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Time-resolved nanomechanics of a single cell
under the depolymerization of the cytoskeletont

Pablo D. Garcia,f Carlos R. Guerrero} and Ricardo Garcia'

Single cell stiffness measurements consider cells as passive and elastic materials which react instan-
taneously to an external force. This approximation is at odds with the complex structure of the cell which
includes solid and liquid components. Here we develop a force microscopy method to measure the time
and frequency dependencies of the elastic modulus, the viscosity coefficient, the loss modulus and the
relaxation time of a single live cell. These parameters have different time and frequency dependencies. At
low modulation frequencies (0.2-4 Hz), the elastic modulus remains unchanged; the loss modulus
increases while the viscosity and the relaxation time decrease. We have followed the evolution of a fibro-
blast cell subjected to the depolymerization of its F-actin cytoskeleton. The elastic modulus, the loss
modulus and the viscous coefficient decrease with the exposure time to the depolymerization drug while
the relaxation time increases. The latter effect reflects that the changes in the elastic response happen at
a higher rate than those affecting the viscous flow. The observed behavior is compatible with a cell mech-

rsc.li/nanoscale

1. Introduction

Eukaryotic cells modify their shape and mechanical response
in the presence of either intrinsic or extrinsic cues of forces.
Atomic Force Microscopy (AFM) is being widely used to
measure the mechanical response of single cells."™" Most
AFM experiments measure the elastic response (stiffness) of
the cytoplasm, the cortex and the nucleus. In some cases, the
AFM data have revealed remarkable changes in the elastic
response of cells under different physiological conditions. In
particular, stiffness indicators are applied to track different
physiological and pathological processes in cells'*™* or the
surrounding extra cellular matrix.>*>*

The cytoplasm consists of solid elements such as cytoskele-
ton, organelles and ribosomes in a liquid fluid (cytosol).>>>®
Several experiments have demonstrated the existence of
viscous processes in the cytoskeleton remodeling and in the
inner cell dynamics.**® In fact, stiffness measurements per-
formed on cancer cells of different pathological degrees'”>**°
have given similar elastic (Young) moduli values. These find-
ings could be related to the limitations of stiffness measure-
ments to describe the mechanical state of a cell.
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anical response described by the poroelastic model.

Several factors explain the extensive use of AFM stiffness
studies on cells. (1) The existence of an established protocol to
determine the elastic modulus from force-distance curves.*'**
(2) stiffness measurements have provided insightful infor-
mation about the mechanics and physiology of cells."” (3) On
the other hand, there is not an established AFM protocol to
perform time or frequency-dependent experiments.***® In
addition, there are several competing theoretical models to
interpret the data.**™*?

Let’s summarize the AFM studies devoted to measure
the viscoelastic properties of cells. These contributions can be
broadly classified into two main categories, force oscillation
and time response methods. In a force oscillation experiment,
the tip is indented on the cell to a given depth and a sub-
sequent sinusoidal perturbation is applied.*®?*?® Multi-har-
monic AFM experiments®*®*° could also be included in this
category although in multi-harmonic experiments there is not
a distinction between the indentation and the oscillation
stages. Force oscillation approaches require the use of an ela-
borated theoretical framework.>® In many cases, it is not
always possible to deduce parameters that could be compared
with the elastic modulus and viscous coefficient obtained from
force-distance curves. As an alternative, the loss tangent of a
cell has been measured.>*® This parameter represents the
ratio between the energy dissipated and the energy stored in
one cycle of the oscillation.** The loss tangent avoids the esti-
mation of the tip radius. However, this parameter has not
been a straightforward link to the mechanical properties of
a cell.
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Time response methods include two different approaches,
load relaxation and creep compliance experiments. In a load
relaxation experiment,*®*>** the tip is moved towards the cell
until a certain indentation is reached, then the tip is held still
and the dependence of the force with time is recorded. Creep
compliance experiments®*3*3” keep the force applied on the
cell at a fixed value. Due to the cell internal reorganization pro-
cesses, keeping a constant force requires a continuous change
in the z-position of the cell support. Time response methods
require theoretical models to transform the data into rheologi-
cal parameters. These models have to deal with the determi-
nation of the contact area for a viscoelastic contact. In general,
time response methods are not compatible with high resolu-
tion imaging.

Force microscopy offers other schemes to measure inelastic
interactions. The force-distance curves obtained during an
approach-retraction cycle usually show the presence of a hys-
teresis loop. The area enclosed by the loop determines the
energy dissipated by the tip-sample interaction*®™*® (energy
hysteresis). The measurement of the energy hysteresis could
provide a method to determine the viscoelastic properties
within the cell.** The transformation of energy hysteresis
values into nanomechanical properties implies two stages.
First, it requires the existence of well-defined models in the
energy dissipation processes.’® Second, these models require
the determination of the contact area during the approach-
retraction cycle. Currently, there are no analytical expressions
to determine the contact area in the presence of viscoelastic
processes.

Here we develop a force microscopy method to determine
the time and frequency responses of a single live cell under
the influence of an external compressive force. The method
determines the Young’s (elastic) modulus, the loss modulus,
the viscosity coefficient and the relaxation time of a cell as a
function of the frequency of the external force. This method
can be divided in two main steps, the acquisition of force-dis-
tance curves and the application of a model to extract the cell
rheological response from these curves. The elastic and dissi-
pative components of the force are determined by considering
the approach and retraction sections of the force-distance
curve around the maximum indentation. Finite element simu-
lation shows that near the maximum indentation the contact
area is well described by conventional contact mechanics
models. The method has been applied to follow the evolution
of a single fibroblast cell exposed to the action of an actin
polymerization inhibitor drug. The elastic modulus, the
viscous coefficient and the loss modulus decrease while the
relaxation time increases with the exposure time to the drug.

2. Theoretical model

The tensorial stress—strain relationship for a linear viscoelastic
material can be expressed using the relaxation function®'>
¥(t). This function is deduced from one-dimensional approxi-
mations”® that describe the stress response to a unit change of
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strain in the system. These approximations do not consider
the change of the contact area with the indentation nor the tip
geometry. However, these factors should be taken into account
to reach a satisfactory numerical interpretation of the AFM
data.

A realistic description of a three-dimensional system should
consider that the vertical and lateral deformations are
coupled. For this system, the dependence of the force with the
deformation in the presence of viscoelastic processes is
obtained by combining the relaxation function ¥(¢) with the
known force-indentation relationship obtained for an elastic
material of the same geometry.>® This step involves the
replacement of the elastic (Young) modulus E in the elastic
equation for an integral operator that is expressed in terms of
the relaxation function ¥(¢). The process for a three-dimen-
sional axisymmetric indenter starts with the expression that
relates the force with the indentation for an elastic material

F = aEI” (1)

where I(¢) is the indentation, « is a coefficient that depends on
the geometry and the Poisson coefficient and S is a geometric
factor. These coefficients depend on the contact mechanics
model. If we substitute E by the relaxation function ¥(t), we
obtain the force exerted on a cell (viscoelastic material) as a
function of time that can be expressed as

RO = wie—t) Gley)ae 2)

To express ¥(t) in terms of mechanical properties requires
the use of a viscoelastic model. This step needs to balance
numerical accuracy and the capability to provide an analytical
expression in a closed form. The standard linear solid model
provides an accurate approach to determine creep and relax-
ation processes.’> However, this model does not allow dedu-
cing expressions in a closed form when the contact area
depends on the indentation. The above dependence should
always be considered because the force-distance curves on
cells involve indentations of several micrometers.

On the other hand, the Kelvin-Voigt model®* enables dedu-
cing analytical expressions to link the parameters with the
observables without restricting the variation of the contact
area with the deformation. For a given frequency, we demon-
strate that the results provided by the Kelvin-Voigt model are
equivalent to those given by any other linear viscoelastic
model, in particular, the standard linear solid model (see the
ESIt). Then,

w(t) = E + neomd(2) (3)

where §(¢) is the Dirac delta function and 7o is the compres-
sive viscoelastic coefficient (also known as the Trouton coeffi-
cient). Force-distance measurements involve the application of
compressive forces normal to the cell surface. We remark that
inside the cell the force is released in normal and lateral
directions.

This journal is © The Royal Society of Chemistry 2017
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In many contributions the viscosity is described in terms of
the one-dimensional laminar flow model. In this model the
relevant coefficient is the shear viscous coefficient 7y,. For an
incompressible material (v = 0.5), the compressive and shear
viscous coefficients are related by

Neom = 3Msh (4)

In the following we express our results in terms of the com-
monly used shear viscous coefficient ng, = #. With the above
assumptions the force is calculated using the following
equation:

F(6) = al(¢)' [36ni(6) + E1(0) (5)

The above expression can be simplified for Hertz and
Sneddon contact mechanics models. For the latter (conical

geometry),

1 2tan(¢)
T1-12 g

(6)

B =2, v is the Poisson coefficient and ¢ is the cone semi-angle.

The interaction force includes conservative (elastic) F. and
dissipative (inelastic) Fy;s processes. In general the force can
be expressed as

F(t) = Fc + Fais (7)

where
R = S8 @ pp 0
Fas(t) = 16@7,1@) dil—(:) 9)

In eqn (9) the force is proportional to the indentation. This
result is different from a previous expression deduced without
the above considerations.”®

The loss modulus is calculated from the expression (see the
ESI¥)

Elpss = —lawn (10)

In the following only absolute values of Ej are reported.

To deduce an expression for the relaxation time, we assume
the Kelvin-Voigt approximation, where an initial deformation
I, decays exponentially with time,

t
I(t) =Le = (11)
where the relaxation time is defined by
=
=2 (12)

3. Materials and methods
3.1 Force microscopy and force spectroscopy

All the AFM experiments were performed in a cell culture
medium with HEPES (10 mM) (see below) using a commer-
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cial instrument (JPK NanoWizard 3, JPK Instruments AG,
Berlin, Germany) mounted on an Axio Vert. Al inverted
microscope (Carl Zeiss, Oberkochen, Germany). To ensure
that the cells stay alive and adherent during the force spec-
troscopy experiments, the measurements were performed at
a constant temperature of 37 °C. We have used MLCT-B
cantilevers (Bruker, Camarillo, CA, USA) with a nominal
spring constant of 0.02 N m™" and a conical tip shape with a
nominal half opening angle of 18°. In order to obtain
reliable and quantitative data from the AFM experiments, the
cantilever spring constant k was calibrated using the thermal
tuning method. The maximum force applied to the cells was
3.0 nN.

The hydrodynamic drag due to the interaction of the canti-
lever body with the liquid causes an additional hysteresis in
the force curve.>>® The hysteresis is characterized by the
separation between the baselines of the approach and with-
drawing sections of a force curve. We have developed an
algorithm to correct the data from the drag effect (see the ESIT).

Force-distance curves. The tip-sample distance has been
modulated by applying a triangular waveform. The data acqui-
sition rate has been calculated to be 4000 Hz. Bottom effect
corrections for a conical tip have been applied to correct the
cell finite thickness.” The force-distance curves have been
measured on a region above the nucleus.

3.2 Cell culture and sample preparation

Mouse Embryonic Fibroblasts (MEFs) were cultured at 37 °C in
Dulbecco’s Modified Eagle Medium - DMEM (Gibco Life
Technologies, Paisley, UK) supplemented with 10% Fetal
Bovine Serum - FBS (Gibco Life Technologies) and 1% penicil-
lin/streptomycin at controlled humidity (90%) and CO, con-
centration (5%). A 60 mm Petri dish (Thermo Fisher Scientific,
Massachusetts, USA) contains the cells during the cell culture
process. Upon removal from the incubator, a 10 mM HEPES
(4-(2-hydroxyethyl)piperazine-1-ethanesulfonic  acid), N-(2-
hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) was added
to the medium to maintain the pH at a value of 7.4-7.7.

Chemical treatment for disrupting the cell cytoskeleton.
Cells were treated with 5 pM cytochalasin D (Sigma-Aldrich) to
depolymerize the actin filaments. This step was performed
in vivo by adding Cyt-D to the cell medium during the AFM
measurements.

3.3 Finite element simulations

The numerical simulations of the indentation were performed
using commercial Finite Element Method software (COMSOL
Multiphysics, COMSOL AB, Stockholm, Sweden). The indenter
was a sphere of radius R = 5 um, and the material model used
for it was a linear elastic material (isotropic and homogeneous,
E = 20 GPa). The sample was simulated as a cylinder of 40 pm
of radius and 40 um in depth. The indentation depth was very
small (0.2 um) with respect to the thickness of the sample, in
order to avoid boundary effects. The mesh size was graded to
be more refined close to the indenter (0.02 um), and coarser at
the sides. The simulations were performed assuming a fric-
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tionless contact and cylindrical symmetry. The material model
for the sample was a linear visoelastic material. COMSOL
solves the full 3-D differential equations of viscoelasticity,
although experimentally the AFM measurements only provide
1-D data. The values chosen for the viscoelastic parameters of
the sample are similar to those obtained in the experiments
(Ecen = 4 kPa, n = 300 Pa s). To simulate an adhesion force, we
have added a negative force that was active during the retrac-
tion cycle of the force curve. The absolute value of this attrac-
tive force was chosen to be about 44% of the maximum repul-
sive force.

4. Results and discussion
4.1 Force-distance curves

An optical microscope directs the positioning of the AFM
probe onto the surface of a single mouse embryonic fibroblast
(MEF) cell to record a force-distance curve (Fig. 1a). An AFM
image of a section of the cell shows some features of the cyto-
skeleton (Fig. 1b).

Fig. 1c shows the z-piezo displacement, the indentation and
the force as a function of time during the acquisition of a force
curve above the nucleus of a MEF. The raw data represent the
variation of the cantilever deflection Az with respect to the
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z-piezo displacement 2(¢). To obtain the force as a function of
the tip-cell distance, the cantilever deflection is multiplied by
the force constant k and the z-piezo displacement is converted
into indentation values I. The latter is achieved using the fol-
lowing relationship,

S(t) = z(t) + Az(t) — 2o (13)

with

I(t) = —S(t) for § < 0 (14)

where 2(t) is the z-piezo displacement; S(¢) is the instan-
taneous tip-sample distance; and z, marks the z-piezo dis-
placement at which the tip establishes mechanical contact
with the cell surface (approach).

Fig. 1d shows that the approach and retraction sections of
the force curve do not coincide. This observation reveals the
existence of dissipative interactions between the tip and the
cell. The area enclosed by the approach and retraction sections
of the force curve coincides with the energy dissipated on the
Sample'46,47,50

4.2 Elastic modulus, loss modulus, viscosity coefficient and
relaxation time

To obtain the mechanical properties E, Ejog, 1 and 7 from the
force-distance curve, it is required to determine the conserva-

b
d
4 > >» |«
3] Contact Non-Contact
(L Fy)
~ 24
% —— Approach
E’ 14 '\ —— Retraction
ol @R
2 . 0 1 2
/(um)

Fig. 1 Force—distance curves in nanomechanical rheology. (a) Optical microscopy image of a rectangular microcantilever in the proximity of a
fibroblast cell. The black dashed line indicates the edges of the nucleus. The image has been taken using an inverted optical microscope. The pyra-
midal tip appears at the end of the cantilever. (b) AFM image of a MEF cell. The image reveals the existence of several elements of the cytoskeleton
structure. (c) Tip—sample distance, indentation and force as a function of the ratio between the time elapsed and the period of the modulation
(approach and retraction). (d) Force versus distance curve on top of a MEF cell. The hysteresis loop indicates the presence of dissipative interactions

between the tip and the cell.
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tive F. and dissipative components Fg;s of the interaction force.
For a given indentation I, we combine the values of the force
during the approach (F,) and retraction (F;) cycles of the force
curve to obtain F, and Fg;g,

Fa(I) + F(I)

Fe(I) = 5

(15)
Fa(l) _Fr(l)

Fqis(I) = 5

(16)

If the approach and retraction sections of the force-dis-
tance curve overlap, F,(I) = F,(I) and Fy;s = 0.
For a conical tip, we obtain

Fa(I) + Fi(1) _ 8tan(g)

_ 2
Fe (I ) = > 3 2 ET (17)
AF tan dr, drI.
FmdU::EmU):-E-:S ;¢Lﬂ{a§—;g} (18)

We also assume that for a given indentation I(¢), dl,/d¢ ~
—dr,/dt.

4.3. Viscoelastic contact area

The contact area in AFM experiments is commonly deter-
mined by using either Hertz or Sneddon contact mechanics
models. However, these models fail to describe the contact
area in the presence of viscoelastic processes. To illustrate
this effect we have performed finite element simulations
(Fig. 2a) in the presence of three different contact mechanics
interactions, Hertz, 3D Kelvin-Voigt and a contact mechanics
model that includes a 3D Kelvin-Voigt and an adhesion force
during the tip retraction. Fig. 2b shows the dependence of
the force with respect to the tip motion for the above models.
The force is normalized to the maximum value per cycle
given by Hertz contact mechanics. The introduction of a
linear viscoelastic interaction increases the force during the
tip approach with respect to Hertz contact mechanics. The
maximum value of the repulsive force (peak force) is reached
well before the tip produces the maximum indentation. The
viscous force depends on the tip velocity, see eqn (9). The
maximum in the force reflects the competition between the
elastic and dissipative effects. The elastic force increases with
the indentation while the dissipative force depends on both
the indentation and its time derivative. The indentation rate
decreases upon contact with the cell. At the maximum inden-
tation, the viscous force disappears because the indentation
rate is zero. Consequently, all the models give the same value
for the force.

Fig. 2c shows the radius a of the contact area of a linear
viscoelastic body that interacts with a spherical tip. The
contact area is defined as the area of the contact projected on
a plane perpendicular to the tip indentation (za’). The radius
is presented as a function of the time. However, it could be
easily transformed into a function of the indentation using
eqn (13) and (14). During the approach, the contact is charac-
terized by a contact radius that follows the shape and the
numerical values given by Hertz contact mechanics. During

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Finite element simulations of the deformation of a soft sample.
(a) Finite element simulation of a force microscope—soft matter inter-
face. The color-code variations on the sample indicate the changes in
the stress. (b) Force versus time curves obtained from finite element
simulations. Three contact mechanics interactions are considered,
Hertz, Kelvin—Voigt and Kelvin—Voigt with an adhesion force. The force
is normalized with respect the maximum value given by Hertz contact
mechanics. (c) Contact area (radius) dependence on the time for the
interactions described in (b). All the finite element simulations have been
performed with the following parameters: E. = 4 kPa, 57com = 300 Pa's;
fm = 1Hz, R =5 pum (colloidal tip); Fyertz(max) = 1.4 nN.

the tip retraction, the contact radius of the viscoelastic body
decreases more rapidly than that of an elastic material.
This effect is somehow reduced by the presence of an adhesion
force in the retraction section (red dots). The mechanical
response of the body has been simulated with an elastic
modulus of 4 kPa and a viscous coefficient of 300 Pa s. These
values are similar to those obtained for a MEF cell (see below).

The above comparison shows that during the tips approach
and near the maximum indentation, the contact area of the
deformation of a linear viscoelastic body is well approximated
by the contact area obtained from an elastic contact mechanics
model.

Nanoscale, 2017, 9, 12051-12059 | 12055
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4.4. Nanomechanical rheology of a mice embryonic
fibroblast cell

We have applied the above method to determine the nanome-
chanical response of a single cell subjected to external forces
of varying modulation frequencies. Fig. 3 shows the depen-
dence of the elastic modulus, the viscosity coefficient, the
loss modulus and the relaxation time as a function of the
modulation frequency in the 0.2 to 4 Hz range. In this fre-
quency range, the elastic modulus remains practically con-
stant at 5 kPa, and the viscosity coefficient decreases from
460 Pa s to 60 Pa s. The loss modulus shows two regimes. For
modulation frequencies in the 0.2-2 Hz range, E).s increases
monotonically from 3 to 3.7 kPa. For higher frequencies, it
appears to oscillate around a value of 3.8 kPa. The relaxation
time decreases exponentially from 0.28 s at 0.2 Hz to 0.05 s at
4 Hz. Each data point is the average value of 10 force-distance
curves.

Two relevant conclusions are derived from the data shown
in Fig. 3. First, there is not a general trend in the dependence
with respect to the frequency. The above observation implies
that to understand and characterize the nanorheology of a
single cell it is required to measure several parameters.
Second, live cells show significant changes in the mechanical
response in a relatively small frequency range.

The data shown in Fig. 3 report the measurements per-
formed on a single cell. We have repeated the measurements
on 20 different MEF cells. All the cells reproduced the fre-
quency dependencies described in Fig. 3.
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4.5. Time-resolved response of a cell to cytochalasin D

Previous AFM studies have underlined the influence of the
actin cytoskeleton structure on the elastic response of
cells.*** Those studies measured the changes in the cell
stiffness in the presence of different drugs, in particular, cyto-
chalasin D (Cyt-D). This drug inhibits the polymerization of
the actin which eventually produces the fragmentation of the
actin filaments. We have applied the above nanomechanical
rheology method to follow the evolution in the mechanical
response of a single MEF cell subjected to the action of
Cyt-D.

To simplify the discussion we limit the measurements to a
single modulation frequency (1 Hz). Fig. 4a shows some
optical microscopy images that illustrate the shape changes
of a MEF under the action of Cyt-D (see the ESI:} time evol-
ution of the MEFs affected by the Cyt-D). The cell increases
its volume and becomes more rounded in the presence of
Cyt-D. The evolution of the elastic modulus, the viscosity
coefficient, the loss modulus and the relaxation time as a
function of the exposure time to Cyt-D is shown in Fig. 4b-e.
The elastic modulus of the cell decreases in the presence of
Cyt-D. These results are in agreement with previous
studies.*>* However, the method allows us to observe three
time domains. First, there is a sharp decrease from 6.2 kPa to
3.6 kPa that happens within the first 5 minutes. This decrease
is characterized by a slope of —10 Pa s™'. Between 5 and
30 minutes, the elastic modulus changes from 3.6 to 1.6 kPa.
The rate is reduced to —1 Pa s™'. After 30 minutes, the elastic
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Fig. 3 Frequency dependence of the nanomechanical response of a single MEF cell in culture medium. (a) Elastic modulus. (b) Loss modulus. (c)
Viscosity coefficient. (d) Relaxation time. For completeness we also plot the cantilever speed associated with each modulation frequency.

12056 | Nanoscale, 2017, 9, 12051-12059

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7nr03419a

Open Access Article. Published on 10 August 2017. Downloaded on 7/18/2025 10:00:25 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

E (kPa)

-“'i
L {i{“

0 10 20 30 40 50 60
Time (min)

€ 03

View Article Online

Paper

M (Pa's)
3

80—

i
0.2- i{}.}{{l}
!

T(S)

0.1 ;i's
i{ t

0 10 20 30 40 50 60
Time (min)

Fig. 4 Time-resolved nanomechanical response of a single cell under the action of a drug. (a) Sequence of images (optical microscopy) of a MEF
cell exposed to cytochalasin D. The scale bars correspond with 10 pm. (b) Elastic modulus dependence on the exposure time. (c) Viscosity coeffi-
cient. (d) Loss modulus. (e) Relaxation time. The data have been acquired for a modulation frequency of 1 Hz.

modulus decays very slowly towards 1 kPa with a slope
close to —0.3 Pa s~'. The above results are in contrast
with the trend observed for the viscosity coefficient and the
loss modulus. The viscosity coefficient decreases mono-
tonically with time from 165 Pa s to 90 Pa s. The loss
modulus decreases from 3.2 Pa to 1.7 kPa. The rate is —0.4
', The relaxation time increases with the exposure time
from 0.07 s to 0.28 s. The relaxation time reflects a compe-
tition between elastic and dissipative processes within the
cell. The treatment with Cyt-D softens the cytoskeleton
structure and reduces the viscous flow. However, the soften-
ing of the cell happens at a faster rate that the reduction of
the viscosity, thus, the increase of z as the exposure time
increases.

Pa s

The above results are consistent with the behavior
described by the poroelastic model.”®>* In this model, the
cytoplasm consists of a porous, elastic solid (cytoskeleton,
organelles, ribosomes) filled with an interstitial fluid (cytosol)
that moves through the pores in response to pressure gradi-
ents. The disruption of the F-actin polymerization weakens the
cytoskeleton architecture, and as a consequence the elastic
modulus decreases. On the other hand, the fragmentation of
the acting filaments is equivalent to the increased average
pore size. If the size of the pores is increased it becomes easier
to displace the cytosol through the cytoplasm, and then the
viscosity decreases.

This journal is © The Royal Society of Chemistry 2017

5. Conclusions

We have developed a nanomechanical rheology method to
measure the time and frequency dependencies of the response
of a single live cell to an external force. This method provides
four parameters, the elastic modulus, the viscosity coefficient,
the loss modulus and the relaxation time. These parameters
exhibit different frequency dependencies. At low modulation
frequencies (0.2-4 Hz), the elastic modulus remains
unchanged; the loss modulus increases while the viscosity
coefficient and the relaxation time decrease. The above results
underline the limited information about the mechanical state
of a cell provided by stiffness measurements. We show that the
mechanical response of live fibroblast cells has significant
changes in the 0.2 to 4 Hz frequency range. The above results
imply that to understand and characterize the nanorheology of
a single cell it is required to measure several parameters.

The method has been applied to follow the evolution of a
fibroblast cell subjected to the depolymerization of its F-actin
cytoskeleton with a time resolution of 1 minute. The loss
modulus and the viscous coefficient monotonically decrease
with the exposure time to the cytochalasin D. The relaxation
time increases with the exposure time from 0.07 s to 0.28
s. The elastic modulus has three different time domains. First,
there is a sharp decrease from 6.2 kPa to 3.6 kPa that happens
within the first 5 minutes. Between 5 and 30 minutes, the

Nanoscale, 2017, 9, 12051-12059 | 12057
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elastic modulus changes from 3.6 to 1.6 kPa. After 30 minutes,
the elastic modulus decays very slowly towards 1 kPa with a
slope close to —0.3 Pa s™'. The proposed method is general. It
can be applied to study different types of cells and different
types of cell-drug interactions.

The above behavior is compatible with a cell mechanical
response described by the poroelastic model. The fragmenta-
tion of the actin filaments reduces the elastic modulus. At the
same time, the depolymerization of the actin filaments leads
to an increase of the average size of the cytoskeleton pores,
which increases the cytosol flow. This process is equivalent to
a reduction of the viscosity coefficient. The increase of the
relaxation time implies that the weakening of the cytoskeleton
structure as measured by the elastic modulus is a factor that
dominates over the reduction of the viscosity.
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