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Abstract

Large stretching and un-stretching force response of adherent fibroblasts is measured by micromachined mechanical force sensors. The

force sensors are composed of a probe and flexible beams. The probe, functionalized by fibronectin, is used to contact the cells. The flexible

beams are the sensing element. The sensors are made of single crystal silicon and fabricated by the SCREAM process. The maximum cell

stretch reached is ~50 Am, which is about twice of the cell initial size, and the time delay between two consecutive stretching/un-stretching

steps is 75 s unless otherwise stated. We find that the force response of the cells is strongly linear, reversible, and repeatable, with a small

stiffening at the initial deformation stage. Force response of single cells measured before and after cytochalasin D treatment suggests that

actin filaments take almost all the cell internal forces due to stretch. These findings may shed light on the increasing understanding on the

mechanical behavior of cells and provide clues for making new classes of biological materials having uncommon properties.

D 2005 Elsevier Inc. All rights reserved.
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Introduction

During the past decade, cell mechanics has received

increasing attention due to the influence of intracellular and

extracellular forces on cell adhesion, migration, growth,

differentiation, apoptosis, gene expression, and signal trans-

duction [1–12]. Significant effort has been directed to the

measurement of the force response of single living cells due

to deformation. Experimental techniques that are employed

include micropipettes [13], optical tweezers [14], magnetic

twisting cytometry [1], magnetic bead microrheometry [15],

atomic force microscopy (AFM) [16], and surface force

apparatus [17]. Such efforts revealed significant insight on

the mechanical behavior of cells under small deformations

(~1–2 Am or less). There are, however, numerous instances

where the cells may be under large deformation. For
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example, a skeletal muscle can contract to half its optimal

length or expand by 50% under physiological conditions.

Muscle fibers (cells) in the skeletal muscle may also

experience such large deformations [18]. In diffuse axonal

injury, the microscopic shear strains could be higher than

50% [19]. The shape of initially rounded rabbit dermal

fibroblasts, growing in a collagen–GAG matrix, could be

elongated up to an average aspect ratio of 2.8 during the first

15 h in culture [20]. In tensile experimental testing of

mechanical properties of soft biological tissues that consists

of many cells, stretches more than 50% are normally

reached, and some of the cells in the tissues should be

subjected to stretches larger than 50% [21,22].

Studies on cell mechanical behavior due to large

deformations are limited. The tension and oscillatory stiff-

ness of isolated cardiac myocytes were measured by a pair

of micropipettes, and it was found that the cell force

response relaxes at each stretch increment [23]. The force

versus elongation of single rabbit fibroblasts was measured

by a pair of micropipettes, and the force response from six
ch 305 (2005) 42–50
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cells was averaged and was found to be linear with

deformation [24]. The nonlinear force response due to

compression was observed for single bovine endothelial

cells by a pair of microplates [25]. Linear force response

was observed under stretch for single rat fibroblasts by a

functionalized biomicroelectromechanical system (bio-

MEMS)-based force sensor [26].

Studies on the cell unloading mechanical response are

rare, regardless of small or large deformation. AFM was

used to load and unload single yeast cells by small

indentation, and force response was found to be linear and

reversible [27]. A pair of microplates was used to compress

and decompress suspended single bovine endothelial cells,

and nonlinear reversible force response was reported, but no

data were presented [25].

A fundamental question related to the cell force response

due to deformation is the mechanism by which the cell

resists deformation. It is generally believed that actin

filaments of cell cytoskeleton play a key role in taking the

cell internal forces [1,26,28–30]. Experiments show that the

treatment of a cell with Cyto D (cytochalasin D, a drug that

disrupts the actin filaments in a cell) significantly decreases

the mechanical response of the cell. For example, Cyto D

suppressed the stiffening of the cytoskeleton of endothelial

cells [1]. In Ref. [31], two sets of single chick fibroblasts

were stretched by a fixed amount of deformation, with one

set treated with Cyto D and the other untreated. The average

tension in the Cyto D-treated fibroblasts was found to

decrease, but it did not vanish even after 50 min. Cyto D-

treated connective tissue models also showed reduced force

response under stretch [32]. Stiffness decrease due to Cyto

D was observed for airway smooth muscle cells, but

complete suppression was not observed (more than 25%

of the stiffness left after treatment with 10 AM Cyto D

compared to that for the untreated cells) [33].

In this paper, we use functionalized bioMEMS-based

force sensors to stretch and un-stretch single living cells and

measure their force response. The time span of the experi-

ments is slow enough so that the cells can adapt to the

applied stretches biologically. Hence, the measured force

response is not only mechanical but biological as well. We

show that the force response is strongly linear, reversible,

and repeatable with no appreciable creep and relaxation.

The force response shows small stiffening at the initial

deformation stage. The same cells when tested after Cyto D

treatment show negligible force response, giving the direct

evidence that actin filaments play a key role in taking the

cellular internal forces.
Materials and methods

Basic idea

A bioMEMS sensor used here consists of a probe and

microflexible beams which act as the cell force sensor
(Fig. 1A). The probe and the sensor beams are made of

single crystal silicon. The silicon chip (sensor base) is held

by a x–y–z piezoelectric actuator. The probe is function-

alized by coating with fibronectin (to simulate the cell–

extracellular matrix adhesion). It is then brought in contact

with a cell for 20 min. The cell forms adhesion sites with

the probe most likely by focal adhesion complex activation

[34]. The cell can be stretched by moving the sensor base

away from the cell using the piezoelectric actuator. The

cell applies a force on the probe which is measured from

the deflection of the beams and their combined spring

constant. Fig. 1B schematically shows a stretched cell.

Here the spring represents the beams with a combined

spring constant k. In the stretched state, the sensor base is

moved by to R to the right by the piezoelectric actuator.

The deformation, D, of the cell is given by the movement

of the sensor probe. The deflection of the sensing spring is

w = R � D. Thus the cell force response is F = kw. Force

response of the cell is given by the measured (F, D)

relation. Note that although the spring is linear, (F, D)

relation may be nonlinear. For example, if the cell does not

provide any restoring force against deformation, then

R = D and F = 0 for all D.

BioMEMS sensors

Two types of bioMEMS sensors were designed and

fabricated. Figs. 1C–E show the type of sensors which can

only measure the cell force response in the x direction. Here,

two parallel fixed–fixed beams act as the force sensor. They

are connected by a backbone structure and hence act as a

single spring. A probe is attached to the backbone to contact

the cells. The dimension of each beam is length � width (in

plane) � depth = 1.96 mm � 0.77 Am � 10.5 Am, the space

between the two beams is 300 Am, and the length of the

backbone between the right beam and the probe is 1 mm

(Fig. 1C). The width and depth of the probe tip that contacts

the cells are 2.0 Am and 10.5 Am, respectively (Fig. 1E).

Hence, the sensor is compliant in the x direction but stiff in

the y and z directions. In cell force response measurements,

the sensor moves in the x direction, driven by the piezo-

electric actuator. Thus, if the cell force response is not

collinear with the direction of stretch, i.e., x direction, the

sensor measures only the x component of cell force response.

The stiffness of the sensor in the x direction is estimated,

from the geometry and elastic modulus of silicon, as 3.4 nN

Am�1. From the displacement measurement resolution of

0.14 Am, we have the force resolution of 0.5 nN.

Fig. 1F schematically shows the class of sensors which

can measure the cell force response in both the x and y

directions. Here, a cantilevered beam acts as the force

sensor. A rigid bar is attached to the free end of the beam,

and the probe is attached to the free end of the bar. Suppose,

the piezoelectric actuator moves the sensor base along the x

direction by Rx, and the corresponding cell deformations are

Dx and Dy in the x and y directions, respectively. Then the



Fig. 1. BioMEMS-based sensors for the study of cell force response. (A) Basic idea of bioMEMS-based method for the study of cell force response. (B)

Schematic showing the measurements of cell deformation and deflection of the beams. (C) Schematic of a bioMEMS sensor that can only measure cell force

response in the x direction. (D) Scanning electron microscope image of the sensor sketched in C. (E) Probe part of the sensor that contacts the cells. (F)

Schematic of a bioMEMS sensor that can measure cell force response in both the x and y directions.
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translations (referred to as the sensor deflections in the

below) of the probe tip, wx and wy, with respect to the

sensor base in the x and y directions, respectively, are given

by

wx ¼ Rx � Dx

wy ¼ Dy: ð1Þ
The cell force components, Fx and Fy, in the x and y

directions, respectively, relate to wx and wx by

Fx

Fy

�
¼ 2EI

L1

6
L2
1

3
L1L2

3
L1L2

2
L2
2

#
wx

wy

��""
ð2Þ

where E is the Young’s modulus of the beam and bar I is the

moment of inertia of the cross-section of the beam. The deri-



Fig. 2. Measured linear and reversible force response of a monkey kidney

fibroblast.
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vation of Eq. (2) is given in Appendix A. Here, the cross-

sectional dimensions of the beam are width � depth = 2.0

Am � 13.1 Am, and L1 = 1 mm, L2 = 429 Am. The force

resolution of the measurement system with this type of

sensors is estimated as 0.6 nN.

Sensor fabrication

The MEMS devices were fabricated by the SCREAM

process [35]: (1) grow 1 Am thick SiO2 layer on the surface

of the wafer by thermal oxidation; (2) transfer the pattern of

the mask for a MEMS sensor to the oxide surface by

photolithography; (3) transfer the pattern to silicon by

reactive ion etching (RIE); (4) anisotropically etch silicon to

the desired depth, about 20 Am, by inductively coupled

plasma (ICP); (5) thermally-oxidize the wafer again to put a

protecting oxide layer on vertical silicon surface; (6)

anisotropically remove the oxide layer on the floor of the

patterned trench by RIE; (7) anisotropically etch down the

exposed silicon again for an additional depth, about 10 Am,

by ICP; (8) isotropically etch the exposed silicon to release

the beams, by ICP; (9) remove all the oxide from the device,

by wet hydrofluoride acid etching, to get the final sensors

made from pure single crystal silicon.

Cell culture and force response measurement

The MEMS sensors were incubated in 50 Ag ml�1

fibronectin (BD Biosciences) solution at room temperature

for 6 h for coating. The cells were cultured from a monkey

kidney fibroblast (MKF) cell line, CV-1 (ATCC). The

culture medium contains 90% Dulbecco’s Modified Eagle’s

Medium (ATCC) and 10% fetal bovine serum (ATCC), and

the cells were incubated in an incubator with 378C temper-

ature, 5% CO2 and 98% humidity. The probes of the sensors

were brought in contact with the cells for 20 min to form the

focal adhesion before the force response measurements

started. The force response measurements were conducted at

room temperature. An inverted optical microscope (Olym-

pus CK40) with an objective of 10� was used to monitor

the deformation of the cell and the displacement of sensor

probes. A cooled CCD camera (Olympus MagnaFire

S99806) and its data acquisition software were used for

imaging and dimensional measurement.

We define the deformation of a cell in the x direction as

positive when the cell is elongated, and negative when the

cell is indented; the deformation in the y direction is positive

upward. The sensor deflection in the x direction is positive

when the probe tip moves towards the right for the

configuration in Figs. 1C and F; the sensor deflection in

the y direction is positive upward. Similarly, the cell force

response, acting on the probe, in the x direction is positive

when it is towards the right for the configuration in Figs. 1C

and F; the cell force response in the y direction is positive

upward. Eqs. (1) and (2) complied with these definitions.

The cell deformations, sensor deflections, and force
response were measured relative to the initial configuration

of the cell after contact with the probe unless otherwise

stated. During all the measurements, the time delay between

two consecutive deformations was kept at 75 s unless

otherwise stated.
Results and discussion

Single component force response

Fig. 2 shows the measured force response of an MKF

with one stretching and un-stretching cycle. Clearly, the

force response is strongly linear and reversible, with a small

stiffening at the initial deformation stage. Fig. 3 shows the

measured force response of an MKF with more stretching

and un-stretching cycles. The contact between the probe tip

and the cell was broken at the end of Stretching-3. Here,

although there are significant translations between the

loading and unloading curves for the first and second cycles

(for example, the unloading curve for the first cycle reaches

zero force response at a cell deformation of about 15 Am),

the general trend of the force response is not only strongly

linear and reversible, but also strongly repeatable. Note that

the force response curve for Un-stretching-2 is significantly

higher than that for Stretching-2, which is not possible for a

traditional material since the released elastic energy during

unloading should be lower than or equal to that gained

during loading. But for living cells, this may not be always

the case. During the force response measurement, the cells

may response to the external stretching by actively

producing contraction [32] and rearrange their internal

structures, which may result in higher unloading force

response than loading force response. The extra energy



Fig. 3. Measured linear, reversible, and repeatable force response of a

monkey kidney fibroblast. (A) Cell force response versus cell deformation.

(B–D) Phase images of the MKF right after the probe attachment (no

stretch), and at two deformation states corresponding to points C (small

stretch) and D (large stretch) in A, respectively.
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required for this phenomenon to occur comes from the

power plants of the living cells.

The two experiments for Figs. 2 and 3 were done with the

sensor shown in Fig. 1C, and the maximum stretching of the

cells was about 50 Am, which is approximately twice the

cell’s initial size (before the stretching experiment). In order

to investigate any possible creep/relaxation force response

behavior, we varied the time delay between two consecutive

force measurements from 1 s to 195 s. We observed a similar
cell force response as shown in Fig. 3A, and no appreciable

(within the resolution of the measurement system) cell creep/

relaxation was observed. Small permanent deformation was

always observed for all the loading rates.

Based on current knowledge on the mechanical behavior

of living cells [36–38], for example, cytoskeleton stiffens

under deformation [28] and the cell is strongly viscoelastic

[16], the force response of a living cell due to a large

deformation was expected to be nonlinear and irreversible.

Our finding contradicts this expectation. Our finding

indicates that the cell response to a large deformation may

involve reversible biological and biochemical processes

with minimal energy loss, which may provide a possible

mechanism that nature has adopted to achieve high energy

efficiency in living biological systems [39]. This finding

may also provide clues for making new classes of biological

materials having uncommon properties. For example,

directed growth of biological tissues from cells on designed

substrates may have the strong linear, reversible, and

repeatable force response under large stretches.

Two component force response

The sensor shown in Fig. 1F was used to measure the

force response of an MKF. Here, the silicon chip was moved

by the piezoelectric actuator in the x direction. Now, the

probe tip moves along both the x and y directions, giving

cell deformations Dx and Dy. Fig. 4A shows the measured

sensor deflections (wx,wy), for the cell as it was stretched

and un-stretched. We find that the deflection response is

strongly reversible and repeatable for the first three

stretching and un-stretching cycles (i.e., Stretching-1 and

Un-stretching-1, Stretching-2 and Un-stretching-2, and

Stretching-3 and Un-stretching-3). The linear trendline for

the Stretching-1 gives wy = �0.61 wx, which is close to the

theoretical relationship wy = �0.63 wx for Fy = 0. How-

ever, at the last few data points of Un-stretching-1, (wx,wy)

significantly deviates from wy = �0.61 wx, implying Fy.

There is also a significant deviation near the end of Un-

stretching-2 and the beginning of Stretching-3 from this

linear trendline. But, the overall trend of (wx,wy) for each of

the stretching or un-stretching process in these three cycles

shows that the force component in the y direction can be

neglected.

Fig. 4B shows the cell deformations, (Dx,Dy), for the

cyclic cell stretching and un-stretching experiment. Here,

the maximum cell deformation for each cycle decreases for

the first three cycles. The cell deformation is strongly

reversible for each cycle of these three cycles, which implies

that the cell recovers its original state by tracing back its

original deformation process. Fig. 4C shows the plot of the

cell force response versus the corresponding cell deforma-

tion in the x direction. We see strong linear and reversible

cell force response for each of the first three cycles of the

stretching and un-stretching. We again see that, at some cell

deformations, the force response for the unloading processes
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is higher than that for the corresponding loading processes

of these three cycles. In Figs. 4B and C, the shifts in the cell

deformation and force response plots between the first three

stretching and un-stretching cycles are due to the produced

permanent deformation in the y direction. Fig. 4D shows the

phase image right before the force response measurement,

where the relative displacements between the reference

point and the measurement point in the x direction indicate

the force after initial cell deformation. Figs. 4E–G corre-

spond to the points E–G in Fig. 4C, respectively. Figs. 4D–F

show that the cell underwent rotation with respect to a fixed

point, thus aligning along the stretch direction.

Effect of Cyto D treatment

In order to explore the role of actin filaments in taking

the cell force response, experiments were carried out on

MKFs before and after treating them with Cyto D (Sigma,

10 Ag ml�1). An initial stretch was applied to each cell and

its force response was measured. Cyto D was then applied.

For the experiment shown in Fig. 4, the cell changed its

shape and relaxed (see Figs. 4G and H) within 3 s after the

application of Cyto D. Its shape and force response remain

unchanged within the following 5 min, after which the cell

was stretched and its force response measured. This

observation of fast cell relaxation within few seconds and

remaining stable afterwards is in contrast to the results

reported in Ref. [40], where it took 20–120 min for Cyto D

to take effect. There was also no detachment of the cell from

the substrate or the probe during the measurements bAfter
Cyto DQ. Note the three cycles of stretching and un-

stretching measurements (already discussed in the above)

conducted before the application of Cyto D are marked by

bBefore Cyto DQ in Fig. 4. The cell deformations, sensor

deflections, and force response for bAfter Cyto DQ were

measured relative to the initial configuration of the cell

when Stretching-4 was started.

In Fig. 4, two cyclic stretching and un-stretching (i.e.,

Stretching-4 and Un-stretching-4, and Stretching-5 and Un-

stretching-5) for bAfter Cyto DQ were done. From Fig. 4A,

we see very small sensor deflections for bAfter Cyto DQ.
From Fig. 4B, we see a significant decrease in the cell

deformation in y direction for bAfter Cyto DQ. The small cell

deformation in the y direction but large deformation in the x

direction implies that the cell force acting on the sensor is

negligible, i.e., the sensor is moving almost as a rigid body

in the x direction. From Fig. 4C, by comparing the trends of

the cell force response for bBefore Cyto DQ and bAfter Cyto
DQ, respectively, we see the cell force response is almost

100% suppressed due to treatment of Cyto D, which shows

that the actin filaments are the primary contributors in

providing cell force response. The hysteresis in cell force

response for the first stretching and un-stretching cycle of

bAfter Cyto DQ is much larger than bBefore Cyto DQ.
We also observed significant viscous force response for

bAfter Cyto DQ. For example, in the first stretching process



Fig. 4. Cyclic cell stretching and un-stretching force response measurement of a monkey kidney fibroblast by the force sensor shown in Fig. 1F and the effect

due to Cyto D treatment. (A) Sensor deflections in the x and y directions. (B) Cell deformations in the x and y directions. (C) Cell force response versus the cell

deformation in the x direction. (D) Phase image right before the force response measurement. (E–G) Correspond to the phase images for the points E–G for

bBefore Cyto DQ in C, respectively, and G is also the phase image right before the addition of Cyto D. (H) Phase image 3 s after the addition of Cyto D. (I–K)

Correspond to the phase images for the points I to K for bAfter Cyto DQ in C, respectively.
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for bAfter Cyto DQ, we fixed the sensor base at cell

deformations of 33.0 Am and 2.1 Am (in the x and y

directions, respectively). We found, after 1 min, the cell

deformations changed to 34.1 Am and 1.1 Am, while the x

component cell force relaxed from 5.8 nN to 0 (note that

the x component of the absolute cell force response is still

not 0 since the cell force response data are measured

relative to the initial configuration of the cell after contact

with the probe, where the probe is subjected to a small

force). In the second stretching process for bAfter Cyto DQ,
similarly, we fixed the sensor base at cell deformations of

33.3 Am and 0.5 Am in the x and y directions, respectively.

After 1 min, the corresponding cell deformations changed
to 34.3 Am and 0.3 Am, while the x component cell force

relaxed from 7.0 nN to 3.5 nN. Note that we did not

observe any appreciable relaxation for bBefore Cyto DQ,
which suggests that the viscosity of the cell for bAfter
Cyto DQ might be much larger than that for bBefore Cyto

DQ. The enhanced viscosity for bAfter Cyto DQ is possibly
due to depolymerization of actin filaments (which may

increase the viscosity of the cytoplasm). However, in Fig.

4B, for bAfter Cyto DQ, the cell recovers its original state

by following the deformation history of the stretching

process except the small plastic deformation, which

indicates the role of the elastic cell membrane in the

recovery process.
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Figs. 4G and H show the cell right before the application

of Cyto D (i.e., the end point of Un-stretching-3) and 3 s

after. The latter shows the decrease of cell force response

(compare the sensor deflection). Figs. 4I–K correspond to

images for the points I–K for bAfter Cyto DQ in Fig. 4C,

respectively. The cell shape and deformation recovery for

the un-stretching process is reflected in these figures. Figs.

4H and I show that the cell continued to relax during the

initial stretching stage for bAfter Cyto DQ.
Conclusions

We have demonstrated that functionalized bioMEMS can

be applied as a simple basic tool for manipulating living

cells and measuring their force response. The cell force

response has been shown to be strongly linear, reversible,

and repeatable subject to large stretches. Cells aligned with

the stretch direction, which makes the transverse force

response negligible. Actin filaments have been shown to

play a dominant role in taking the cell internal force.

Without actin filaments, cell force response is relatively

negligible.
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Appendix A

For the sensor shown in Fig. 1F, the displacements of the

probe tip in the x and y directions are induced by either Fx

or Fy or both. For example, Fx deforms the sensor beam in

the x direction and rotates its free end. This rotation tilts the

rigid bar, which moves the probe tip in the y direction.

Similarly, Fy also induces sensor deflections in both x and y

directions. In Fig. 4A, the absolute maximum sensor

deflection in the x direction is 11.8 Am, which is only

1.18% of the length of the sensor beam (L1 = 1 mm). The

absolute maximum sensor deflection in the y direction is 7.2

Am, which is only 1.68% of the length of the rigid bar

(L2 = 429 Am). Thus, we assume that the beam is subjected

to small deformation and rotation in finding the analytical

expressions for the sensor deflections.

The deflection in the x direction and rotation (positive

counterclockwise) at the free end of the beam induced by Fx

alone are given by FxL1
3/3EI and �FxL1

2/2EI, respectively,

and such a rotation induces a sensor deflection of (�FxL1
2/

2EI)L2 in the y direction. Fy creates a bending moment

FyL2 at the free end of the beam, which in turn alone
induces a deflection in the x direction and rotation at the free

end of the beam of �FyL2L1
2/2EI and FyL2L1/EI, respec-

tively, and such a rotation induces a sensor deflection of

(FyL2L1/EI)L2 in the y direction.

According to the linear superimposition, the total sensor

deflections induced by Fx and Fy combined are given by

wx ¼
FxL

3
1

3EI
� FyL

2
1L2

2EI
and wy ¼ � FxL

2
1L2

2EI
þ FyL1L

2
2

EI

ðA1Þ

for the x and y directions, respectively. By inverting Eq.

(A1), Eq. (2) is obtained, which is

Fx

Fy

�
¼ 2EI

L1

6
L2
1

3
L1L2

3
L1L2

2
L2
2

#
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wy

�
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