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The effect of extracellular forces on the nucleus deformation is an important research issue for better
understanding of the intracellular force transmission mechanism. Approaches to this issue employing a
microtensile test of single cells are helpful because the test enables one to give a well-controlled load
onto the specimen with wide force and strain ranges. In the present study, tensile tests of single cells
having a spherical shape are conducted by using a microtensile test system with a feedback control of
displacement rate. Deformations of the nucleus inside the cell during the cell stretch and subsequent
creep recovery after unloading are then quantified based on an image analysis. In order to characterize
the creep recovery behaviors of the cell and its nucleus, one-dimensional analytical viscoelastic models
and a power-law function are fitted to the creep recovery data. In addition, systematic finite element
analyses are performed to estimate the intracellular stress distribution and elastic modulus of the cell and
nucleus assumed to be continuum materials. These results indicate that the mechanical behaviors of the
nucleus within a cell under stretching and unloading are similar to those under compression loadings
previously reported.

1. Introduction

Mechanical forces inherent in the living body are known to regulate physiology and pathogenesis of
diseases in addition to chemical factors such as hormones [Davies 1995]. For example, fluid shear stress
due to blood flow affects endothelial cells that line the blood vessel and induces antiatherosclerotic
functions. In cells, mechanical forces are somehow converted into changes in gene expression leading to
such biochemical responses. However, the mechanism by which cells sense forces is still unclear and has
been gaining increasing attention from researchers. This is partly because, from a mechanical viewpoint,
it remains elusive how externally applied forces are transmitted to intracellular force-sensors including
the nucleus that encloses genes [Davies 1995; Janmey 1998; Ingber 2003].

To understand the physical pathway of intracellular force transmission, mechanical behaviors of
individual cells [Dong et al. 1991; Karcher et al. 2003; Hashimoto et al. 2004; Desprat et al. 2005;
Fernandez et al. 2006; Kasza et al. 2007] and subcellular structural components such as cytoskeletal
filaments [Deguchi et al. 2006] and the nucleus [Caille et al. 1998; 2002; Guilak et al. 2000; Dahl et al.
2004; 2005; Tseng et al. 2004; Deguchi et al. 2005a; Rowat et al. 2005; 2006; Vaziri et al. 2006] have
been investigated. The cytoskeletal filaments are thin protein fibers used for support of intracellular
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force, cell movement, material transfer within the cell, and so forth. To this end, many experimental
approaches that enable to measure the mechanical properties of micron-size biological specimens have
ever been developed. In the following two paragraphs, we briefly review such micro and nanomechanical
testing techniques: pipette aspiration, atomic force microscopy (AFM) indentation, optical tweezers, and
micromechanical test using a pair of microcantilevers.

The pipette aspiration technique uses a small glass tube to aspirate a part of a biological specimen by
applying negative pressures inside the tube. The relation between the negative pressures and resultant
aspirated lengths of the specimen can give an estimate of the stiffness. This technique was applied to
floating cells [Sato et al. 1990] and nuclei isolated from cells [Guilak et al. 2000; Dahl et al. 2004;
Deguchi et al. 2005a].

In contrast, the AFM pushes a local part of a biological specimen by using an accurately displaced
flexible microcantilever whose stiffness is known in advance. Detection of the cantilever’s deflection
by the use of an optical technique yields the relation between the indentation lengths and forces loaded
onto the specimen surface, giving the stiffness of the specimen. This technique was applied to adher-
ent cells [Haga et al. 2000; Sato et al. 2000] or isolated nuclei [Vaziri et al. 2006]. Employment of
analytical [Sato et al. 1990; Haider and Guilak 2000] or computational models [Vaziri et al. 2006] in
interpretations of these experimental results can provide more accurate estimations of the mechanical
properties. The optical tweezers, introduced by Ashkin et al. [1986], enable a noncontact trapping as
well as a manipulation of a specimen by laser radiation pressure. This technique was used to stretch a
single cell, by moving trapped beads that attach to the cell, to evaluate mechanical properties [Mills et al.
2004]. A constraint of its low trapping stiffness, however, restricts the maximum generative force to an
approximately piconewton order of magnitude.

In the micromechanical test using a pair of microcantilevers, a biological specimen is pulled apart by
using a pair of thin needles or microplates [Kishino and Yanagida 1988; Miyazaki et al. 2000; Nagayama
et al. 2006; 2007; Deguchi et al. 2006; Desprat et al. 2005], or compressed by microplates [Caille et al.
2002]. By measuring the deflection of the needle or microplate whose stiffness is known in advance,
loading-deformation relationship of the specimen can be obtained. Accordingly, the microtensile or
compression test is similar to the AFM, but the former is performed in a projected horizontal plane to
observe the specimen deformation during the testing. The test can give a large strain, which is different
from the pipette aspiration and conventional AFM that can only investigate the effect of a local loading.
Hence, this test done in a projected horizontal plane is very useful for evaluation of the mechanical
properties at the scale of the whole cell and biological filamentous structure. Also, in contrast to the above-
mentioned narrow force range of the optical tweezers, design adjustment of the needle or microplate shape
and size enables a force measurement with a wide range from subpiconewton [Kishino and Yanagida
1988] to micronewton [Miyazaki et al. 2000]. Therefore, the technique is more applicable, from the
standpoints of strain and force ranges, to a variety of mechanical tests of biological specimen.

We previously developed a microtensile test system using such thin needles with a feedback control
[Deguchi et al. 2005b]. The feedback control utilizes a servo system to give an arbitrary magnitude of
strain or load as well as a strain rate onto a biological specimen. The system was used for single stress
fibers, one of the cytoskeletal filaments, isolated form cells [Deguchi et al. 2006].

In the present study, the system is applied to a single cell, which is larger than the stress fiber in
size and probably in force magnitude required for stretching. Deformation behaviors of one of the
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principal subcellular structural components, the nucleus, are the subject of much debate. Furthermore,
to investigate viscoelastic behaviors of the nucleus and cell, a creep recovery of those materials after
unloading was observed.

2. Method

2.1. Cell preparation. Bovine aortic endothelial cells were cultured in the modified version of Dul-
becco’s Eagle medium supplemented with 10% fetal bovine serum and 1% each of penicillin and strep-
tomycin. The cells were used at passages 4 and 5 for experiments. Immediately before experiments
the cells were rinsed with phosphate buffered saline and treated with trypsin that inhibits cell adhesion.
The cells detached from the dish surface were then seeded on a suspension dish containing the culture
medium and used for experiments.

2.2. Tensile test system. Microtensile tests of the individual cells are conducted by using a tensile test
system, which we had developed before [Deguchi et al. 2005b] and partially improved for the present
study. Briefly, the system was developed on an inverted-microscope (IX-71, Olympus) equipped with
two micromanipulators (Narishige) and a CCD camera (Sony) hooked up to an image processor (C3160,
Hamamatsu). A floating cell, having a round shape, is captured with a pair of cantilevers displaced by
using the micromanipulators as shown in Figure 1. The cantilever, which consists of a carbon fiber and a
glass rod, is handmade: a thin carbon fiber having a diameter of 8 um is attached, with an epoxy adhesive,
to the tip of a glass rod having a 1 mm diameter so as to have an appropriate length described below. We
prepare two types of the cantilevers by adjusting the carbon fiber length: deflectable and nondeflectable;
see Figure 1. For the deflectable cantilever, the length of the carbon fiber located at the tip of a glass rod

PZT
}—ﬂ Cantilever base

-

Deflectable cantilever

Nucleus
Cantilever deflection

= (Base displacement) — (Tip displacement)

Force

Original = (Spring constant) x (Cantilever deflection)

positions

Non-deflectable cantilever

Fixed

Figure 1. Schematic diagram of the tensile test of a single cell. The cantilever and the
cell are not depicted in precise relative scale, and the cantilever deflection is exaggerated.
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is set to be ~2-3 mm. This is so thin that the deflectable cantilever is easily bent. The spring constant
for bending of the cantilever is determined by a cross-calibration method [Kishino and Yanagida 1988].
For the nondeflectable cantilever, the carbon fiber is set to have an ~100 pum length. This is so short
that the nondeflectable cantilever has a relatively large value of the spring constant and therefore does
not bend against a force that appears in this experiment, approximately less than 10 uN.

In a tensile test a captured cell is stretched by displacing a base part of the deflectable cantilever,
while keeping the nondeflectable cantilever unchanged; see Figure 1. The displacement of the deflectable
cantilever base is made by a piezoelectric actuator (PZT, NEC Tokin) that is connected to the cantilever
base and is driven by a PZT driver controlled by a computer; see Figure 2. A strain-gauge is attached to a
surface of the PZT. An extension of the PZT yields a change in the resistance of the strain-gauge, which
is detected by a bridge circuit. Thus, we can obtain the displacement of the base part of the deflectable
cantilever from the strain-gauge system as shown in Figure 2. Meanwhile, the displacement of the
cantilever tip is obtained by the image processor as follows. The cell and the cantilevers are observed
during tests by the CCD camera under a halogen light illumination. The image taken by the camera is
displayed on a monitor and is also sent to the image processor. The carbon fiber on the tip of the cantilever
shuts out a part of the halogen light used to observe the cell. Then, the position of the cantilever tip can be
tracked by a binary image processing. The electric outputs, corresponding to the cantilever tip and base
displacements, are sent to the computer. Values of the deflection of the cantilever are then obtained by
subtracting the tip displacement from the base displacement on a program written in LabVIEW (National
Instruments). The tensile force required for stretching the cell is obtained by multiplying the deflection
of the cantilever by its spring constant. We can thus obtain the force-displacement relationship of the
cell because the displacement of the tip of the deflectable cantilever is equal to that of the stretched cell.

Force-displacement relationship of living tissues is in part affected by strain rate in the mechanical test
[Fung 1993]. Although the effect of strain rate on tensile properties is not touched upon in the present
study, the experimental setup is expected to have a strain rate control capability in view of a future
investigation of the strain rate effect. The tensile test system used in this study adopts a servo control
to realize a constant strain rate with a PID controller [Deguchi et al. 2005b]. Prior to the experiment, a
desired path for the cantilever tip movement as a function of time is determined and put into the program.
Here, a straight line having a constant slope of 1 wm/s is chosen for the desired path. The displacement of
the base part of the cantilever, which is the only portion allowed to be directly manipulated by the use of
the actuator PZT, is controlled to make the cantilever tip follow the desired path by giving an appropriate
input to the PZT driver; see Figure 2. The appropriate input is obtained from the PID controller written in
the program, whose optimum gain is determined based on stability according to a calibration conducted

Cantilever base
Desired Strain- | displacement -
esire gauge >
%ﬁlacement gan;ile ver tip
PID PZT CCD Image lisplacement _
—>O—> controller [®| driver [ pzT Cantiever | camera | processor >
- movement -
T + Cantilever | Force
stiffness [——»

Cantilever
deflection

Figure 2. Circuit diagram of the servo system for displacement rate control.
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before experiments. Accordingly, the tensile test system enables microtensile tests with an arbitrary
strain rate even if the mechanical response of the biological specimen is unknown. This control system
is also applicable to a constant loading test for investigating viscoelastic creep behaviors, as reported by
other researchers using a similar system [Desprat et al. 2005].

2.3. Tensile test. Tensile tests of the cells were performed at room temperature (20° C). Before exper-
iments, the tip of the cantilevers was thinly coated with a polyurethane adhesive [Shue and Brozovich
1999; Smith et al. 2000; Nagayama et al. 2006] by using another cantilever having a mass of the adhe-
sive at its tip. The suspension dish containing the floating cells was then mounted on the stage of the
microscope. A single cell located at the bottom of the dish was touched at each side by the cantilevers.
The targeted cell was held in place for 3 min to strengthen the adhesion between the cell and cantilever.
The cell was then lifted up from the bottom carefully. The program is then executed to start a tensile
test of the cell. Time course changes in the electric outputs during the tensile test were recorded on the
computer and synchronized with video images taken by the camera.

2.4. Image analysis. The nucleus displacement during the experiment was investigated by image anal-
yses using software (IMAQ, National Instruments). Brightness of each picture element along a survey
line was examined. The survey line was selected to cover the whole cell and cantilevers in the direction
of the stretch. Positions of the cantilevers and the boundary between the cytoplasm and the nucleoplasm
correspond to local minimum brightness points. This allowed us to track the movements of those points.

2.5. Finite element analysis. A computational cell model was developed in the finite element software
(ANSYS) run on a personal computer. Only two separate regions, the cytoplasm and nucleus, were
taken into account in the cell model. Here, the cytoplasm and nucleus are both assumed to be continuous,
homogeneous, isotropic and hyperelastic materials. Caille et al. [2002] proposed that endothelial cells can
be represented as a neoHookean material. They expressed the strain energy function by two parameters,
the elastic modulus and Poisson’s ratio. We used this model in the finite element analysis of the tensile
test. We assumed both the cytoplasm and nucleus are almost incompressible, with Poisson’s ratio of 0.48
[Vaziri et al. 2006]. The entire cell and nucleus were both modeled as concentric spheres, with diameters
of 21 um and 10 um, respectively. To model the fixed cantilever, a part of the left edge of the cytoplasm
is fixed in position, while tensile stress is given to a part of the right edge of the cytoplasm. The volume of
the fixed or freely moving parts of the cytoplasm is determined from the distance of 17 um between the
cantilevers. Systematic finite element simulations are performed to determine the elastic modulus of the
cytoplasm E. and the nucleus E,, that best fits to experimental data on the cell and nucleus deformations.

3. Results

3.1. Tensile properties of the whole cell. Single cells were stretched at a constant rate of 1 um/s by
using the feedback control system. A typical example of the test showed that the cell and its nucleus that
had round shapes originally were both elongated during the movement of the deflectable cantilever; see
Figure 3. We will particularly discuss the nucleus behavior obtained in this example. The cell detached
from the right cantilever at 9.5 s after the initiation of the stretch. The detachment occurs at one end of the
cell where the adhesion force is probably weaker. The cell shrank soon after the detachment and gradually
returned to its original round shape. The electric outputs that represent cantilever displacements indicated
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Figure 3. Sequential images of the tensile test and creep recovery after cell unloading.
Arrows locate original positions of the inner edges of the cantilevers. White marks
originally on the monitor; yellow ones added for clarification. Area within white lines
shows where cantilever tip displacement is tracked by binary image processing. Time
elapsed given in the lower right of each panel.

that the cantilever tip was displaced at a constant rate of 1 um/s until the detachment occurred, while
the base part showed larger displacements as shown in Figure 4. The constant rise in the cantilever tip
displacement, which also corresponds to a constant rise in cell displacement in the longitudinal direction
because the left cantilever is fixed, is realized by the feedback control. The difference of the tip and base
displacements represents deflection of the right cantilever in bending. The deflection multiplied by the
spring constant of 0.14 N/m yields the tensile loading onto the cell; see Figure 5. The tensile loading
increased as the stretch proceeded. Here, stretching stain is defined as the ratio of the displacement to the
initial longitudinal length of the cell. The initial longitudinal length of the cell is defined to be the original
distance between the inner edges of the cantilevers of 17.1 um. A representative cross-sectional area of
the cell is defined as w(D/ 2)2, where D = 21.1 um is the initial lateral diameter of the cell. The original
distance between the cantilevers and the initial lateral diameter of the cell were both obtained by an image
analysis described in Section 3.2. Stress is defined as the tensile load divided by the above-described
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Figure 4. Time course of displacements of deflectable cantilever and its resultant de-
flection. Moments given by (a)—(d) correspond to those in Figure 3. Regression curve is
obtained by the least squares method.
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Figure 5. Force-displacement curve of the cell. Right ordinate and upper abscissa show
stress and strain, respectively.

representative cross-sectional area calculated using the initial diameter. The ordinate and abscissa of the
force-displacement relation are then converted to stress and strain, respectively; see Figure 5. The linear
curve obtained by least squares regression to the stress-strain plot provides an estimate of the longitudinal
elastic modulus of the cell; for the case of Figure 5 it is 3.2 kPa. The tensile tests were done for 6 cells.
The elastic modulus defined above was 2.6 - 0.7 kPa.
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Figure 6. Changes in positions investigated in the image analysis. R, L. are inner
edges of the right/left cantilever, respectively, and R,,, L, are right/left edges of nucleus.

3.2. Image analysis of the cell and nucleus behaviors. After being detached from the cantilever, the cell
gradually deformed owing to viscoelasticity; see Figure 3 for t > 9.5. The time course of the deformation
during the shrinkage was examined by the image analysis because the electric outputs representing the
cantilever positions do not make sense after the detachment; see Figure 4. The image analysis and the
subsequent analysis on viscoelasticity were done for the one typical case shown in Figures 3-5. The
image analysis result showed that both the cell and the nucleus exhibited shrinkages after detachment
and then gradually returned to their original shapes. The right edge of the cell, where the detachment
occurred, approached a value different from its original position because the right cantilever originally
hid the right part of the cell of length ~ 1.9 pum.

3.3. Viscoelastic properties. From the time course displacements of the cell and nucleus edges obtained
in the image analysis shown in Figure 6 the changes in the longitudinal lengths of the cell and nucleus
themselves were obtained as shown in Figure 7. After being detached, both the cell and nucleus shrank
to their original shapes. In order to study the viscoelastic behaviors we employ the Kelvin or standard
linear model, or a power-law function.

The Kelvin model consists of a spring and a dashpot in series, that is, the Maxwell chain, that is placed
with a single spring in parallel. The relation between force F and its loading point displacement (u) is
represented as [Fung 1993]:

F+1.F = E(u+ t,1), (1)
where E, 1., and 7, are constants. It is assumed that the cell is stretched quasistatically at time ¢t < 0 and
is detached at ¢ > 0, which gives

u(07) = F(0)/E, t=0", (2)
F(t)=0, t>0. (3)
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Figure 7. Changes in longitudinal lengths of cell and nucleus during cell stretch.

Integration of Equation (1) considering Equation (3) yields

u(t) = u((r)z—ge*’/fo, t>0. )

(e

Here we assess mechanical properties of the nucleus under an assumption that the time course change
in the nuclear deformation shown in Figure 8 is caused by the mechanical properties of the nucleus
itself and is independent of the surrounding cytoplasm’s influence. Performing a linear fit to the length
change before detachment as shown in Figure 7, Equation (2) yields #(0™) = 9.6 um for the cell and
u(07) = 1.6 um for the nucleus. These values are then substituted in Equation (4). Assuming 7, and t,
are separated by a 0.1 s interval, Equation (4) is fitted to the creep recovery data after the unloading of
the cell and nucleus to characterize fundamental viscoelasticity of the biomaterials as shown in Figure 8
[Guilak et al. 2000; Vaziri et al. 2006; Nagayama et al. 2007]. A combination of 7, =0.2s and t, =0.2s
is best fitted to the nucleus data, suggesting that the nucleus behaved like the Voigt solid instead of the
standard linear solid [Fung 1993]. A single combination of 7, and 7,, is not well fitted to the cell data;
therefore, two different combinations are analyzed for the earlier and later parts of the data. The right
side of Equation (3) plus a value of 1 with a combination of 7, = 0.3 s and 7, = 1.2 s represents the best
fit to the former part of the cell data. A combination of 7, = 2.1 s and 7, = 8.0 s is the best fit to the
latter part of the cell data.

This result suggests that a single use of the Kelvin model might be insufficient for modeling a cell
viscoelastic behavior in such a large strain case. The following power-law function is then fitted to the
cell creep curve:

u(@®)=u0 )1 —kt*), forr=>0, (5)

where k and a are constants. A combination of k = 0.79 pm/s*%’! and a = 0.071 is the best fit to the curve
that was shown in Figure 8, suggesting that a power-law may be an intrinsic feature of cell mechanics
[Desprat et al. 2005; Fernandez et al. 2006].
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Figure 8. Viscoelastic model fit to displacements of cell and nucleus in creep recovery.

3.4. Analytical estimation of tensile properties of the nucleus. Force-displacement relation of the nu-
cleus was roughly estimated under an assumption that the force detected by the cantilever was loaded
onto the nucleus in the longitudinal stretching direction; see Figure 9. This assumption is similar to
the one in a previous study [Maniotis et al. 1997] and is made to obtain a crude estimation, but its
effectiveness is tested by finite element method in the following section. Similarly to the case of the
cell (Figure 5), strain of the nucleus is defined as the ratio of the displacement to its initial length in
the longitudinal direction, which is 9.95 um. Stress in the nucleus is defined as the force divided by a
representative cross-sectional area, given by A = 7w (Diateral/ 2)? = 7(9.95 / 2)2. The right ordinate and
the upper abscissa of the force-displacement relation are also represented by the stress and the strain,
respectively; see Figure 9. The slope of a linear curve obtained by least squares method for the stress-
strain curve provides an estimate of an elastic modulus of 28.2 kPa. For comparison, the regression curve
of the force-displacement relation of the cell is shown for the left ordinate and the lower abscissa. In
addition, the regression curve of the stress-strain relation of the cell is shown for the right ordinate and
the upper abscissa.

3.5. Further estimation of the cell and nucleus elastic modulus by finite element analysis. Systematic
finite element simulations were performed to further estimate the elastic modulus of the cytoplasm E. and
the nucleus E,. The longitudinal displacements (in the x-direction in Figure 10b) of the cell D, and the
nucleus D, were computed taking various parameter values of E. and E, at 0.2 kPa and 2 kPa intervals,
respectively; see Figure 11. D, was calculated from the changes in the distance between cantilevers in
the x-direction. The experimental data just before the detachment shows that tensile loading was 0.58 uN
(Figure 5), D, = 9.6 um and D, = 1.6 um (Figure 7). The tensile stress, given by tensile loading of
0.58 uN divided by cross-sectional area at the interface between the cell model and the right cantilever
387 wm?, was given to the right edge of the computational cell model; see Figure 10. The parameter
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combination of E. and E,, which results in D, = 9.6 um and D, = 1.6 um, was analyzed. The result
shows that a combination of E, = 3.7kPa and E, = 32kPa represents the best fit; see Figure 11.

4. Discussion

The most significant data obtained in this study is the behavior of the nucleus under unidirectional cell
stretching and creep recovery after unloading (Figures 8—11). The tensile properties of the nucleus were
first assessed under a rough assumption (Figure 9) that the force detected by the cantilever deflection
was loaded onto the nucleus in the longitudinal direction. The estimated elastic modulus was 28.2 kPa,
which is 8.8 times stiffer than that of the cell at ~ 3.2kPa. This value is comparable in magnitude to
the result reported by Maniotis et al. [1997], in which nuclei within adherent cells have a rigidity of 9
times stiffer than that of the cytoplasm when a local part of the cell membrane is pulled by using a thin
glass needle. Caille et al. [2002] also reported the similar ratio of 10 times. Our result showed a good
agreement with the previous studies even in the stretch of the whole portion of a cell.

The elastic modulus is further investigated by finite element analyses of the tensile test (Figures 10
and 11). The effective stress distribution (Figure 10b) shows that there is a distinct stress gradient along
the lateral direction vertical to the stretch. This lateral stress gradient is in part caused by a lateral
compression of the nucleus by the surrounding cytoplasm. This result indicates that the assumption
done in the rough estimation, that is, only force detected by the cantilever deflection is loaded onto the
nucleus, may lead to underestimate the elastic modulus of the nucleus. A parametric study employing a
spherical cell shape model yielded a larger value of 32 kPa compared with 28.2 kPa that was obtained in
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Figure 10. Finite element simulation of tensile test. (a) Model geometry: the cantilevers
as a rigid wall. Cell meshes represent those viewed from outside, and nucleus geometry
inside cell is superimposed on top. (b) Effective (von Mises) stress field in center section
at a cytoplasm and nucleus elastic moduli E, = 3.6 kPa, E, = 34 kPa, respectively.
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Figure 11. Computational results of the effect of two parameters, cytoplasm and nu-
cleus elastic moduli E, and E,, on longitudinal displacements of cell D, and nucleus
D,.
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the simple analysis. A larger elastic modulus estimation of the cytoplasm 3.7 kPa was also obtained in
the finite element analysis compared with 3.2 kPa obtained in the analytical estimation. This is caused by
that stress was determined, in the rough estimation, from the initial cross-sectional area that is actually
reduced gradually as stretch proceeds. Thus, computational continuum mechanics approaches can give
an accurate assessment, from a macroscopic view, of the mechanical properties of cell and nucleus,
rather than a simple analytical approach. Cells actually have an inhomogeneous structure composed of
cytoskeletal networks and membrane-bound organelles. More accurate intracellular force transmission
taking the inhomogeneous cell structure into account will be the subject of future investigation [Deguchi
et al. 2005¢].

The viscoelastic properties of the nucleus in the creep recovery process were assessed under the
assumption that the time course change in the nuclear deformation is caused by the mechanical properties
of the nucleus and is independent of an influence due to the surrounding cytoplasm. The numerical
approach to the viscoelastic behaviors taking the spherical geometry into account will be an issue in the
future investigation. Our result indicated that the nucleus behaved like the Voigt solid, whereas the whole
cell behaved as a power-law viscoelastic material; see Figure 8. Specifically, the cell exhibited a rapid
and large drop in the stretching strain immediately after the detachment and then gradually returned to
its original shape. Such a gradual decrease after the detachment was not observed in the nucleus. This is
consistent with the observation by Caille et al. [2002] that isolated endothelial nuclei returned elastically
to their original morphology when compressing load was removed.

In contrast, Guilak et al. [2000] reported that the nuclei isolated from chondrocytes were nearly as
viscous as the cytoplasm using the pipette aspiration technique. In addition, recently increasing knowl-
edge of the mechanical properties of individual nucleus components [Dahl et al. 2004; 2005; Rowat et al.
2005; 2006] suggests nonlinear behaviors of the nucleus. Although the difference between the results
is unclear, it may be due to differences in the specimen and experimental condition, for example, the
loaded range applied to investigate the viscoelasticity.

The microtensile test requires a quite difficult technique (for example, to capture a small cell by using
a pair of cantilevers carefully like chopsticks) compared with a well-developed system of AFM or other
mechanical testing approaches [Wang et al. 1993; Karcher et al. 2003; Tseng et al. 2004] that are readily
available. This may restrict the use of the microtensile test. Despite the issue, the microtensile test can
elucidate nucleus responses within the cytoplasm in a well-controlled tensed state and in an unloaded
state, while measuring the force required for stretching. The order of magnitude of the force in the
present study was 0.1-1 uN, which is larger than optical tweezers can realize, that is, ~ 10 pN [Mills
et al. 2004].

Previous microtensile tests using thin cantilevers revealed that single actin filaments and the actin-
bundled stress fibers require a tensile force of piconewton order [Kishino and Yanagida 1988] and
nanonewton order [Deguchi et al. 2006], respectively, to be stretched. It is thus possible for the microten-
sile test to do such a wide force range measurement by adjusting the spring constant of the force-detection
cantilever including a microplate used in [Caille et al. 2002]. In addition, the microtensile test enables
evaluation of the mechanical properties at a whole cell level with a large strain range, whereas the AFM
or other methods can give a limited strain to a local part of a targeted cell.
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5. Conclusion

Deformation behaviors of the nucleus during creep recovery after unloading show that the nucleus be-
haved like the Voigt solid, whereas the whole cell showed a power-law behavior. In addition, under a
crude assumption that the tensile force loaded onto the cell is concentrated entirely onto the nucleus,
tensile properties of the nucleus are compared with those of the cell. Also, systematic finite element
analysis was conducted to make another estimation of elastic modulus of the cell and nucleus. These
results indicate that the nucleus is stiffer and more elastic compared with the whole cell subjected to uni-
directional stretching and unloading, thereby demonstrating inhomogeneous stiffness and viscoelasticity
within a single cell.
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