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Abstract. The ability of cells to sustain mechanical stress is largely modulated by the cytoskeleton. We present
a new application of optical tweezers to study cell’s mechanical properties. We trap a fibronectin-coated bead
attached to an adherent H4II-EC3 rat hepatoma cell in order to apply the force to the cell surface membrane.
The bead position corresponding to the cell’s local mechanical response at focal adhesions is measured with a
quadrant detector. We assessed the cell response by tracking the evolution of the equilibrium force for 40 cells
selected at random and selected a temporal window to assess the cell initial force expression at focal adhesions.
The mean value of the force within this time window over 40 randomly selected bead/cell bounds was 52.3 pN.
Then, we assessed the responses of the cells with modulation of the cytoskeletons, namely the ubiquitous actin-
microfilaments and microtubules, plus the differentiation-dependent keratin intermediate filaments. Notably, a
destabilization of the first two networks led to around 50 and 30% reductions in the mean equilibrium forces,
respectively, relative to untreated cells, whereas a loss of the third one yielded a 25% increase. The differences
in the forces from untreated and treated cells are resolved by the optical tweezers experiment. C©2011 Society of
Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3626864]
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1 Introduction
The ability of cells to sense and adapt to mechanical stresses
is critical for basic cellular activities like migration, growth,
differentiation, and cell lineage development.1–4 Notably, it ap-
pears that cell mechanical strength and morphology are largely
regulated by the cytoskeleton, a polymer network comprised
of actin-microfilaments, microtubules, and intermediate fila-
ments, which are known to fulfill many key cellular functional
activities.5 While biochemical approaches are most appropriate
for identifying cytoskeletal proteins interacting with membrane
protein receptors at the cell surface, assessment of mechanical
features of cells requires tools that allow generation of a stress
stimulus of a few piconewtons to several nanonewtons at their
surface membrane and to follow the cell’s response over time.

For instance, a dual-beam optical stretcher has been used as
a mean to deform single suspended cells by optically induced
forces and to assess the relationship between cellular viscoelas-
ticity and cytoskeleton status,6, 7 suggesting in actual fact, that
optical deformability can be used as an inherent marker for
cell differentiation or transformation status. In another line of
work, an optical tweezers has recently been used to trap a con-
canavalin (lectin)-coated bead and to assess its interaction with
cell surface-exposed glycoproteins,8 many of which are recep-
tors. In that work, the laser beam forced an oscillatory motion of
the bead to measure in real time the force constant of the global
ligand-receptor binding at the cell surface, typically in the few
pN/μm range, in the presence or absence of actin-microfilament
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and microtubule-destabilizing drugs. In adherent cells, mechan-
ical stresses are either transferred to the surface membrane from
the extracellular matrix (ECM) or generated within the contrac-
tile actin cytoskeleton and exerted on the ECM adhesion.9–11

In both cases, the mechanical forces converge on integrins, the
well characterized glycosylated receptors, which cluster within
focal adhesion (FA) complexes at the surface membrane and
physically link the ECM and actin cytoskeleton.9–11 However,
little is known about the contribution of the other cytoskele-
ton networks, i.e., the microtubules and the cell-type dependent
intermediate filaments. For instance, keratin intermediate fil-
aments, the hallmark of epithelial cells,12, 13 are of particular
interest because of their unique viscoelastic properties.5

Technically, a shearing force tangent to cell surface can be
applied via a polystyrene bead coated with an ECM protein an-
chored to integrins using different stress generators, including a
magnetic pulling cytometer and an optical tweezers.14–17 More-
over, the evidence for a stress transduction to the cytoskeleton
is provided by the fact that an optical tweezers-generated stress
promotes the recruitment of actin-associated proteins, like vin-
culum and talin, involved in the linking of actin to integrin,
and the stiffening of FAs.18 Considering integrins as mechanical
sensors and transducers enables one to address the cell response
to a regional cell surface-targeted stress. For instance, the use of
a single laser tweezers has allowed measurement of the minimal
force required for breaking the connection between the actin
cytoskeleton and integrin bound to sub-micron beads coated
with a very low density of fibronectin.19 This has suggested that
talin forms a molecular slip bond that permits the transfer of a
2-pN per integrin from the actin cytoskeleton to fibronectin,
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until the number of bonded talin molecules increases or a signal
is received to activate a mechanical stress response.

In the work reported here, we adapted the optical tweez-
ers configuration to measure the integrated mechanical cellular
response to external stress through a fibronectin-coated bead
large enough to induce the formation of FAs when it attaches
to a cell. Accordingly, we imposed on the bead a shearing force
tangent to the surface of H4II-3EC (H4) rat hepatoma cells,
and then measured in real time the photonic force acting on the
bead at equilibrium with the cell reaction. In contrast to previous
reports,14–17 the results revealed that the fibronectin-coated bead
attached to the cell surface and, trapped by the optical tweezers,
not only played the role of force transducer for applying the
photonic force from outside the cell, but also provided a force
probe, with its equilibrium position measured by a quadrant
photodetector giving the magnitude of the photonic force in the
same order of magnitude of that of the cell mechanical reaction.
We also showed that disruption of the different cytoskeletal net-
works resulted in differential alterations of the force distribution
response.

2 Experimental Setup and Methods
2.1 System Setup
The experimental set up consists of an optical tweezers in the
inverted microscope configuration and a quadrant photodiode
(QPD) able to measure the trapped bead position and the corre-
sponding photonic force. As shown in Fig. 1, the trap is made
around a linearly polarized 5W ND:YVO4 fiber laser (IPG Pho-
tonics) emitting at 1070 nm. The laser beam goes through a
half wave plate followed by a polarization beam splitting Gland

prism (Gp) in order to control the laser power by rotating the
half wave plate orientation. The laser is steered by the gim-
bals mounted mirror M1 and hot mirror M2 and is coupled by
mirror M3 to the back aperture of an Olympus 100× oil im-
mersion objective of numerical aperture (NA) = 1.3. The laser
light that is backscattered by a trapped bead is collected by the
same objective and is sent by mirror M3 and beam sampler
(BS) plate to the QPD (S5981 Hamamatsu) to monitor the bead
position. The orientation of the QPD determines the x and y
axes in the sample plane as shown in Fig. 1. The backscattering
configuration,20 instead of forward scattering,8 has the advan-
tage of having the same microscope lens NA for both detection
and trapping. The disadvantage of the backscattering configura-
tion is that the position of the bead cannot be measured when the
trapping beam is absent. A fiber illuminator provides the white
light that goes through a 20× aspheric lens with NA = 0.3 to il-
luminate the sample. A single lens L1 images the sample upon a
CCD camera (Panasonic). Illumination light is eliminated from
the detection path by a cold mirror filter in front of the QPD.
The back-scattered laser beam is stopped by a hot-mirror filter in
front of the CCD camera. The system is entirely contained in an
environmental chamber maintaining a constant temperature of
37◦C. Coarse positioning of the sample on the microscope stage
is done by remotely controlled step motors (MellesGriot). Fine
positioning is achieved with a piezoelectric positioning system
(Tritor 102 cap, Jena) with nanometer resolution.

2.2 System Calibration
In the position signal calibration, a 5 μm diameter bead fixed
on a cover glass is scanned by the laser beam along the x and y
axes by the piezoelectric positioning system to obtain the QPD
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Fig. 1 Diagram of the experimental setup.
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Fig. 2 (a) QPD signal of a bead fixed on a glass cover slip during a scan along the y axis with the piezoelectric positioning system. (b) Bead
displacement signal y(t) corresponding to the Brownian motion of the bead captured by the optical tweezers and suspended about 3 μm above the
dish bottom in a DMEM of viscosity η = 8.4 × 10− 4 Nsm− 2. (c) Bead position histogram built from (b). (d) Measured data fit to harmonic potential
E(y).

signal as a function of the bead position. For instance the signal
(v1 + v2) − (v3 + v4)/(v1 + v2 + v3 + v4), where vi is
the output of ith quarter photodetector and is proportional to the
bead position in y. The QPD signal was found linear to the bead
displacement within the range of − 1.5 to + 1.5 μm from the
bead center as shown in Fig. 2(a).

Stiffness calibration of the optical trap was achieved by ther-
mal noise analysis as proposed by Florin.21 According to this
procedure, the Brownian motion along a given axis of a trapped
bead is tracked by the QPD to generate a position probability
p(y) under Boltzmann statistics

p (y) dy = C exp [−E (y)/kB T ] (1)

or

E (y) = −kB T ln p (y) + kB T ln C, (2)

where kB is the Boltzmann constant, T is the sample temperature,
and C is the normalization constant. Assuming that the optical
force field can be represented by a harmonic potential for small
displacement of the bead, then the force constant ky of the trap
can be calculated by

E (y) = ky y2/2 + cte. (3)

Experimentally, we trapped a 5-μm fibronectin-coated bead
and maintained the bead by the optical trap within a cell culture
dish about 3 μm above the dish bottom surface in a Dulbecco’s
modified eagle medium (DMEM) with viscosity η = 8.4 × 10− 4

Nsm− 2. We then measured the Brownian motion of the bead
along the y direction to obtain the position in y as a function
of time t, y(t), as shown in Fig. 2(b). At a sampling rate of
80 kHz and in a 0.5 s recoding time, we obtained 40,000 data

of y(t). From these data, we generate the histogram with the bin
width of 2 nm, as shown in Fig. 2(c), which corresponds to the
probability density function p(y).

The harmonic potential E(y) is computed by Eq. (2) from
the position histogram in Fig. 2(c) and is fit to Eq. (3) as
shown in Fig. 2(d) to determine the trapping constants ky = 53.8
± 2.0 pN/μm. The same calibration was performed along the x
axis and resulted in kx = 54.1 ± 2.4 pN/μm. The values of kx

and ky depend on the orientation of the linear polarization of the
trapping beam. A similar calibration was performed along the z
axis and resulted in kz = 9 ± 4 pN/μm. As the position of the
bead in z is measured by the signal (v1 + v2 + v3 + v4), which
is not a differential signal, the signal for the position in z is eas-
ier to be biased by the noise. Notably, these trapping constants
are comparable to those previously reported.21 The system cal-
ibration was performed without the cell in the dish before each
set of comparative experiments to measure the forces of either
untreated or treated cells in the cell culture dishes.

2.3 Cell Culture and Drug Treatment
H4 rat hepatoma cells were cultured in DMEM supplemented
with 10% fetal bovine serum and maintained at 37◦C in a humid
CO2 (5%)/air (95%) atmosphere. In all experiments, cells were
first seeded in a culture dish made of a thin glass bottom and
precoated with fibronectin.13 This allowed formation of a full
monolayer of the cells of 5 to 8 μm in thickness, as a result of
cell interactions via their ventral surfaces with the fibronectin-
culture substratum and their contacts with the neighboring cells.
In the experiments, cells were untreated or pretreated for 60 min
with cytochalasinD or 30 min with nocodazole at concentration
in the sample dish of 2 and 30 μM, respectively. All of the drugs
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were diluted in dimethyl sulfoxide (DMSO), which serves as
the delivery vehicle. The concentration of the DMSO used was
at 0.1% in all treatments and in each control condition. At such
a concentration, the DMSO will not affect the cell mechanics.

2.4 Bead Preparation and Focal Adhesion Assembly
Fibronectin-coated beads were prepared in a 60-μl solution with
a concentration of 100,000 beads/ml and were then added to
the culture dish containing the cell monolayer 15 min prior to
analysis. According to a previous report,18 bead size is critical
for fibronectin-induced FA assembly on the dorsal cell surface.
Fibronectin-coated beads that are smaller than 3 μm in diam-
eter attach to fibroblast cells but do not lead to FA formation
without external force. In fact, it appears that contraction of
the cytoskeleton on either side of midsized beads (>3 μm)
generates a force that causes the assembly of vinculin to form
FAs, whereas smaller beads generate insufficient cytoskeleton
force.18 On these grounds, our experiments were performed
with 5-μm diameter beads. Of note, in a previous work we have
shown that albumin-coated beads loosely attached to the cells22

resulting in lower cell’s response forces, compared with that
obtained in this paper using the fibronectin-coated beads for
mechanical coupling on the H4 cells.

Accordingly, the recruitment of vinculum and actin at the
FAs by the attached beads was monitored by confocal imaging
of the H4 cell monolayer. The H4 monolayer was first fixed by
successive treatments for 10 min at 37◦C with 2% formaldehyde
and 5 min at − 20◦C with methanol (30%)/acetone (70%), and
then incubated overnight with a mouse anti-human vinculum
monoclonal primary antibody, followed by a one hour incubation
with Alexa-647 coupled anti-mouse secondary antibody, and
also with Alexa-594-coupled phalloidin to reveal fibrillar actin.

Images were captured with an FV-1000 Olympus confo-
cal microscope. Confocal images of the ventral cell surface in
Figs. 3(a) and 3(b) show the actin and vinculin in FAs of the cells
monolayer. The attached bead is visible in the phase-contrast
image in Fig. 3(c). The confocal images in Figs. 3(d) and 3(e)
showed both the vinculin and actin fibers clustered underneath
the bead and the attached dorsal cell surface. These clusters are
representative of the FA assembly. Figure 3(f) shows a merged
picture of Figs. 3(d) and 3(f). The presence of the attached bead
on the dorsal cell surface did not appear to perturb the vinculin
and actin, which are representative of the cell monolayer, at
the actual FA assembly on the ventral cell surface, as shown in
Figs. 3(a) and 3(b), where the region underneath the bead and
the FAs in the neighboring cells without attached beads showed
normal distributions.

3 Experimental Results and Discussion
3.1 Force Measurement
We first localized the position of the laser beam focus in the x-y
plane on the CCD camera monitor screen. We then selected a
second position at a lateral distance of 1.3 ± 0.1 μm from the
trap center along the y axis to serve as the initial position of
the bead. A FA-attached bead was chosen at random and then
set to the initial position by moving the culture dish with the
coarse step motor stage followed by a finer adjustment through
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Fig. 3 (a) and (b) Confocal image of the ventral cell surface showing
actin and vinculin accumulation at focal adhesion of a cell with a
bead and its neighboring cells. (c) Phase contrast image showing the
bead position. (d) and (e) Confocal section forming the dorsal portion
of the cells where actin and vinculin cluster underside the bead (bead
position indicated by the dashed circle). Insets in (d) and (e) show a
zoomed image around the position of the bead. (f) Merged image of
Figs. 6(d) and 6(e) showing actin and vinculin on the dorsal side of the
cells.

the piezo actuator. The bead initial position was within the linear
region of the optical trap for a corresponding starting gradient
force of kyy ≈ 70 pN. To take into account the variations of
the cell thickness and the attached bead position in z, before
each measurement we adjusted the position of the culture dish
in z via the piezo actuator such that the bead was initially at
the focal plane of the microscope objective. This adjusting was
performed under white light illumination when the laser beam
was obscured by the shutter.

When we manually opened the shutter, activating the laser
trap, the bead was subjected to a gradient force toward the laser
beam focus and moved to a position where the optical trap force
and the cellular force exerted on the bead were balanced. The
bead displacement was monitored by the QPD following the
three axes, as shown in Fig. 4. The QPD signal acquisition pro-
cedure started about 0.8 ± 0.4 s ahead of the shutter manual

photonic force

Actin

Vinculin

Talin

IntegrinBead

Fig. 4 Bead attached on the cell through the integrin receptors trans-
fers the photonic force to the cytoskeleton by way of FAs, which are
composed of many proteins such as vinculin and talin.
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Fig. 5 Force expression of 40 different probed cells over the course of 20 s. The total force is in light blue, the force component along the y axis
is in green, along the x axis in dark blue, and along the z axis in red. Some samples exhibit discernable initial cellular response (*) and/or a time
dependent modulation of the force (†).

opening and continued for 20 s. For each sample dish, 40 inde-
pendent measurements for 40 individual bead/cell bonds were
performed. As previously mentioned, each set of experiments
included one test for force calibration and the force measure-
ments for 40 individual bead/cell bonds in three to four separated
sample dishes of treated or untreated H4 cells. We did three such
sets of experiments in different days and with different cultured
cell samples. The results of the three sets of experiments showed
similar cell behaviors, as next discussed.

In all of the tests, the beads remained in the region where the
force was linearly proportional to its displacement. The 40 force
traces obtained for the first set of H4 cells in one culture dish
are depicted in Fig. 5. Before opening the shutter, there was no
backscattered light and the QPD signal was at an arbitrary level.
After opening the shutter, the bead was immediately captured by
the laser beam and moved to an equilibrium position in z, where
Fz = 0, as clearly seen in each panel in Fig. 5. The jump of
the bead in the z direction indicates the beginning of capturing
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of the bead and the beginning of all of the measurements. Six
among 40 beads had Fz slightly different from zero, due to the
cell resistance to the laser beam diffusing force applied along the
optical axis. In addition, we cannot exclude a nonplanar topog-
raphy of the cell monolayer. The contribution of the nonzero Fz

to the total force was very small, as shown in Fig. 5, compared
with the contributions from Fx and Fy, which are tangent to the
cell surface.

Although the initial gradient force and the displacement of
the bead were along the y axis, displacements of the bead in
x and the corresponding force Fx were different from zero for
35 of the 40 beads. Contribution of Fx was important in 11
measurements and had a significant influence on the total force
Ftot = [F2

x + F2
y + F2

z ]1/2. As a result, eight beads had a to-
tal force above 70 pN, as shown in the panels marked by “#”
in Fig. 5. However, only two of those beads had a signal for
Fy greater than the starting gradient force of 70 pN. In this
way, it appears that the measured total force results from a
complex interaction involving the cytoskeleton networks with
integrin-containing FAs. The integrated response is therefore re-
lated to the three-dimensional architecture of the cell structural
elements, such as cytoskeleton networks and FAs.

As shown in the panels marked by “*” in Fig. 5, a gradual
displacement response was observed in half of the beads. The
bead initially underwent a fast displacement toward the trap
center and then its speed gradually slowed down until it reached
an equilibrium state. On average, the beads took less than 3 s after
opening the shutter to reach the equilibrium position. This type
of response is similar to the viscoelastic-creep behavior observed
by Bausch on fibronectin-coated beads attached to endothelial
cells, subjected to a constant magnetic pulling force.23, 24 The
other half of the measured beads did not present this kind of
viscoelastic-creep response, the beads almost instantly reached
an equilibrium state. While this is quite intriguing, there is no
definitive explanation for the lack of such responses.

We also observed a time-dependent evolution of the equi-
librium force in the 21 panels in Fig. 5 marked by “†” out of
40. The modification of the equilibrium state reached in the ini-
tial cellular response starts about 5 s after the shutter opening.
Matthews et al. have observed a similar time-dependent change
in the bead translocation attached to activated integrin on en-
dothelial cells; in fact, they observed a similar proportion of
repositioning mostly between 10 and 20 s after the application
of a 130 pN force by magnetic needle.17 These authors asso-
ciated this behavior with a cell response to a prolonged force
application. Notably, in the data reported here, H4 cells started
relocating earlier, perhaps because the photonics force in the
order of 70 pN is lower than 130 pN, so that the cells can more
easily move against the photonics force. Additionally, in some
measurements the noise level is quit high, as can be seen in six
panels out of 40 in Fig. 5, but whether this reflects variations in
intracellular activities remains as an open question.

3.2 Distributions of the Force in Treated Cells versus
Nontreated Cells

As the cell response to external force showed dynamic behavior,
we selected the force expression in a timeframe of 4.5 to 5.5 s
as the initial cellular mechanical response. This time window
was primarily chosen to be between the initial cellular response

(c)
H4 + Noco

t
n

u
o

C

Force (pN)

0

2

4

6

8

10

12

0 20 40 60 80 100

H4 + Noco

0

50

100

150

0 5 10 15 20
)

N
p( ecr

o
F

Time (s)

(f)

(d)
H4 + shK8

t
n

u
o

C

Force (pN)

0

2

4

6

8

10

12

0 20 40 60 80 100

H4 + shK8

0

50

100

150

0 5 10 15 20

)
N

p( ecr
o

F

Time (s)

(g)

(a)

Untreated H4

t
n

u
o

C

Force (pN)

0

2

4

6

8

10

12

0 20 40 60 80 100

(b)
H4 + CytoD

t
n

u
o

C

Force (pN)

0

2

4

6

8

10

12

0 20 40 60 80 100

H4 + CytoD

0 5 10 15 20
0

50

100

150

)
N

p( ecr
o

F

Time (s)

(e)

Fig. 6 Force distribution obtained of 40 probed cells in the 4.5 to
5.5 s timeframe for (a) untreated cells; (e) cytochalasin D-treated cell;
(f) nocodazole-treated cells; (g) keratin-lacking cells. (b), (c), and (d)
The corresponding force traces over 20 s for the treated cells.

observed before 3 s and the cell adaptation response, which
modulated the equilibrium state after 5 s. The distribution of the
initial cellular response over the 40 independent measurements
is a function of the cellular conditions. In the untreated H4
cells, the mean value of the force is of 54.4 ± 22.9 pN, as
shown in Fig. 6(a), where we assumed that the measured force
distribution over the samples is a Gaussian distribution. Table 1
provides the mean values and standard deviations of the force
for the 4.5 to 5.5 s timeframe obtained in the three different sets
of measurements for untreated H4 cells and the H4 cells treated
with cytochalasinD, Nocodazole and shK8, respectively. The
three different sets of sample dishes were separately prepared
on different days.

We then assessed the contributions of three cytoskeletal net-
works to the initial cellular response to external mechanical
stress. This was accomplished by disrupting the cytoskeleton
networks of the H4 cells. Actin-microfilaments in H4 cells were
treated by a 60-min incubation with 2 μM cytochalasin D so that
the fiber-like structures under the bead were no longer present.
In the same way, a 30-min nocodazole treatment at 33 μM was
used to destabilize the microtubule network. For the keratin in-
termediate filaments, a keratin-lacking H4 cell clone was used.13

The fibronectin precoated beads were added 15 min before the
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Table 1 Mean forces obtained for each data set in the 4.5 to 5.5 s timeframe.

Data set mean force (pN) ± standard deviation

Condition Set 1 Set 2 Set 3 Mean

H4 54.4 ± 22.9 47.4 ± 18.5 55.2 ± 17.3 52.3

H4 + cytochalasinD 24.6 ± 12.6 23.6 ± 11.8 27.0 ± 13.6 25.1

H4 + Nocodazole 38.7 ± 17.2 39.6 ± 16.2 44.7 ± 18.5 41.0

H4 + shK8 67.1 ± 19.1 62.0 ± 15.4 64.5 ± 17.9 64.5

end of the treatment to the cells. The optical tweezers exper-
imental procedure used with the untreated H4 cells was then
applied. The cellular response was monitored during 20 s for
40 independent measurements in each case and we still selected
the 4.5 to 5.5 s timeframe for the initial cellular responses as
that for the untreated cells. According to our observation, the
treated cells showed a fast initial response before 3 s. The cells
H4 + CytoD and H4 + Noco showed no translocation after the
initial equilibrium state, while active translocation could be ob-
served in cells H4 + shK8, as shown in Figs. 6(b)–6(d).

Disruption of the actin-microfilaments resulted in a loss of
cell force expression evaluated by the initial equilibrium state.
Quantitatively, the mean force during the 4.5 to 5.5 s time-
frame dropped by more than two-fold, i.e., at 24.6 ± 12.6 pN
(see Table 1 for additional data set values), as shown in Fig. 6(e).
This result is in line with previous reports suggesting that actin-
microfilaments directly interact, via vinculin and talin, with
FAs and constitute a key mediator of mechanical load in the
cell.18, 19 The destabilization of the microtubule network reduced
the mean force to 38.7 ± 17.2 pN (see Table 1 for additional
data set values), as shown in Fig. 6(f), implying that micro-
tubules contribute less than actin-microfilaments to the cellular
response. Work by others has shown that the spatial organization
of the actin cytoskeleton networks is significantly different in
adherent cells that are forced to remain in suspension,25 which
is in line with our previous data using H4 cells maintained in
suspension versus seeded on the fibronectin substratum.13

Remarkably, the loss of the keratin intermediate filaments
led to an opposite modulation of the contribution. Indeed, the
mean value was 67.1 ± 19.1 pN as shown in Fig. 6(g) (see
Table 1 for additional values). In many cell types, the loss of in-

termediate filaments resulted in small augmentation of cell mal-
leability as predicted by mechanical models.5 From the present
data, it appears that the loss of keratin intermediate filaments
result in decreased FA malleability at the surface membrane. In
this context, the keratin intermediate filaments contribution to
the pulling tension generated at FAs is not necessarily linked
to their viscoelasticity per se, but rather to their ability to me-
diate overall key cytoplasmic sensing and transmission of the
mechanical signal initiated at FAs. This highlights the poten-
tial importance of intermediate filaments in the integrated cell
response to mechanical stress.

In addition, the forces were also evaluated for the timeframe
in 14.5 to 15.5 s. Table 2 provides the mean values and stan-
dard deviations of the forces for the data sets at 14.5 to 15.5 s
timeframe. The mean value of the force in the latter time frame
shows a slight decrease over time for the untreated H4 cells,
46.7 pN at 14.5 to 15.5 s versus 52.3 pN at 4.5 to 5.5 s. This
decrease is representative of the creep response described in
the literature.23, 24 The small force variation over time in both
H4 + CytoD and H4 + Noco cells was also observed, as shown
in Table 2. The mean values of the force at 14.5 to 15.5 s are rel-
atively close to that at 4.5 to 5.5 s timeframe. In these cases, the
decreasing optical force toward the center of the trap will limit
the viscous deformation of the treated cells over time. In addi-
tion, both the actin-microfilament and the microtubule network
are known to be actively involved in the cell active response
to mechanical cues.1, 3, 17, 26 In H4 + shK8 cells, the force evalu-
ated for the timeframe between 14.5 to 15.5 s yielded a value of
60.2 pN showing a decrease from that measured in the earlier
timeframe and a creep effect similar to what is observed in
untreated H4 cells.

Table 2 Mean forces obtained for each data set in the 14.5 to 15.5 s timeframe.

Data set mean force (pN) ± standard deviation

Condition Set 1 Set 2 Set 3 Mean

H4 49.2 ± 17.2 42.0 ± 17.3 48.9 ± 22.3 46.7

H4 + cytochalasinD 23.0 ± 12.1 22.5 ± 13.2 25.3 ± 13.9 23.6

H4 + Nocodazole 37.3 ± 19.1 36.1 ± 16.5 43.1 ± 19.9 38.8

H4 + shK8 61.7 ± 20.2 58.4 ± 16.9 60.4 ± 19.8 60.2
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Of note, there is a distinct possibility that the presence of the
cells can perturb the laser wavefront, thus affecting the accuracy
of the measured values of the force based on the calibration.
However, the present work is based on the comparative mea-
surements of four types of untreated and treated cells within the
same controlled optical tweezers conditions. This comparison is
independently established of the absolute values of the measured
forces.

4 Conclusion
A customized optical tweezers were used to assess the force re-
sponse of the 40 individual cell-bead bonds. This experimental
configuration allowed us to view a time-dependent modulation
of the force equilibrium in H4 cells, a typical mammalian ep-
ithelial cell type, and to perform direct measurements of the cell
response to mechanical stress applied at FAs. The initial cell
response was measured in the 4.5 to 5.5 s timeframe, and of
note, the mean of the resulting force distribution was 54.4 pN
for a specific initial optical gradient force of 70 pN over a cell
monolayer.

A disruption of actin-microfilaments and microtubules led to
50 and 30% reductions in the initial cellular response forces,
respectively, whereas a loss of keratin intermediate filaments
yielded a 25% increase. In this way, we were able to resolve the
differential contributions of actin-microfilaments, microtubules,
and keratin intermediate filaments at FAs. Eventually, one will
be able to measure the impact of key cytoskeleton-dependent
cellular activities on the integrated mechanical cell response.
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