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RAbstract

We report the loading and unloading force response of single living adherent fibroblasts due to large lateral indentation obtained by a
two-component microelectromechanical systems force sensor. Strong hysteretic force response is observed for all the tested cells. For the
loading process, the force response is linear (often with small initial non-linearity) to a deformation scale comparable to the undeformed
cell size, followed by plastic yielding. In situ visualization of actin fibers by tagging with green fluorescent protein indicates that during
the indentation process, actin network possibly decomposes irreversibly at discrete locations where well-defined circular actin agglom-
erates appear all over the cell, which explains the irreversibility of the force response. Similar agglomeration is observed when the cell is
compressed laterally by a micro plate. The distribution pattern of the agglomerates strongly correlates with the arrangement of the actin
fibers of the pre-indented cell. The size of the agglomerates increases with time as ta, initially with a = 2–3 followed by a = 0.5–1. The
higher growth rate suggests influx of actin into the agglomerates. The slower rate suggests a diffusive spreading, but the diffusion constant
is two orders of magnitude lower than that of an actin monomer through the cytoplasm. Actin agglomeration has previously been
observed due to biochemical treatment, gamma-radiation, and ischemic injury, and has been identified as a precursor to cell death.
We believe this is the first evidence of actin agglomeration due to mechanical indentation/compression. The study demonstrates that
living cells may initiate similar functionalities in response to dissimilar mechanical and biochemical stimuli.
� 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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R1. Introduction

Study of the mechanical behavior of cells has gained
considerable attention during the past 10 years [1–3]. The
study is motivated by the observation that a wide range
of cell functionalities (e.g., motility, growth, and differenti-
ation) are related to mechanical stimuli. Cells undergo
mechanical deformations that originate from various
sources such as during systolic and diastolic cycles. Large
deformations, on the order of cell size, are also common
in soft biological tissues during normal functioning [4–6],
injuries [7], and during growth on scaffolds [8,9].
48
49
50
51

1742-7061/$ - see front matter � 2006 Acta Materialia Inc. Published by Else

doi:10.1016/j.actbio.2006.07.005

* Corresponding author. Tel.: +1 217 333 8552; fax: +1 217 244 6534.
E-mail address: saif@uiuc.edu (M. Taher A. Saif).

Please cite this article as: Shengyuan Yang, M. Taher A. Saif, Force
Acta Biomaterialia (2006), doi:10.1016/j.actbio.2006.07.005
Force response of single living fibroblasts subject to
large stretches have been measured by microelectrome-
chanical systems (MEMS) force sensors, and the response
was found to be strongly linear, reversible and repeatable
[10]. Cell response and cytoskeletal reorganization under
indentation and compression yet remain mostly unex-
plored. Indentation may occur during mechanical injuries.
Endothelial cells of blood vessels are subjected to cyclic
radial compression which may play a role in the damage
of endothelium during atherosclerosis.

For this paper, we used a two-component MEMS
force sensor to measure the loading and unloading force
response of single living fibroblasts subject to lateral
indentation where the maximum cell deformation is not
limited by cell thickness or substrate stiffness. In order
to explore possible mechanisms of cell force response,
vier Ltd. All rights reserved.
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we employed the green fluorescent protein (GFP) tech-
nique to visualize the evolution of the actin network dur-
ing indentation. We found a direct correlation between
the measured force response and the adaptive transforma-
tion of actin network. These results shed new light on
how cells sense and respond to mechanical stimuli, partic-
ularly injuries.

2. Materials and methods

2.1. Force sensors

Fig. 1A shows a two-component force sensor, which
consists of a flexible sensor beam, a rigid bar, a sensor
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probe attached to the free end of the rigid bar, and a mea-
surement reference bar attached to the sensor base. The
probe can be designed according to the desired contact
configuration between the probe and cells. Fig. 1C shows
the scanning electron microscopy (SEM) micrograph of a
two-component force sensor. Here, the lengths of the sen-
sor beam and rigid bar were L1 = 1 mm and L2 =
0.429 mm, respectively. The cross section of the sensor
beam was 2.0 lm (in plane of paper) · 13.1 lm (normal
to the plane). The rectangular shape and dimensions (about
2 lm · 5 lm) of the probe are illustrated in the upper right
box of Fig. 1A. The depth of the probe was 13.1 lm. The
sensor was made of single crystal silicon by the process
described in Ref. [11]. An x � y � z piezo actuator was
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used to move the sensor base along the �x direction to lat-
erally indent the cells (Fig. 1A).

Two sets of data were recorded during indentation:
deformation of the cell and the corresponding force
response. Cell deformations in the x and y directions,
denoted by Dx and Dy, respectively, at the point of contact
between the cell and the probe were measured from the
movement of the sensor probe (since the sensor probe
was always in contact with the cell). The force exerted by
the cell on the probe is estimated from the sensor deflec-
tions, wx and wy, measured from the relative displacements
between the measurement point and the reference point.
The two components of the force, Fx and Fy, were obtained
from

F x

F y

� �
¼ 2EI

L3
1

6 3 L1

L2

3 L1

L2
2 L1

L2

� �2

2
4

3
5 wx

wy

� �
; ð1Þ

where E = 170 GPa is the Young’s modulus and I is the
moment of inertia of the sensor beam. If, for example,
wx = 1 lm, wy = 0.5 lm, from Eq. (1), we get Fx =
28.2 nN, Fy = 36.9 nN. The magnitudes of the cell

deformation and force response are
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2

x þ D2
y

q
andffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

F 2
x þ F 2

y

q
, respectively. The cell deformation in the x

direction is considered negative when the cell is under
indentation. The cell deformation in the y direction is posi-
tive when the cell is deformed upward (see for example
Fig. 1A). Cell deformation, sensor deflection and force re-
sponse are measured with respect to the initial indentation
state (after initial observation of the cell for 20 min under a
small indentation; see Section 3).

A single-component force sensor was used for indenta-
tion while visualizing the actin network by tagging with
GFP. The schematic of such a sensor is shown in
Fig. 1B. It has two parallel beams that measure the force
response. The sensor applies indentation and measures cell
force response only along the x direction. The sensor
beams were 3 mm long with 2.1 lm · 7.7 lm in cross sec-
tion, which results in a sensor stiffness of 14.4 nN/lm.
The width and depth of the sensor probe were also
2.1 lm and 7.7 lm, respectively.

2.2. Cell culture and force response measurement

The cells were cultured from a monkey kidney fibroblast
(MKF) cell line (CV-1, ATCC, Manassas, VA). They were
cultured in a medium with 90% DMEM (ATCC, Manas-
sas, VA) and 10% FBS (ATCC, Manassas, VA) in an envi-
ronment with 37 �C temperature and 5% CO2. For in situ
visualization of actin during force response measurement,
the cells were transfected with the pEGFP-Actin vector
(BD Biosciences Clontech, Palo Alto, CA) by using
CLONfectin (BD Biosciences Clontech, Palo Alto, CA).
The force response measurement was conducted in air at
room temperature after 60 h of transfection. An inverted
Please cite this article as: Shengyuan Yang, M. Taher A. Saif, Force
Acta Biomaterialia (2006), doi:10.1016/j.actbio.2006.07.005
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optical microscope (Olympus IX81, Olympus America,
Melville, NY) with an objective of 20· was used to image
the cell deformations and sensor deflections. A cooled
charge-coupled device camera (MagnaFire S99806, Olym-
pus America, Melville, NY) and its corresponding data
acquisition software were used with the microscope to col-
lect the images and measure the data. The entire experi-
mental system has been described in detail in Ref. [11].
The force resolution of the measurement system using the
two-component force sensor was estimated to be 0.6 nN
by multiplying the displacement measurement resolution,
0.14 lm, with the spring constant of the sensor beam in
the x direction. Each indentation step was taken within
1 s by moving the sensor base with the piezo actuator.
The cell deformation and force response were recorded
15 s after each indentation step. The time delay between
two consecutive indentation steps was kept at 50 s unless
otherwise stated. In order to contact a cell, the sensor
probe was first lowered to gently contact the bottom of
the Petri dish on which the cells were cultured. The probe
was then lifted up by about 1–2 lm, and moved laterally
to contact and indent a well-spread and attached cell by
a few micrometers. The initial indentation established a
stable (non-sliding) contact configuration between the
front surface of the probe and the cells. The cell was then
observed for the next 20 min for any shape change and
movement. The cells that did not undergo any apparent
morphological change/migration were considered for force
response study.
3. Results and discussion

3.1. Loading and unloading force response

Fig. 2 shows a typical force response of an MKF subject
to large lateral indentation by the two-component force
sensor and three phase contrast images during indentation.
Fig. 2A shows the magnitude of the cell force response

resultant,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F 2

x þ F 2
y

q
, versus the magnitude of the cell

deformation resultant,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2

x þ D2
y

q
; Fig. 2B shows the cell

deformation components, Dx and Dy; Fig. 2C shows the
cell force components, Fx and Fy. The rest of the panels
show the phase contrast images at different cell deforma-
tion states.

Fig. 2A shows that the force response is linear until the
cell indentation reaches about 35 lm (a–c), which is compa-
rable to the cell size, followed by plastic yielding which is
possibly triggered by significant damage of the cell cytoskel-
etal structure (from c to d). We will show later that remod-
eling of the actin network occurs during this yielding
process, which is an adaptive biological response, different
from the mechanical one. Such plastic yielding was not
observed under large stretches [10]. At the beginning of the
unloading process, the force response dropped sharply (d–
e). Two linear responses (e–f and f–g) followed with further
unloading. Thus the force response was strongly hysteretic.
response and actin remodeling (agglomeration) in fibroblasts ...,
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CFig. 2B and C show that as the cell was deformed
between a and c, the directions of the deformation and
the force response remained the same (straight line between
a and c). But the resistance of the cell against deformation
(i.e., the cell stiffness) in the y direction was higher than
that in the x direction. Hence the angle between the defor-
mation vector (a–c) and �x axis was 30.8�, whereas the
angle between the force response vector (a–c) and �x axis
was 37.1�. This result shows that the structural anisotropy
revealed by the magnetic twisting cytometry for human air-
way smooth muscle cells [12], where the induced surface
deformation of the cells was �0.2–0.6 lm, may be applica-
ble to a deformation range of about two orders of magni-
tude higher. Fig. 2B also shows that cell deformation is
Please cite this article as: Shengyuan Yang, M. Taher A. Saif, Force
Acta Biomaterialia (2006), doi:10.1016/j.actbio.2006.07.005
irreversible, as the loading and unloading paths were
different.

The linear response during the first phase of indentation
(Fig. 2A) is surprising, as it differs from some earlier
reports. For example, non-linear (stiffening) cell force
response was observed under indentation by cell poker
technique [13] and AFM [14–16], as well as under compres-
sion by a pair of microplates [17]. Note that, in all these
experiments, cell deformations were orthogonal to the sub-
strate, and were small, limited by cell thickness. The tenseg-
rity cell structural model predicts a cell stiffening force
response [2,18,19]. Non-linear mechanical behavior of bio-
logical soft tissues is also well-established [4,20,21]. We
believe that the linear force response observed in this study
response and actin remodeling (agglomeration) in fibroblasts ...,
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under large lateral indentations may arise due to biological
adaptation of the cell, i.e., the cell response is both mechan-
ical and biological. The observed remodeling of the actin
network (see next section) reveals a dramatic biological
response under sustained indentation. In order to explore
the time dependence of such a biological response, we car-
ried out an indentation experiment over a time span of 1.7 s
(Fig. 3), in contrast to 37.5 min (Fig. 2). We again found a
linear force response, with small initial non-linearity. Thus,
if the linear response is due to biological adaptation, it
must take place within a time scale much shorter than a
second.

We also note that, during indentation, although the cells
adhere on the substrate, local actin network may be par-
tially damaged and some of the cell attachments with the
substrate may unbind due to the invasion of the sensor
probe. Either of these mechanisms will cause mechanical
softening, which, together with expected mechanical stiffen-
ing during indentation, may result in an apparent linear
response. However, Figs. 2 and 4 suggest that local damage
of actin network compared to the overall network and local
unbindings compared to the overall span of attachments
are small. Hence their influence on the overall force
response is expected to be small.

3.2. Remodeling of actin network

In order to explore the underlying mechanism of the
force response, we observed the deformation of the actin
filaments in transfected MKFs during indentation force
response measurement by the single-component force sen-
sor (Fig. 1B). Fig. 4A shows the force response of an
MKF. The response shows initial non-linearity, an inter-
mediate linear regime, and a long plastic regime.
Fig. 4C–H shows the representative fluorescent images at
times indicated. Due to photobleaching, the relative bright-
ness corresponding to the actin in these images decreased
with increasing observation time, but the distribution of
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Fig. 3. Fast indentation force response of a monkey kidney fibroblast
obtained by the single-component force sensor. The time span for the
entire experiment is 1.7 s, compared to 37.5 min in Fig. 2.
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the actin can still be clearly seen. Panels C and D are in
the initial non-linear/linear force response regime where
deformation of the actin is highly localized, i.e., only the
actins on the way of the probe and its nearby region are
deformed, but there is no significant deformation far away
from the probe. Panels E–H are in the plastic response
regime where part of the actin network far away from
the probe lose distinct features and form well-defined circu-
lar structures. The higher brightness of these circular struc-
tures indicates that these regions are actin agglomerates.
With increasing time, the agglomerates grow in size but
not in numbers, and a slight relaxation in the force
response is observed.

Fig. 5 shows agglomeration in three MKFs during and
after indentation with a probe and a plate. In Fig. 5A,
the agglomerates continued to increase in size even after
the probe is withdrawn, and the actin network did not
reappear implying that the process of actin remodeling is
irreversible. These observations suggest that large sustained
indentation or compression induce decomposition of the
stress fibers and reorganization of the decomposed stress
fibers into well-defined agglomerates in the cell. In
Fig. 5B, a plate was used to compress a cell instead of
indenting it by a probe. Such compression avoids possible
local damage of cell membrane by a probe. The observa-
tion of actin agglomeration implies that such remodeling
is possibly a general response of a cell under compression
or indentation. Fig. 5B also shows local unbinding of the
actin network may occur even far away from the region
of compression. Fig. 5C shows agglomeration in a cell that
is indented and the cell membrane is punctured.

3.3. Observations and interpretations

3.3.1. Size and distribution pattern of agglomerates

Although agglomerates appear all over the cell, they are
located at discrete locations only. These agglomerates are
mostly circular and hence are likely to occupy spherical
or penny shaped domains (constrained by cell membrane,
Fig. 5A, middle panel). The fluorescent intensity over most
of their size is similar to or higher than the pre-existing
actin network (where the agglomerates are formed). This
suggests that the agglomerate is formed by actin contrib-
uted not only by the actin network it might have replaced
but also by other resources as well.

3.3.2. Spatial pattern of agglomerates

Figs. 4 and 5 show that the spatial distribution of actin
agglomerates follow the actin fiber distribution pattern in
the pre-indented cell. These agglomerates appear and grow
simultaneously. During the initial phase of growth, they
appear to be away from the basal cell membrane (on the
substrate) and closer to the apical (top) cell membrane,
which is noticed by focusing at the plane of the substrate
and above. As the agglomerates increase their size, they
become bounded by the top and bottom membranes as
seen from the phase contrast image (Fig. 5A, middle
response and actin remodeling (agglomeration) in fibroblasts ...,
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Opanel). In Fig. 5C, where the cell membrane is punctured,

agglomeration is neither simultaneous nor are the agglom-
erates distributed all over the cell. Their distribution is ini-
tially localized near the injured region. With time, they
begin to appear in regions away from the injury. We will
return to this observation to develop a hypothesis on the
agglomeration mechanism.

Prior to indentation, the fibers were straight, stable (no
apparent thermal fluctuation) and long, on the order of
30 lm or higher. Since the persistence length of single actin
fibers is about 18 lm [22], the long straight in vivo fibers
suggest that they were under tension and/or each fiber con-
sisted of many single fibers. Absence of fibers along orthog-
onal directions (i.e., fibers along one direction only, Figs. 4
and 5) suggests that most of the regional intracellular
forces were along the direction of the fiber alignment.
Please cite this article as: Shengyuan Yang, M. Taher A. Saif, Force
Acta Biomaterialia (2006), doi:10.1016/j.actbio.2006.07.005
The alignment of agglomerates along the direction of fibers
and their simultaneous growth (in cells where cell mem-
brane is not punctured, Figs. 4 and 5A and B) suggest that
they were initiated at points where stress change was high
under indentation. Also, Fig. 5C shows voids and cracks
in the actin network that developed during indentation
between parallel fibers suggesting that forces orthogonal
to the fiber direction develop which separate them from
one another laterally.

3.3.3. Cell viability

In order to test whether the cells were alive after forma-
tion of agglomerates, we applied 0.4% trypan blue solution
(Sigma–Aldrich, St. Louis, MO) in the cell medium after
the indentation experiment. We found that the cells with
agglomerates became blue indicating that they were dead.
response and actin remodeling (agglomeration) in fibroblasts ...,



O
R

R
E
C

T
E
D

P
R

O
O

F

331
332

333
334
335
336
337
338

339
340
341

342
343
344
345
346

347

348
349
350
351
352

Fig. 5. (A) Response of the actin network in a GFP-actin transfected monkey kidney fibroblast due to the probe indentation and retraction (the middle
panel is a phase contrast image). (B) Response of the actin network in a GFP-actin transfected monkey kidney fibroblast due to a plate compression. (C)
Response of the actin network in a GFP-actin transfected monkey kidney fibroblast due to the probe indentation and retraction, where the cell membrane
is punctured (min:s).

S. Yang, M. Taher A. Saif / Acta Biomaterialia xxx (2006) xxx–xxx 7

ACTBIO 162 No. of Pages 11, Model 5+

28 September 2006 Disk Used
ARTICLE IN PRESS
U
N

C

Thus, agglomeration might be the pre-apoptotic state of
the cell induced by mechanical indentation.

3.3.4. Time to agglomeration

We indented a cell by about 32 lm, and held the inden-
tation fixed until agglomeration could be detected. We
found that the time to agglomeration was about 1 min. It
thus appears that sustained indentation beyond a threshold
value initiates agglomeration.

3.3.5. Agglomeration in untagged cells
Actin agglomerates appeared as blebs in the phase con-

trast image of the cell (Fig. 5A, middle panel). In order to
Please cite this article as: Shengyuan Yang, M. Taher A. Saif, Force
Acta Biomaterialia (2006), doi:10.1016/j.actbio.2006.07.005
test whether agglomeration dynamics under indentation is
an artifact of GFP tagging of actin, we indented cells with-
out florescent tags. Blebs appeared in these cells as well
under indentation, implying that agglomeration is a gen-
eral response to mechanical probing unaffected by tagging.

3.4. Agglomeration kinetics

Fig. 4B shows the time dependence of the diameter of
the actin agglomerate 1, indicated in Fig. 4E–H, plotted
on a log–log scale. Here, the diameter of the agglomerate
is in the units of pixel (of the images) and the time is in
the units of minutes. The dependence shows two distinct
response and actin remodeling (agglomeration) in fibroblasts ...,
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regions, i.e., the initial region with a slope of 2.85 and the
remaining region with a slope of 0.72, i.e., initially the
agglomerates grow at a fast rate with time as t2.85, followed
by a slow rate of t0.72, where t is the time. Note that, due to
photobleaching, the growth can be measured only for a
limited time. Hence, such transition of growth rates may
not be traced unless it occurs before photobleaching.

In order to form a statistics of growth rates, we deter-
mined the exponents (a) for 18 such agglomerates from
cells that did not undergo any observable shrinkage or
expansion while the agglomerates were growing. Such size
change would influence the diameter change of the agglom-
erates. Fig. 6A shows the histogram of growth exponents.
Note that a few agglomerates contributed two exponents,
a high and a low one representing two growth rates if they
appeared before photo-bleaching. The statistics show two
peaks in the vicinity of a = 0.5 and 2.5.

3.4.1. Interpretation of the faster growth rates

The higher exponents (a = 2–3) suggest a non-diffusive
mechanism. The fast growth cannot be explained by
decomposition of the pre-existing actin network spanned
by the domain of the agglomerate alone. For then the
intensity of the agglomerate would be significantly lower
than the initial actin fibers contributing to the agglomerate.
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Fig. 6. (A) Histogram of growth exponents of 18 agglomerates formed in
the actin network in GFP-actin transfected monkey kidney fibroblasts. (B)
Fluorescent intensity profile (the experimental curve) in gray scale units
along the diameter of an actin agglomerate shown in Fig. 5C. The
predicted intensity profile by Eq. (3) is also shown, where C0 and Dt are
chosen such that the predicted and experimental peaks match.
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The actin, initially constrained within the fibers, would
have to occupy a much bigger volume thus lowering the
concentration and the corresponding intensity. Experimen-
tally, we see the reverse. The increased amount of actin
within the agglomerate is probably contributed by actin
monomers available in the cytoplasm generated by uncou-
pling of sequestering molecules. A possible mechanism of
agglomerate dynamics is discussed later.

3.4.2. Interpretation of the slower growth rates

The lower growth rate (a = 0.5–1) suggests a diffusive
mechanism, i.e., once the actin fibers decompose at a
region, and if there is no addition of actin, then the accu-
mulated actin diffuses outward. If the diffusing species sat-
isfies the Fick’s law of diffusion, then its concentration, C,
is governed by

oC
ot
¼ Dr2C; and C evolves with time as C ¼ C0

ðDtÞ
3
2

e�
r2

4Dt

ð2Þ

where D is the diffusion constant, r is the distance from the
center of the diffusing agglomerate, and C0 is a constant. If
the radius of the agglomerate is characterized by R where
C(R) = C*� peak concentration at any t > 0, then from
Eq. (2), R � t

1
2, i.e., a = 0.5, similar to the exponent ob-

tained experimentally. Hence the slow growth rate is most
likely determined by diffusion. We further note that the
brightness at any point of the two-dimensional (2D) image
of an agglomerate is contributed by the accumulated flores-
cence over the depth of the sphere (if the agglomerate is
spherical). Thus the brightness intensity, I(x), at any point
x from the center is given by

IðxÞ ¼ 2

Z ffiffiffiffiffiffiffiffiffi
R2�x2
p

0

CðrÞdy

¼ 2

Z cos�1 x
R

0

C
x

cos h

� �
xð1þ tan2 hÞdh

¼ 2C0x

ðDtÞ
3
2

Z cos�1 x
R

0

ð1þ tan2 hÞe� x2

4Dt cos2 h
dh; ð3Þ

where x is the distance from the center of the agglomerate
(2D image).

Fig. 6B shows the 2D image (inset) of an agglomerate
that grows with time as ta with a = 0.93, and its intensity
profile (the experimental curve in Fig. 6B is obtained by
the image analysis software Scion Image [23]) in gray scale
units along the diameter. Also plotted in the figure is the
predicted intensity profile I(x) along the diameter using
Eq. (3). Here, C0 and Dt are chosen such that the predicted
and experimental peaks match. The close match between
the experimental and theoretical intensity profiles point
to a diffusive spreading of the agglomerate.

Note, however, that the diffusion time of the actin
monomer to travel across the cell (tens of micrometers) is
on the order of a second [24]. Since the mean square dis-
response and actin remodeling (agglomeration) in fibroblasts ...,
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placement, hr2(t)i, of a diffusing species is given by,
hr2(t)i = 2Dt, we get D � 50 lm2/s for hr2i � 100 lm2 and
t � 1 s. If the species within the agglomerate were actin
monomers with D � 50 lm2/s, then they would diffuse
out within 10 s, and the fluorescent intensity would
decrease by two orders of magnitude by then. Since the
agglomerates, some of which appear to be isolated from
the rest of the actin network, grow over a time span of sev-
eral minutes, it implies that the diffusion coefficient (if dif-
fusion is the mechanism of spreading) of actin species
within the agglomerates is a few orders of magnitude less
than that of actin monomer. This suggests that the agglom-
erates consist of species that are much larger than mono-
mers (e.g., segments of actin fibers), or they may have
mutually attractive interaction between them which retards
spreading.

3.5. Hypothesis on actin agglomeration

3.5.1. Agglomeration is initiated by indentation/compression

and triggered by the increase of the intracellular Ca2+

content
Actin agglomeration observed here is possibly triggered

by the increase of the intracellular Ca2+ content. Ca2+

could be released from intracellular storage vesicles, a pro-
cess stimulated by IP3, and IP3 could be generated by
mechanically (here it is the mechanical indentation/com-
pression) induced activation of phospholipase C [25]. The
time for intracellular Ca2+ to increase may be only 60 s
[26], similar to the time to initiate actin agglomeration
(about 1 min, see above) under sustained indentation.
Another possibility for the increase of the intracellular
Ca2+ content is the influx of Ca2+ through mechanical
force-induced pores on the cell membrane from extracellu-
lar space.

Thus, under sustained indentation/compression, Ca2+ is
released from intracellular sources or introduced from
extracellular space through pores at stress high points.
The excessive Ca2+ may trigger uncoupling of sequestering
proteins (such as thymosin) from actin monomers in the
cytoplasm [26]. This could generate an abundant supply
of actin monomers ready to be polymerized to form actin
filaments. The excessive Ca2+ also activates gelsolin which
severs actin filaments (in the existing actin network and
newly formed actin filaments) into actin fragments and
caps their plus ends [24]. Thus, the combined effect of acti-
vated actin monomers and presence of gelsolin may lead to
a local rapid accumulation of actin fragments, which may
explain the fast growth rate of agglomerates. The process
continues until the local Ca2+ concentration decreases to
the normal intracellular level. Further spreading of accu-
mulated actin segments is then achieved by diffusion, with
a diffusion constant much smaller than that of single actin
monomer due to the larger size of actin fragments. Sus-
tained indentation causes sustained release (instead of typ-
ical short temporal bursts) of Ca2+ which may lead to
apoptosis [27].
Please cite this article as: Shengyuan Yang, M. Taher A. Saif, Force
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If the cell membrane is fractured (Fig. 5C), then Ca2+

can largely enter the cell from the external medium. The
locally increased Ca2+ level near the ruptured region trig-
gers the above process causing actin agglomeration. Such
agglomeration spreads towards the rest of the cell with time
due to the diffusion of extracellular Ca2+ towards the inte-
rior of the cell, in contrast to the simultaneous formation of
agglomerates at the stress high points all over the cell. The
overall spatial distribution of the agglomerates due to the
fracture of cell membrane appears random, whereas that
due to intracellular high stress follows the stress fiber
pattern.

4. Remarks

1. Agglomeration of actin is not unusual and has been
observed in mice neurons induced by the treatment of
cytochalasin D [28], in chicken muscle actin induced
by gamma-radiation [29], in the reorganization of depo-
lymerized actin in Dictyostelium cells by the treatment of
latrunculin A [30], and in proximal tubule cells by ische-
mic injury [31]. The actin network is found to depoly-
merize and form agglomerates in the late feeding stage
of working larvae, which coincide with the apoptotic
wave [32]. We have also observed actin agglomeration
in MKFs due to the treatment of trypsin-EDTA (images
not shown). To the best of our knowledge, this is the
first evidence of actin agglomeration followed by cell
death due to local mechanical indentation and damage.
It is interesting to note that cells may signal similar pro-
cesses due to such diverse stimuli as mechanical and bio-
chemical ones.
It was reported that eupodia, being F-actin-containing
cortical structures, are formed locally in invasive loco-
motion in Dictyostelium at the base of a lamellipodium
advancing to invade a tight space, and it appears that
the mechanical stress at the leading edge modulates
the structural integrity of actin and its binding proteins,
such that eupodia are formed when anchorage is needed
to boost for invasive protrusion of the leading edge [33].
It was also reported that podosomes, being invasive
adhesion structures and an F-actin-rich core surrounded
by a ring structure containing proteins such as vinculin
and talin, are formed locally in transformed fibroblasts
by oncogenic Src causing disruption of actin stress fibers
[34,35]. Thus, the Dictyostelium eupodia and the podo-
somes are formed to strengthen the adhesion between
the cells and substrate and to bear the mechanical force
exerted by the cell migrating movement, and of course
they should be subjected to this mechanical force during
the cell migrating movement. The actin agglomerates we
observed here are different. As mentioned in the above,
here the depolymerization of stress fibers and agglomer-
ation of actin are initiated at high stress points existing
in the actin network induced by sustained indentation,
i.e., the mechanical force induces the actin agglomerates.
Also, the actin agglomerates do not strengthen the cells
response and actin remodeling (agglomeration) in fibroblasts ...,
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since the increase in the cell force response was not
observed after the agglomerates were formed. There
are two other significant differences between the actin
agglomeration observed here and the eupodia and podo-
somes. First, the actin agglomerates grow significantly
with time (as shown in the above), whereas the signifi-
cant growing of eupodia and podosomes was not
observed after they were formed. Second, the actin
agglomerates do not seem to be attached to or even
located close to the intracellular side of the adhering cell
surface, whereas eupodia and podosomes are ventral
structures. But, depending on the cell types, all these
actin assemblies show different types of mechanobiolog-
ical response of the cells to their mechanical force/stress
environments, although maybe initiated and formed by
different mechanisms.
Mechanical modifications of the actin network can be
mediated also by hyperosmotic stresses. Accumulation
of actin filaments along the margin of the Dictyostelium

cells was observed after the contraction of these cells in
response to hyperosmotic stress [36], but actin agglomer-
ation well inside the cells was not observed.

2. The study also reveals a fundamental difference between
a living specimen and a non-living one. The former
responds both mechanically and biologically when sub-
jected to a mechanical stimulus, whereas the latter
responds only mechanically. The biological response is
a result of a cascade of events and signals that we have
very little knowledge about. When we measure the
response, we measure both the mechanical and the bio-
logical contributions (such as actin agglomeration far
from the point of indentation) with very little detail on
how to decouple one from the other. Nature, most
likely, engages both. If the mechanical stimulus is small
and is over a short time, the biological response may be
negligible. The challenge is in reducing the large param-
eter space of the biological response to a few important
ones so that one can formulate a quantitative approach
in interpreting the measured combined response.

5. Conclusions

In this paper, the loading and unloading force response
of single living fibroblasts due to large lateral indentation
has been measured by MEMS force sensors. The actin net-
work of cell cytoskeleton has been observed in situ by using
the GFP technique, which reveals how cells adapt to
mechanical indentation and injuries by cytoskeletal reorga-
nization, and provides mechanistic interpretation for the
measured force response.

We found: (1) The indentation force response is highly
irreversible (i.e., hysteretic) in contrast to the observed
reversible and repeatable linear cell force response for
the case of large local stretch [10]. (2) All the loading pro-
cesses show linear force response (sometimes with small
initial non-linearity) for indentations as large as the size
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of the cells. Plastic yielding follows on further indenta-
tion. (3) Cell mechanical response is anisotropic. (4) Upon
sustained indentation, the actin network possibly decom-
poses irreversibly at discrete locations all over the cell
and forms circular agglomerates. (5) The spatial distribu-
tion of the agglomerates follow the stress fiber orientation
of the pre-indented cell. (6) The size of the agglomerates
grows with time initially at a fast rate as ta with a = 2–
3 followed by a slow rate with a = 0.5–1. The transition
from fast to slow rates happens abruptly. Actin agglomer-
ation has been observed in living cells subject to ischemic
injury, toxic treatment, and at certain developmental
stages of larvae, and is believed to be the pre-apoptotic
phase of such cells. To the best of our knowledge, this
is the first evidence of actin agglomeration due to local
mechanical indentation. The finding suggests that living
cells, when mechanically indented, injured or compressed,
may also initiate actin reorganization and agglomeration
with consequent loss of stiffness. In other words, two
distinct stimuli, one mechanical and the other biochemi-
cal, may result in similar cell signalings. The study may
have implications in understanding the role of radial
compression on the damage of the endothelium in blood
vessels during formation of plaque and progression of
atherosclerosis.
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