results and (2) the reliable data analysis to extract
quantitative mechanical parameters. Recently, a few studies, bringing
together AFM users from different laboratories around the world, have
proposed to rationalize the methodology to be followed to measure
these properties with reduced artifacts (Schillers et al., 2017;
Pérez-Dominguez et al., 2023). Nevertheless, a simple method is still
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missing combining the determination of theoretical models, that have to
be applied to correctly describe the dissipative mechanisms of the pro-
bed material, and an analytical processing of the experimental data to
extract mechanical properties.

Amongst all AFM-based methods, the most common one consists in
acquiring force-distance curves (FDCs), either on a single point of the
sample surface or on a whole surface by performing spatially-resolved
mapping (i.e. force volume). These curves are constructed by
recording the force when the tip moves towards the sample surface
(approach curve) and withdrawing from the surface (retraction curve).
AFM cantilevers with cylindrical, conical (or pyramidal) and parabolic
(or spherical) probes are commonly used to perform such force spec-
troscopy experiments that can directly be carried out on fully hydrated
hydrogels or living cells in biological buffers. Since fixing on rigid sup-
ports is mandatory, significant overestimations of Young’s modulus of
soft samples have been reported if their finite-thickness is overlooked
due to the stiffer glass or plastic supports (by several orders of magni-
tude) (Garcia and Garcia, 2018a). To avoid this artefact, bottom-effect
corrections have been proposed for FDCs analysis, considering an
elastic material with a finite-thickness, indented by probes with various
geometries (Garcia and Garcia, 2018b). More recently, several methods
have been developed to extract viscoelastic parameters from FDCs by
combining bottom-effect correction models and viscoelastic materials.
Efremov et al. proposed to numerically calculate the force (F) - inden-
tation (8) relationship using the Ting’s model to describe both the
approach and retraction force curves (Efremov et al., 2017). Garcia et al.
determined the F-§ equations that can be analytically solved for a con-
ical/pyramidal probe indenting a finite-thickness viscoelastic material
by applying the Ting’s model and the correspondence principle between
elastic and viscoelastic deformations (Garcia et al., 2020).

In the present study, we propose a complete methodology to extract
the mechanical parameters for soft materials, especially hydrogels and
living cells, by combining AFM indentation and relaxation experiments
using spherical AFM tips. Indeed, spherical probes are now more
frequently employed thanks to the technical progress in fixing on can-
tilevers beads or colloids with a wide range of accessible radii, from tens
of nanometers to several tens of micrometers, and spring constants
spanning over at least four orders of magnitude. In addition, their well-
controlled dimensions favor accurate determination of the tip-surface
contact geometry requested in contact mechanics models. Firstly, the
origin of the dissipative mechanisms involved in the investigated soft
materials is determined by analyzing the dependence or not of the force
relaxation curves on the tip-surface contact area. Usually omitted, this
kind of analyses can elucidate the relevant mechanical models to be
applied to the experimental data, such that the time-dependent me-
chanical properties of soft materials are correctly determined. Differ-
entiating the viscoelastic or poroelastic origin of the dissipative
processes involved in hydrogels or living cells is essential to decipher
their responses to mechanical stresses. In addition, understanding these
dissipative mechanisms is the key step to unravel the structural reor-
ganization of soft materials either by the breaking/reformation of weak
crosslinks inducing the rearrangement of their network or the redistri-
bution of solvent through their internal structure. Secondly, analytical
expressions relating the force exerted by a spherical tip with the
indentation depth are developed as a function of the sample thickness
and material properties. Elastic, poroelastic and viscoelastic models are
introduced to describe the material properties and used to interpret the
experimental force relaxation curves and FDCs. In the future, we suspect
that this easy-to-use method could be systematically applied to any soft
material to determine its time-dependent mechanical properties from
force relaxation curves and FDCs without resorting to complex numer-
ical calculations.
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2. Experimental section
2.1. HFF-2 fibroblasts

Human fibroblasts (HFF-2) were purchased from ATCC and cultured
in DMEM medium (Gibco) supplemented with 2 mM L-glutamine, 100
IU/mL penicillin, 0.1 mg/mL streptomycin and 10% heat-inactivated
fetal calf serum (Gibco). Cells were cultured at 37 °C in a 5% CO- at-
mosphere. Cells were firstly observed by an optical microscope Zeiss
Axiovert with a x10 objective.

To investigate the intracellular organization of HFF-2 cells, the
following procedure was applied. All cell lines were seeded at 10 000
cells/well in 200 pL of the appropriate medium in 8 wells IbidiTreat
slides and incubated over night at 37 °C in a 5% COg atmosphere to
enable the cells to attach to the bottom. After 24h, cells were washed
once with PBS and incubated with 1 pg/mL of Wheat Germ Agglutinin
Alexa Fluor™ 647 Conjugate (Invitrogen) and 5 pg/mL of Hoechst
(Sigma Aldrich) for 30 min at 4 °C to stain the extracellular membrane.
In the same way, after 24h, cells were also fixed for 5 min with 4%
paraformaldehyde at room temperature in the dark. Cells were washed
once with PBS and either incubated with 132 nM of Phalloidin Alexa
Fluor™ 647 Conjugate (ThermoFischer Scientific) and 10 pg/mL of
Hoechst (Sigma Aldrich) in PBS 0.5% Triton-X100 (Sigma Aldrich) for 1
h at room temperature. The slides were then observed on a Confocal
Nikon Al SIM microscope with a x60 objective.

2.2. Preparation of pNIPAM-infernan hydrogels

A water-soluble anionic exopolysaccharide (EPS), called infernan,
produced by the deep-sea hydrothermal vent bacterium Alteromonas
infernus (GY785 strain) was used to form a physically crosslinked ther-
moresponsive hydrogel by grafting with thermosensitive polymer, poly
(N-isopropylacrylamide) (pNIPAM) (Fillaudeau et al., 2024). Briefly, the
pNIPAM terminal amino groups (-NHy) (Sigma, Aldrich, Mn 5500
g/mol) reacted with the carboxyl (-COOH) groups of uronic acids of
infernan (Mn 900 000 g/mol) through carbodiimide chemistry
(EDC/NHS). EPS (20 mg) and pNIPAM-NH,; (200 mg) were separately
dissolved in 1 mL of MES buffer (50 mM, pH 4.8) at room temperature.
After overnight solubilization, both solutions were mixed, and EDC (5.9
mg) and NHS (3.6 mg) were added. The reaction mixture was stirred at
250 rpm for 6 h at 20 °C before adding a new EDC/NHS aliquot to favor
pNIPAM functionalization with infernan through amidation. After
overnight incubation, the product was dialyzed (MWCO 50 000 g/mol)
against 0.3 M NaCl (24 h) and Milli-Q water (48 h) and freeze-dried,
leading to pNIPAM grafted infernan with 8 % of uronic acid grafted
(EPS-p5-8%, Fillaudeau et al., 2024).

2.3. AFM experiments

Prior to AFM measurements, 30 pL of EPS-pNIPAM solution at 10%
w/v in PBS 10 mM pH 7.4 were deposited on a Petri dish of 3.5 cm of
diameter maintained at 37 °C. After 30 min allowing for gel setting, cell
culture medium (DMEM 4.5 g/L glucose) preheated at 37 °C was added.
Petri dish glass surface were functionalized with poly-L-lysine (PLL,
Sigma). For this purpose, ethanol-washed surface was firstly exposed to
UV-ozone treatment for 10 min. Then, 200 pL of PLL at 0.01% were
deposited for 30 min. After washing with MilliQ water, the surface was
dried. PLL-treated Petri dishes were seeded with 100 000 HFF-2 the day
before AFM measurements in 2 mL of the appropriate medium and
incubated over night at 37 °C. For the experimentation, 10 mM of HEPES
buffer (Sigma-Aldrich) was added to the cultures and Petri dishes were
kept at 37 °C during all the acquisition thanks to a thermostat module.

All AFM experiments were performed in liquid environment (HEPES
buffer for cells and DMEM for hydrogels) at 37 °C using a NanoWizard
[I® atomic force microscope (JPK Instruments, Germany) equipped with
inverted optical microscope and a temperature controller. Cantilevers
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with a glass colloidal sphere of 5 pm in diameter (SQube, Germany) were
used for all measurements. Their spring constants, comprised between
0.13 and 0.18 N m™!, were calibrated using the thermal noise method
implemented in the AFM setting (JPK software). Prior to mechanical
measurements, the cantilever sensitivity was systematically measured
from the slope of the force-distance curves performed on a glass sub-
strate. AFM measurements were carried out on two independent EPS-p5-
8% hydrogels of ~3 mm thickness, considered as a semi-infinite material
because of the low indentation depths. Three fibroblasts were used to
acquire force relaxation and FDCs at different locations on their cyto-
plasmic region. The optical microscope was first used to precisely po-
sition the AFM tip on the cytoplasmic region of selected cells by avoiding
the nucleus. Then, FDCs were carried out at a low speed of 1 pm s~ to
avoid the correction due to hydrodynamic drag forces (Fgrqg) exerted on
the cantilever by the liquid medium. The tip-surface contact point in
FDC was systematically determined by a double-fitting procedure of the
approach curve including a linear fit for the non-contact region and a fit
of Hertz model in the contact region (Efremov et al., 2017). The cell
height was measured by the difference between the tip-surface contact
points of FDCs determined on the cell (at the FDC location) and on the
glass substrate (used as a height reference), respectively. The thickness
of the investigated cytoplasmic regions varied between around 2 and 6
pm, by considering locations at either the cell edge or the cell center.
FDCs were also used to determine the force to be applied with respect to
a given indentation depth for the relaxation experiments. Force relaxa-
tion curves were recorded on both hydrogels and cells by applying the
three-steps procedure as follows: (1) the sample was first indented by the
cantilever at high speed (20 pm s™!) until reaching the previously
determined depth (approach part), (2) the force relaxation was then
measured during 1.5-3 s, while the indentation depth was kept constant
(holding phase), (3) the cantilever was eventually retracted from the
sample at the same 20 pm s~ speed (retraction part). Force relaxation
mapping (20 pm x 20 pm, 32 x 32 pixels) was performed on the cyto-
plasmic region of HFF-2 fibroblasts with 3 s for the holding phase. All
force relaxation curves were corrected by the hydrodynamic drag force
to avoid overestimation of extracted parameters, as previously described
(Cuenot et al., 2022). As Fgrqg Was proportional to the cantilever velocity,
only the initial applied force at the initial time was corrected. Interest-
ingly, the force decrease corresponding to the hydrodynamic drag force
correction was in the order of a few tenths of nN, similarly to that
resulting from time-shift correction, as recently reported (Efremov et al.,
2021).

3. Theoretical models

In the following, theoretical models used in this work to analyze both
experimental force-distance curves and force relaxation curves are
briefly described.

3.1. Models applied to force-distance curves

The models, where a sphere indents either an elastic or a viscoelastic
material, are discussed to interpret FDCs. The corresponding equations
can be analytically solved to fully describe the approach and retraction
parts of experimental FDCs obtained using a spherical AFM tip. In these
models, bottom-effect corrections were included to take into account the
finite-thickness of soft samples deposited on a solid substrate, thereby
avoiding overestimation of the extracted mechanical parameters.

3.1.1. Elastic model for a finite-thickness material

The relation between the applied force (F) and the indentation depth
(8) for a spherical tip (of radius R) into an elastic material characterized
by its Young’s modulus (or elastic modulus) E and Poisson’s ratio v can
be described by the analytical expression (equation (1)):
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where h is the finite-thickness of the elastic sample deposited onto a
rigid support (Garcia and Garcia, 2018a). The first term corresponds to
the Hertz model for a semi-infinite elastic material, independent on h.
The additional terms in polynomial series of ( (R&)V2 /)" represent the
bottom-effect corrections yielding the elastic modulus of the investi-
gated material without overestimation due to the rigid support.

3.1.2. Viscoelastic model for a finite-thickness material

For the approach part of the force curves, where the contact area
increases monotonically with time, the elastic-viscoelastic correspon-
dence principle developed by Lee and Radok can be applied to deter-
mine the dependence of the force with indentation and time (t) (Lee and
Radok, 1960). The force exerted by a rigid spherical probe on a linear
viscoelastic material can then be expressed as (equation (2)):

N t Pi
F(t,5(t)) = Za/o ‘I’(t—r)%dr @

where the coefficients @; and p; incorporate the bottom-effect visco-
elastic corrections for the finite-thickness sample and ¥(t) is the relax-
ation function describing the material viscoelasticity (Garcia and Garcia,
2018b). Amongst the various viscoelastic models, the relaxation func-
tion corresponding to the power-law rheology (PLR) model takes the
following form (equation (3)):
t —a
Wpir(t) =Eo <*> 3
ts
where Ej is defined as the compressive modulus of the material at time tg
(a timescale factor usually set to 1 s) and a is the fluidity exponent
(Kollmannsberger and Fabry, 2011). This exponent characterizes the
dissipative effects with a 0 value for an elastic solid while a 1 value
describes a viscous (Newtonian) liquid. The force exerted on a visco-
elastic material defined by the PLR relaxation function can be calculated
by integrating equation (3) into equation (2) (equation (4)):
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where I' is the gamma function. This analytical expression, only valid for
the approach FDCs, incorporates bottom-effect corrections where the
first term, independent on h, corresponds to the force exerted by the
spherical tip on a semi-infinite PLR sample. Additional terms are
included to take into account the finite-thickness of the viscoelastic
sample.

During the tip’s withdrawal from the sample (retraction part of force
curves), Lee-Radok’s theory is no longer valid since the contact area
does not increase anymore monotonically (Lee and Radok, 1960). To
overcome this limitation, the Ting’s method is usually used to determine
the force applied to a viscoelastic material during the retraction curve
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(Ting, 1966). The basic idea of this method is that a given time in the
retraction curve (t, t > tpax Where tn,y is the time corresponding to the
maximum indentation depth) corresponds to an equivalent time t;(t) in
the approach curve (0 < t; < tpax) With the same contact area. The force
corresponding to the retraction curve can then be obtained by inte-
grating equation (2) from O to t;(t), instead of O to t. The expression of
t;(t) in function of t has to be previously determined by solving equation

(5):

t ds(7)
Y(t— dr=0 5)
/mt) (=0 g &

The analytical expression of t;(t), calculated for the PLR relaxation
function (equation (3)) by assuming a triangular ramp of indentation
with time, is written as follows (equation (6)):

t(t) =t — "V2(t — tnax) 6)

The F-5 relation, valid for the retraction FDCs, can be analytically
solved by including equation (6) into equation (2) (equation (7)):
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Other viscoelastic models can be chosen for describing the visco-
elastic character of the probed material through the relaxation function
(Bonfanti et al., 2020). The Kelvin-Voigt model corresponding to the
combination of a spring (elastic element) and a dashpot (viscous
element) in parallel also leads to analytical approach-retraction ex-
pressions. However, a step discontinuity systematically occurs between
calculated approach and retraction FDCs due to the change in the sign of
the velocity when FDCs are generated by using a triangular waveform
(Sanchez et al., 2021). In this case, the resulting analytical expressions of
the Kelvin-Voigt model cannot be used to fit the experimental
approach-retraction FDCs. All the other viscoelastic models conduct to
non-analytical expressions requiring numerical calculations to interpret
both approach and retraction FDCs in the case of indentation experi-
ments using a triangular waveform and spherical AFM tips.

3.2. Models applied to force relaxation curves

Force relaxation curves can be analytically described using either
viscoelastic or poroelastic models depending on the material behavior.

3.2.1. Viscoelastic model for a finite-thickness material

In the case of a viscoelastic material, the force relaxation expression
can be calculated from equation (1) by replacing the Young’s modulus E
with an expression of the elastic relaxation modulus E(t). Various E(t)
functions corresponding to different viscoelastic models could be
incorporated into equation (1). In this study, PLR model was investi-
gated by including equation (3) into equation (1), to give the force
relaxation expression for a finite-thickness PLR sample. Another
expression of E(t) was tried to analyze relaxation curves with the
generalized Maxwell model (several Maxwell elements in parallel, each
composed of an elastic spring and a viscous damper in series) developed
here with two relaxation times (73, 72) as defined by equation (8).

E(t) =E. +E1 exp(—t /1) + Es exp(—t / 72) (8
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where E,, is the long-time elastic modulus, and E;, E,, the elastic com-
ponents relative to the relaxation processes characterized by 7j, 7,
respectively.

3.2.2. Poroelastic theory

Based on the original theory developed by Biot, Tanaka et al. have
formulated the poroelastic theory usually applied to macroscopic mea-
surements on hydrogels and cells (Biot, 1956; Tanaka et al., 1973). This
theory was used to correctly interpret force relaxation experiments
measured by keeping constant the indentation depth of an indenter of
different geometries (e.g. cylinder, sphere ...) and sizes (from millimeter
to nanometer) (Hu et al., 2010). However, there is no analytical solution
relating force and time for a poroelastic material indented by a sphere.
From finite-element simulations, Hu et al. have proposed an analytical
expression to describe the normalized relaxation curves in response to
an indentation by a spherical probe (Hu et al., 2010) (equation (9)):

E(t) — F.
FO =Fo 401 exp(70.908\/5) +0.509 exp(—1.6796) )
Fo —Fo
where 6 corresponds to the measured time normalized by the poroelastic
time 7p, which is defined by the ratio between the tip-surface contact
radius (a) and the poroelastic diffusion coefficient (D) (Lin and Hu,
2006) (equation (10)):
a2

=1 (10)

The tip-surface contact radius is commonly determined using the
Hertz contact theory for a spherical indenter of radius R penetrating an
elastic material at a depth § by (Hertz, 1881) (equation (11)):

a=+VRé an

To apply equation (9) to experimental force relaxation curves, all
curves were normalized using (F - F,)/(Fo — F), where Fy corresponds
to the instantaneous force response and F,, is the constant force reached
at equilibrium (Hu et al., 2010). When the solvent drainage is negligible
due to fast enough indentation, the Poisson’s ratio v, at equilibrium of
the porous network is determined from forces at short and long time
scales, as follows (Hu et al., 2010) (equation (12)):

%:2(1700‘,) 12)

Using the instantaneous force response, the elastic modulus of the
poroelastic material can be calculated by considering it as incompress-
ible at the initial time (Hu et al., 2010) (equation (13)):

9 F
E=—__"°_ 13)
3/2
16 50/ R1/2
The permeability k of the poroelastic material can then be estimated
knowing the previously determined parameters D, v, and E
(Moeendarbary et al., 2013) (equation (14)):

:% (1 +00)(1 — 204)

K=F a-w

14

where 7 is the solvent viscosity at the experimental temperature.
4. Results and discussion

Various AFM-based methods have been developed to probe the me-
chanical properties of soft samples by operating either in time (FDCs,
force relaxation or creep relaxation ...) or in frequency domain (force
modulation, resonance frequency measurement ...) (Cuenot et al., 2008;
Hecht et al., 2015; Moreno-Guerra et al., 2019). In time domain, the
most common method to investigate the mechanical properties of soft
materials is to record conventional FDCs where the applied force is



S. Cuenot et al.

Journal of the Mechanical Behavior of Biomedical Materials 163 (2025) 106865

3 1500
= 1000 E
€2 £
) 500 =
o =
el &
0 °
£
0 -500
0 05 1 15 2
Time (s)
11000
80 —
10 800 E
P FO —
% F,, 600 §
o F(t) ®
S s 400 £
L (]
200 2
0 0
0 2 4 6
Time (s)

Fig. 1. (A) Optical microscopy image of human fibroblast (HFF-2) cells, experimental force-time and indentation-time data recorded on the cytoplasmic region of
HFF-2 cells in HEPES buffer at 37 °C by applying a maximum force of 3 nN (corresponding to an indentation depth of ~1000 nm) at 1 ym s, The blue dashed line
corresponds to the indentation depth calculated using equation (15). (B) Pictures showing the thermoresponsive character of pNIPAM-grafted-infernan hydrogel with
a liquid state at 25 °C and a gelled state at 37 °C. Force relaxation curve measured on pNIPAM-grafted-infernan hydrogel in DMEM at 37 °C during the holding phase

of 3 s while the indentation depth was kept constant at ~950 nm.

measured as a function of indentation or time. Fig. 1A shows in a con-
ventional FDC, the experimental dependence of the force with time
obtained on cell surface using a triangular waveform for indentation
with time.

For this indentation ramp, the indentation depth can easily be
calculated as a function of time by decomposing it into two parts
(approach part for t < tyax and retraction part for t > tpax):

_ Vt, t < tngx
“Q_{v@%mgwyt>qm

where tyay is the time corresponding to the maximum indentation depth
and v the cantilever velocity (Sanchez et al., 2021). The experimental
dependence of indentation depth with time was well described by
equation (15) (Fig. 1A), enabling calculations of the contact time of the
tip within the materials. Mechanical responses of hydrogels or cells are
strongly dependent on the tip velocity used in the experiment or the
modulation frequency, which is related to the contact time (Rigato et al.,
2017). Indeed, the corresponding frequency is obtained by the inverse of
the contact time (Sanchez et al., 2021). Here, contact times of the tip
within hydrogels or cells, comprised between 1.3 s and 2.4 s according to
the indentation depth, imply frequencies in the range of 0.4-0.8 Hz.
Another interesting method to access the time-dependent mechani-
cal properties of soft samples is to perform force (or stress) relaxation
experiments. In these experiments, a high constant speed is used to
vertically approach the cantilever to the sample surface before
increasing force and indentation until reaching a predefined indentation
depth 5y (Fig. 1B). The force decay is then measured as a function of
time, defining the force relaxation curve F(t), while the indentation
depth is kept constant at §p. The instantaneous force response Fy is thus
measured at the initial time ty when the indentation depth reached &y,
and F, is the force reached at the equilibrium state. Contrary to a creep
experiment, both force and tip-surface contact radius decrease with time

(15)

during this holding phase. The obtained force relaxation curve corre-
sponds to a modified force curve where a holding phase is added be-
tween the conventional approach and retraction parts.

4.1. Poroelastic or viscoelastic responses

Spherical AFM tips with beads or colloids are widely used to inves-
tigate the mechanical properties of soft materials, notably due to their
well-defined radius of curvature favoring the accurate determination of
the tip-surface contact geometry needed in the contact mechanics
models. Another interesting advantage of using colloidal tips is the
reduction in stress concentration at its edges compared to other shapes
like cylinder or cone. When hydrogels and living cells are compressed or
indented by an AFM tip, their time-dependent mechanical responses
arise from either the solvent movement and redistribution through their
internal structure (i.e. poroelasticity) or the reformation of crosslinks
and rearrangement of their network (i.e. viscoelasticity) (Hu et al.,
2010). These two distinct behaviors have to be differentiated to
correctly analyze the experimental data with the appropriate poroelastic
or viscoelastic models. However, this essential step is usually neglected
and viscoelastic models are used as default, which may lead to incorrect
mechanical parameters extracted when inappropriate theoretical
models are applied. Indeed, some studies have reported opposite be-
haviors for cells, with poroelasticity being responsible for the energy
dissipation involved in their time-dependent mechanical responses in
some cases, while relaxation mechanisms originated from viscoelasticity
for the others (Moeendarbary et al., 2013; Hecht et al., 2015; Wei et al.,
2016; Efremov et al., 2017; Sanchez et al., 2021). No general consensus
could be revealed, notably because of the wide variety of characteristic
lengths, such as the tip-surface contact diameters, and time scales
explored in AFM experiments. In addition, the complex time-dependent
mechanical properties of living cells and tissues may involve poro-
viscoelastic properties where poroelasticity and viscoelasticity compete
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Fig. 2. (A) Force normalization of force relaxation curves measured in a pNIPAM-grafted-infernan hydrogel for three indentation depths, § (raw data in the inset). (B)
Superimposition of force relaxation curves after force and time normalizations revealing the poroelastic behavior of pNIPAM-grafted-infernan hydrogel. (C) Su-
perimposition of force relaxation curves after force normalization measured on the cytoplasmic region of fibroblast cells revealing their viscoelastic behavior (raw
data in the inset for four indentation depths). (D) Force relaxation curves after force and time normalizations.

(Moeendarbary et al., 2013). These two mechanisms can dominate at
different time scales as already evidenced with poroelastic relaxations at
short times and viscoelastic responses at longer times (Moeendarbary
et al., 2013). Therefore, systematic determination of dissipation mech-
anisms involved in the time-dependent mechanical properties should be
carried out in relation to the experimental conditions.

Poroelasticity and viscoelasticity can easily be distinguished by
exploiting the strong dependence of poroelastic properties with the tip-
surface contact size, while viscoelastic properties are size-independent.
In this way, force relaxation curves may be recorded at different
indentation depths to vary the tip-surface contact size (Hu et al., 2010;
Cuenot et al., 2022). Fig. 2A shows three experimental force relaxation
curves measured at different indentation depths (between 250 nm and
900 nm) in the pNIPAM-grafted-infernan hydrogel until an equilibrium
state was reached after ~2 s. The diameter of the tip-surface contact
area, calculated from the Hertz contact theory using equation (11),
varied for these indentation depths between 1.6 pm (59 = 250 nm) and
3.0 pm (§p = 900 nm) (Hertz, 1881). These raw relaxation curves were
normalized using (F - F.)/(Fp — F), where Fy corresponds to the
instantaneous force response measured at ty and F, is the force reached
at the equilibrium state (Hu et al., 2010). The normalized curves did not
superimpose into a single one, thus revealing their dependence with the
tip-surface contact size. This poroelastic behavior was also confirmed by
the increase of the relaxation with the indentation depth (i.e. the contact
size) indicating that slower relaxation corresponded to a longer trans-
port of solvent molecules through the hydrogel network, and conversely
(Fig. 2A). After additional normalization of the time by the tip-surface
contact area (i.e. a?), the three normalized curves collapsed into a
master curve confirming that the poroelastic relaxation was propor-
tional to the size of the deformed network by the AFM tip (Fig. 2B).
Surprisingly, the thermoresponsive pNIPAM-grafted-infernan hydrogel
exhibited a poroelastic behavior, while a physically crosslinked hydro-
gel obtained by mixing unmodified infernan with calcium was recently

shown to be viscoelastic (Cuenot et al., 2022). Contrary to chemically
(covalently) crosslinked hydrogels possessing poroelastic properties,
distinct mechanisms govern the time-dependent mechanical properties
of physically (non-covalent) crosslinked hydrogels as a function of the
nature of the crosslinked networks (Zhao et al., 2010; Lee et al., 2016;
Cuenot et al., 2022). Indeed, in the case of weak ionic crosslinks, formed
in infernan/calcium hydrogels, their disruption and reformation in
response to the force applied by the AFM tip conducted to the visco-
elastic dissipation of mechanical stresses (Makshakova et al., 2022;
Zykwinska et al., 2022; Cuenot et al., 2022). For the investigated
EPS-pNIPAM polymer, hydrophobic interactions between pNIPAM
chains grafted on the polysaccharide backbone led to gel formation at
37 °C (i.e above the lower critical solution temperature of pNIPAM). In
this thermoresponsive hydrogel, poroelastic relaxation through solvent
migration was favored, while keeping intact the crosslinked network.
Such a poroelastic behavior was already evidenced for other
pNIPAM-based hydrogels (Yoon et al., 2010; Delavoipiere et al., 2016).
In the following, the poroelastic thermoresponsive hydrogel was
considered as a biphasic material consisting of a porous elastic network
immersed in an interstitial fluid.

This straightforward method was applied to the cytoplasmic region
of fibroblast cells to investigate the origin of their dissipative mecha-
nisms. Indeed, the cytoplasm mainly dictates the time-dependent me-
chanical properties of cells because of its greater contribution to cell
volume and its rate associated with deformations of cell shape. Prior to
AFM measurements, the optical microscope was used to position the
AFM tip on the selected region of the cell. Force relaxation experiments
were performed at different indentation depths comprised between 400
and 1500 nm. Fig. 2C shows the superimposition of four force relaxation
curves into a single curve after normalizing the measured forces. These
results clearly reveal that the relaxation mechanisms of fibroblast cells
were independent on the contact size (diameters varying between 2 and
4 pm). The time-dependent mechanical responses of cells, after
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compression by a spherical AFM tip, originated from their viscoelastic
properties and not from poroelastic relaxation. Their viscoelastic char-
acter was also confirmed by the non-superimposition of the curves after
further normalization of time by the tip-surface contact area (Fig. 2D). In
addition, the evolution of relaxation with the indentation depth is
opposite to that previously observed for the poroelastic behavior of
thermoresponsive hydrogel. Indeed, slower relaxations for lower
indentation depths constitute another signature of the observed visco-
elastic behavior (Wei et al., 2016; Cuenot et al., 2022).

Finally, from simple force relaxation curves measured at different
indentation depths, the dependence or not of normalized curves (after
force normalization) with the tip-surface contact size clearly revealed
the poroelastic or viscoelastic character of the time-dependent me-
chanical properties of soft materials, like hydrogels and cells.

In the following, poroelastic theory has to be applied to analyze the
experimental data measured on pNIPAM-grafted-infernan hydrogels to
correctly determine their time-dependent mechanical properties. In this
case, the use of viscoelastic models is clearly inappropriate and would
lead to wrong interpretation of their mechanical properties. An opposite
result was obtained for fibroblast cells for which viscoelastic models
have to be considered to describe their temporal mechanical responses.
This difference in relaxation behaviors results from the microstructural
differences between hydrogels and cells. Indeed, the more porous
network of hydrogels with relatively uniform pore size favors more
easily the motion of solvent molecules and their redistribution through
the network during mechanical compression. In contrast, cells possess a
cytoskeletal network composed of microtubules and (actin and inter-
mediate) filaments, and a cytoplasm constituted of organelles and
various macromolecules bathed in cytosol. Under AFM tip deformation,
this more complex and disordered structure (e.g. larger pore size vari-
ation) induces the reorganization of the cytoskeletal network and
reformation of weak crosslinks between polymeric chains.
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4.2. Poroelastic properties of hydrogels

Based on the original theory developed by Biot, Tanaka et al. have
formulated the poroelastic theory usually applied to macroscopic mea-
surements on hydrogels and cells (Biot, 1956; Tanaka et al., 1973). This
theory was used to correctly interpret force relaxation experiments
performed with spherical indenters of different sizes including AFM tips
(Chan et al., 2012; Moeendarbary et al., 2013). Several independent
parameters characterizing the mechanical properties of poroelastic
material were quantified from the experimental force relaxation curves.
These curves can easily be fitted by the equation proposed by Hu et al.
with a single adjustable parameter, the diffusion coefficient D, and
known parameters Fy, F,, and & (equation (9)) (Hu et al., 2010). In
Fig. 3A, a good agreement was obtained between three experimental
curves and the poroelastic equation of Hu with the diffusion coefficient
values of 4.6 (indentation depth of 250 nm), 4.9 (650 nm), and 4.8 pmz
s~ (900 nm). Interestingly, these poroelastic diffusion constants were
found to be very similar and independent from the indentation depth,
indicating that the network structure of the hydrogel was homogeneous.
These three experimental force relaxation curves, normalized both in
force and in time by the poroelastic time zp, were remarkably super-
imposed in the range of experimental times, while the normalized time
was represented in logarithmic scale (Fig. 3B). In addition, the universal
curve proposed by Hu (equation (9)) perfectly matches with the
experimental data (without any fitting parameter) confirming that
hydrogels behave as purely poroelastic materials, without exhibiting
complex poroviscoelastic properties in the investigated experimental
conditions.

All the measured values for the diffusion coefficient of water in
pNIPAM-grafted-infernan hydrogels were gathered in a boxplot repre-
sentation with a mean value of 3.3 + 1.1 pm2 s7! (mean + standard
deviation) (Fig. 3C). Larger D values corresponded to faster relaxations
and lower associated relaxation times. In the investigated hydrogels,
relaxation results from water molecules moving out of the compressed
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Fig. 3. (A) Superimposition of experimental force relaxation curves measured on the pNIPAM-grafted-infernan hydrogel and fitted curves with the Hu’s equation
(the diffusion coefficient D as the single adjustable parameter) for three indentation depths (250 nm, 650 nm and 900 nm). (B) Superimposition of force relaxation
curves in semi-log plot after both force normalization and time normalization by the poroelastic time 7p, in agreement with the universal curve proposed by Hu. (C)
Boxplot representation of the poroelastic diffusion coefficient (D) values, Poisson’s ratio (v.,) values, elastic modulus (E) values, permeability (K) values and the pore

size (¢) values of the poroelastic hydrogel.
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region by the AFM tip. To confirm that the poroelastic properties of
hydrogels are well probed, it is essential to check that the poroelastic
time (zp) associated with this relaxation is much longer than the time
needed to reach the indentation depth (experimental rise time zg). Time
7g ~50 ms for an indentation of 1 pm was measured, while 7p ~750 ms
was obtained using equation (10), meaning that water displacement
inside the porous network of hydrogels was effectively responsible for
the measured relaxation. Using a high cantilever velocity (20 pm s 1) for
the approach part of the relaxation experiments, the undrained condi-
tion was respected, indicating that the interstitial fluid cannot drain out
of the compressed region by the AFM tip, at short times. Conversely for
longer times, water was redistributed within the porous network and F,
divided by the tip-surface area, was at the equilibrium state with the
elastic stress due to the porous network, only. The Poisson’s ratio v, at
equilibrium of the porous matrix was determined from forces at short
and long-time scales with a mean value of 0.38 + 0.02 (Fig. 3C)
(equation (12)). These values were in excellent agreement with those
published for other polyacrylamide-based poroelastic hydrogels (Yoon
etal., 2010; Berry et al., 2020). For a given indentation depth, the elastic
modulus of the poroelastic hydrogel was calculated using the instanta-
neous force response (equation (13)). A mean value of 3.5 + 0.2 kPa was
obtained, in good agreement with those previously measured for
another physically crosslinked hydrogels based on infernan. Indeed,
elastic modulus values comprised between 3 and 8 kPa were measured
depending on infernan and calcium concentrations (Cuenot et al., 2022;
Zykwinska et al., 2022). The permeability of the poroelastic
PNIPAM-grafted-infernan hydrogels was then estimated to be 0.4 + 0.2
nm? (equation (14)), using previously determined parameters D, v, E,
and solvent (DMEM) viscosity (0.73 mPa s at 37 °C) (Poon, 2022). From
this permeability value, an approximate pore size of the hydrogel
network was estimated to be 1.3 + 0.3 nm, determined according to the
study of Chan et al. (2012). Pore diameters in the range of 1-10 nm have
been reported in the literature for pNIPAM-based hydrogels, depending
both on the used measurement technique and the heterogeneity of the
structure in relation with the synthesis conditions (Yoon et al., 2010;
Berry et al., 2020). The obtained pore size was considerably lower than
the tip radius of 2.5 pm, meaning that the mechanical responses probed
by the AFM tip actually come from the composite material consisting of
the hydrogel hydrated network and the solvent passing through the
nanopores.

4.3. Viscoelastic properties of fibroblast cells

Contrary to poroelastic properties that were extracted from force
relaxation measurements, viscoelastic properties can be determined
from either force-distance curves or force relaxation curves. In time
domain, FDC measurement is by far the most commonly used method to
probe mechanical properties of soft materials but their transformation

A

3 ——Raw data

—PLR model

3
£2
[
2
&1

0 3

-500 0 500 1000

Indentation (nm)

Journal of the Mechanical Behavior of Biomedical Materials 163 (2025) 106865

into quantitative viscoelastic parameters such as the elastic modulus at
the equilibrium state, relaxation times, or fluidity exponent remains a
complex task. In the context of mechanical analyses of cells, power-law
based-models have widely been used to describe the cell response to an
external force (Moeendarbary et al., 2013; Hecht et al.,, 2015). In
particular, the PLR model has been successfully applied to cells using an
analytical expression to fit FDC recorded with pyramidal AFM tips or by
requiring numerical calculations for others tip shapes (Efremov et al.,
2017; Sanchez et al., 2021). Here, in the case of experiments conducted
with spherical AFM tips, the developed analytical equations (equations
(4) and (7)) were used to fit both approach and retraction parts of
experimental FDCs with the PLR model by the least-squares method
(Fig. 4A). The excellent agreement obtained with only two adjustable
parameters, the compressive modulus Ep and the fluidity exponent a,
fully validated the use of the PLR model to describe the viscoelastic
properties of fibroblasts. This calculation was performed by considering
the tip-surface contact mechanics, the deformation history (via the
Ting’s method) and the finite-thickness of cells to avoid overestimation
of mechanical properties by the rigid substrate.

All values of Ey and a extracted from FDCs were reported in the
boxplot representation by modelling the investigated cells either as a
semi-infinite viscoelastic material or as a finite-thickness viscoelastic
material (i.e. without or with bottom-effect corrections) (Fig. 4B). Mean
values of compressive modulus were found to be equal to 2.5 + 0.9 kPa
by considering the semi-infinite model and 2.1 + 0.7 kPa for the finite-
thickness cell. As expected, overestimating Ey due to the glass support
was revealed for the semi-infinite model, while the fluidity exponent
remained unaffected (values comprised between 0.1 and 0.4 with a
mean value of 0.2 + 0.1). The range of E, values was comprised between
1.3 kPa and 4.0 kPa by analyzing curves with the semi-infinite visco-
elastic model and between 1.1 kPa and 3.5 kPa by considering the cell
thickness. These dispersed values, measured on the cytoplasmic region
of three HFF-2 fibroblast cells, reflected both the complexity and the
high heterogeneous character of their structure. Fig. 5 shows the het-
erogeneity of cells in terms of the dispersion of intracellular vesicles, the
position of the nucleus and the actin cytoskeleton. This could contribute
to the difference between AFM measurements depending on the position
of the tip on the cell surface. In addition, differences between cells exist
due to their non-synchronization in the cell cycle with different states of
progress, which will have consequences on the structuring of the actin
network. The obtained values of Ey and a parameters are close to those
already published for other fibroblast cells (namely NIH 3T3) after FDC
measurements (Sanchez et al., 2021). Sanchez et al. revealed a similar
trend for the dependence of these parameters on the rigid support, after
analyzing FDCs performed on the cytoplasmic region of NIH 3T3
fibroblast cells with pyramidal tips (Sanchez et al., 2021). In addition to
these viscoelastic properties, the elastic components of cells can be
determined by fitting equation (1) (through its single adjustable
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Fig. 4. (A) Superimposition of experimental force-indentation curves measured on the cytoplasmic region of HFF-2 fibroblast cells and fitted curves with the
analytical power-law rheology model by the least-squares method. PLR parameters: Ey 3.5 kPa, a 0.35 (left curve), Ep 1.2 kPa, a 0.25 (right curve). (B) Influence of
the rigid support on E, and a values of the PLR model by using an infinite thickness for cells (semi-infinite model) or the measured thickness (finite-thickness model).
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Fig. 5. Intracellular organization of HFF-2 cells. (A) Cells were labelled with Wheat Germ Agglutinin Alexa Fluor™ 647 Conjugate to stain the cellular membranes:
white, WGA; blue, nuclei. (B) Cells were labelled with Phalloidin-647 Conjugate to stain actin network: red, phalloidin; blue, nuclei. Cells were observed on a

Confocal Nikon A1l RS microscope with a x60 objective.

parameter, the elastic modulus) for the approach FDC, by taking into
account or not the cell height (see Supplementary Information).

Another interesting approach to determine the viscoelastic proper-
ties of soft materials is to analyze the force relaxation curves. Indeed,
different viscoelastic models can be applied to describe the relaxation of
the measured force by including either exponential laws or power laws.
Among these models, the generalized Maxwell model, where several
Maxwell elements composed by a spring (elastic) and a dashpot
(viscous) in series are connected in parallel, is frequently applied to
determine relaxation times associated with relaxation processes (equa-
tion (8)). However, this model was unable to correctly describe the
obtained experimental decays, no matter which exponential law (mono-
or double) was considered (see Supplementary Information). Therefore,
the viscoelastic relaxation of cells subjected to AFM indentation does not
follow a single or double decreasing exponential law.

The PLR model that correctly describes the viscoelastic response of

HFF-2 fibroblast cells to the force applied by spherical AFM tips, as
revealed in Fig. 4A, can also be applied to force relaxation curves. In this
case, the elastic modulus used in the elastic model (equation (1)) was
replaced with the elastic relaxation modulus E(t) defined by the
expression of the PLR model (equation (3)), giving then the force
relaxation expression for a finite-thickness PLR sample. Fig. 6A shows
three experimental force relaxation curves, measured for an indentation
depth of about 1 pm, fitted with the PLR model by adjusting its two
parameters, Ey and a, by the least-squares method. To assess the quality
of the fits and confirm that the experimental curves follow a power-law
decay, it is worth plotting them with a log-log scale. In this represen-
tation, all curves were transformed into straight lines with a single slope,
showing no crossover over the experimental three-decade time ranges
from 1 ms to 3 s (Fig. 6B). This result indicates that only one mechanism
was at the origin of time-dependent mechanical responses of cells under
the used experimental conditions. Combined with the viscoelastic
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Fig. 6. (A) Three experimental force relaxation curves and theoretical curves obtained by adjusting the two parameters of the power-law rheology model by the
least-squares method. (B) Log-log representation of experimental curves and fitted curves by the PLR model. (C) Normalized plots of F/Fy as a function of time in log-
log representation, where Fj is the force at the initial time. (D) Mapping of the PLR model parameters (Eo, @) and boxplot representation of the obtained values from
the force relaxation mapping (20 pm x 20 pm, 32 x 32 pixels) performed on the cytoplasmic region of HFF-2 fibroblast cell. Data analysis was performed by
considering the cell height either as infinite (semi-infinite model) or as measured (finite-thickness model).
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character evidenced in Fig. 2C, only viscoelasticity and not poro-
viscoelasticity governs the relaxation behavior observed at multiple
time scales. In addition, theoretical curves of the PLR model perfectly
match the experimental ones, confirming the correct use of this model to
describe the mechanical response of fibroblast cells, as previously dis-
cussed from FDC analysis (Fig. 4A). Normalizing all these curves by Fy
led to a master straight line of slope 0.13, corresponding to the power-
law exponent a (Fig. 6C). Finally, the relaxation behavior of fibroblast
cells resulting from a micron-scale indentation was accurately described
over three-decade time scales by a single power-law viscoelastic model.

To generate spatially-resolved maps of mechanical properties, force-
volume experiment is widely used to record FDC on each point of the
surface prior to their individual analysis resorting to theoretical models
(Cuenot et al., 2017; Sanchez et al., 2021). In Fig. 6D, an original
alternative was proposed by performing a force relaxation mapping of a
20 pm x 20 pm area located on the cytoplasmic region of HFF-2 fibro-
blast cell with acquisition of 32 x 32 force relaxation curves (Hecht
et al., 2015). After fitting every curve with the PLR model, with or
without considering the finite-thickness of cells, two maps of Ey and a
were constructed by plotting these parameters as a function of their
spatial coordinates. Values of Ej were clearly affected by the rigid sup-
port with higher values in the case of semi-infinite model (comprised
between 1.9 and 3.9 kPa with a mean value of 2.9 + 0.4 kPa) compared
to those obtained by considering the local cell thickness (between 1.2
and 2.6 kPa with a mean value of 1.9 + 0.3 kPa). All these compressive
modulus values were found to be very close to those extracted from FDC
measurements, emphasizing the consistency of the obtained results by
two different methods. In the same way, a values were completely in-
dependent on the cell thickness, as previously observed from the anal-
ysis of FDC. These values, comprised between 0.06 and 0.23, were
slightly lower than those deduced from FDC analysis, but in the range of
published values (Efremov et al., 2017; Sanchez et al., 2021). Maps of
PLR parameters revealed two distinct regions (although the spatial
resolution was not the aim of this force relaxation mapping) where
higher Ej values corresponded to lower a values for the more solid-like
region, and inversely for the more fluid-like region.

5. Conclusions

In this work, AFM-based force relaxation curves were firstly
measured to determine the origin of energy dissipation mechanisms
taking place in hydrogels and cells during their compression. Two
different behaviors were clearly evidenced with the mechanical re-
sponses proportional to the tip-surface contact size for thermoresponsive
physical hydrogels, while those measured on the cytoplasmic region of
fibroblast cells were size-independent. Based on this assessment, two
distinct theories have to be applied to correctly analyze the experimental
data with poroelastic models for these hydrogels and viscoelastic ones
for fibroblast cells. Poroelastic parameters, including elastic modulus,
Poisson’s ratio as well as transport properties like the solvent diffusion
coefficient through the nanoporous network, were then estimated by
fitting experimental force relaxation curves. Regarding viscoelastic
properties of fibroblast cells, both force relaxation and approach-
retraction force-distance curves were analyzed using the PRL model.
Interestingly, this viscoelastic model including bottom-effect corrections
was analytically applied to the experimental curves measured with
spherical AFM tips. The obtained results clearly evidenced the need to
consider the cell thickness to avoid overestimation of the probed me-
chanical parameters. In addition, the viscoelastic character of cells fol-
lowed a single power-law relaxation over three-decade time scales.

Overall, the results showed that force relaxation measurements,
either from the individual curve or collected in mapping, constitute a
powerful approach to investigate the time-dependent mechanical
properties. Indeed, such experiments offered firstly a straightforward
way to distinguish between two energy dissipation mechanisms, namely
poroelasticity from viscoelasticity. Secondly, the procedure to
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implement both poroelastic and viscoelastic models for analyzing
relaxation experiments was much easier than that developed to fit
approach-retraction FDCs. Although analytical expressions were ob-
tained for spherical AFM tips avoiding complex numerical calculations,
analysis of FDCs requires not only correction of hydrodynamic drag
forces (in the case of high tip velocities), but also accurate determination
of the tip-surface contact point, the latter being more difficult to detect
on soft materials than on solid ones. The proposed procedure should
contribute to a more frequent use of force relaxation curves to determine
the energy dissipation mechanisms and the resulting mechanical
properties.

The AFM-based methodology described herein provides a solid
framework to draw up a complete characterization of the time-
dependent mechanical properties of living matter. Due to the struc-
tural complexity of cells and tissues, understanding their energy dissi-
pation mechanisms (related to the experimental conditions) is an
essential prerequisite toward quantitative determination of their me-
chanical responses, by analyzing experimental data with the appropriate
theoretical models.
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