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Optical magnetic twisting cytometry and traction force microscopy are two advanced cell
mechanics research tools that employ optical methods to track the motion of microbeads that are
either bound to the surface or embedded in the substrate underneath the cell. The former
measures rheological properties of the cell such as cell sti®ness, and the latter measures cell
traction force dynamics. Here we describe the principles of these two cell mechanics research tools
and an example of using them to study physical behaviors of the living cell in response to
transient stretch or compression. We demonstrate that, when subjected to a stretch�unstretch
manipulation, both the sti®ness and traction force of adherent cells promptly reduced, and then
gradually recover up to the level prior to the stretch. Immuno°uorescent staining and Western
blotting results indicate that the actin cytoskeleton of the cells underwent a corresponding dis-
ruption and reassembly process almost in step with the changes of cell mechanics. Interestingly,
when subjected to compression, the cells did not show such particular behaviors. Taken together,
we conclude that adherent cells are very sensitive to the transient stretch but not transient
compression, and the stretch-induced cell response is due to the dynamics of actin polymerization.

Keywords: Optical tracking; magnetic twisting; microbeads; motion; sti®ness; traction force; cell
mechanics.

1. Introduction

In living organisms, many types of adherent cells are
subjected to transient stretch. For example, airway
smooth muscle cells are transiently stretched during
a deep inspiration. Compared to chronic repetitive
stretch, transit stretch has been less studied in the
past probably due to the di±culty to apply such
maneuver to the cell and then measure the corre-
sponding mechanical responses. However, during
the last decade, increasing new technologies have
emerged, which enable us to tackle more complex
problems in cell mechanics. Among these are two
optically-based microscopic techniques, namely

optical magnetic twisting cytometry (OMTC) and
traction force microscopy (TFM).1,2 Both OMTC
and TFM use optical methods to track motion of
microbeads that are either bound to the surface of,
or embedded in the substrate underneath the cell.
With OMTC, the rheological properties of the cell
such as cell sti®ness can be measured, while with
TFM the dynamics of traction force that the cell
exerts to its surrounding environment can be
quanti¯ed. Initially, OMTC and TFM were two
separately developed techniques for probing either
cell sti®ness or intracellular contractile tension.
But it was quickly found that, the cell sti®ness
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quanti¯ed by OMTC and the intracellular tension
quanti¯ed by TFM are actually two closely associ-
atedmechanical properties of the cell.3 Thus, OMTC
and TFMbecome widely used in combination for cell
mechanics studies. Furthermore, OMTC and TFM
can be supplemented by immuno°uorescent staining
and confocal microscopy to assess dynamics of the
actin cytoskeleton while the cell is subjected to
mechanical loading. Together, this suite of optically-
based cell assays provides powerful means to inves-
tigate the nature of dynamic changes of cellular
structure and function in response to mechanical
stimulus. The purpose of this article is to introduce
to a wider research community the application of
these techniques to address important cell mechanics
questions and the potential implications to better
understanding regulatory mechanisms of health and
disease.We¯rst describe the principles ofOMTCand
TFM, respectively, and then follow with an example
of using these techniques to demonstrate that a
transient stretch would cause the living cell to °ui-
dize, and upon cessation of the stretch, the cell would
gradually resolidify over time.4�6 In contrast, a
transient compression on the cell causes little changes
in cell sti®ness, suggesting that di®erent mechanisms
maybe involved in the cell's response todi®erent type
of mechanical loading. Examination of the dynamics
of the actin cytoskeleton reveals that, the transient
stretch-induced cell °uidizationmay at least, in part,
be attributed to the disruption of actin ¯laments,
possibly involving down-regulation of actin binding
proteins such as co¯lin. All together, it shows that
optically tracking themotion ofmicrobeads either on
or around the cell can provide useful information
regarding cell dynamics, but the observed physical
behaviors of the cell in response to transient stretch or
compression are far from being fully understood.

2. Methods and Materials

2.1. OMTC for measuring cell sti®ness

To measure rheological properties of the cell, par-
ticularly the cell sti®ness, ferrimagnetic beads
(diameter 4.5�m) were coated with synthetic RGD
peptide that would enable the beads to bind
speci¯cally to the actin cytoskeleton of the cell via
cross-membrane integrin proteins. The GD-coated
beads were added to cells cultured in cell culture
dishes and allowed to bind to the integrin receptors
on the cell surface for about 20min (as shown in the
top left of Fig. 1). Then the beads were magnetized
horizontally and subsequently twisted in an oscil-
latory magnetic ¯eld with a frequency of 0.75Hz
(Fig. 2 lower right). The motion of these beads was
observed under optical microscope and tracked by
consecutive imaging and an algorithm that exacts
the bead center position.1

The ratio of the applied mechanical torque to the
resulting lateral bead displacement was de¯ned as
the complex elastic modulus

G� ¼ G 0 þ jG 00

Fig. 1. A sketch presentation of the principle of optical
magnetic twisting cytometry — modi¯ed from Fabry et al.
PRL, 2001.1

Fig. 2. Phase-contrast image of the cell (left) and °uorescent image of the microbeads embedded in the soft polyacrylamide gel
substrate, as well as the computed traction force distribution as shown by the small arrows and the net contractile moment
represented by big arrows (right).
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where G 0 is the elastic modulus, or cell sti®ness,
which has units of Pascal per nanometer,G 00 is a loss
modulus, and j is the unit imaginary number �1.

2.2. TFM for measuring cell traction

force to the substrate

To measure the amount of traction force exerted by
the cell to its substrate, °uorescent microbeads
(diameter 200 nm) were embedded within the soft
polyacrylamide gel substrate onto which cells were
adhered. The substrate surface was pre-coated with
collagen I to promote cell attachment, and the °u-
orescent microbeads-embedded polyacrylamide gel
was prepared according to a previously described
protocol.2,7 Phase-contrast images of the single cell
(Fig. 2 left) and images of the °uorescent micro-
beads directly underneath the cell (Fig. 2 right)
were taken at di®erent time points including that
during the no-load baseline period, before the onset
of the stretch, after stretch cessation, and following
cell detachment by trypsinization at the end of ex-
periment. Cell traction ¯eld was computed using
Fourier transform traction cytometry, which will be
described in more detail in the Refs. 7 and 8.

Brie°y, the two images of the micropatterned
beads plus the phase-contrast cell image were taken
to calculate the displacement ¯eld of the gel gen-
erated by the cell, and the projected cell area was
also calculated based on the cell contour determined
from the phase-contrast image obtained at the start
of the experiment. The image taken after the cell
was released from its adhesions by trypsin, i.e.,
when the gel was free of cell traction force, was used
as the reference image, and the displacement ¯eld
between the reference image and the other image
taken at a time when the adherent cell was present
was determined by image correlation method
(ICM). According to correlation theorem, the
Fourier transform of a correlation of two functions,
here the two images, is the product of the Fourier
transform of one function and the complex con-
jugate, thus the cross-correlation between the two
images can be established and calculated using fast
Fourier transform inMATLAB (MathWorks). From
this calculation, the coordinates of the peak of the
correlation function between these two images can be
identi¯ed, and one of the images was translated
with respect to the other by uniform displacement.
Next, the displacement ¯eld between the two

corrected images is calculated starting from a low
spatial resolution and re¯ning the calculation to
higher resolutions. Images are ¯rst divided into
large distinct windows of equal size. The displace-
ment of each window is calculated as described
above for the whole images. The procedure is
repeated until all the windows in the two images
best match each other, which results in a displace-
ment ¯eld between these two images. From the
displacement ¯eld, the traction force that is de¯ned
as the stress imposed on the gel substrate by the
adherent cell, can be calculated based on the
Boussinesq solution for the displacement ¯eld on a
surface of a semi-in¯nite solid.7 For each traction
¯eld within a 50 �m� 50 �m square, the magni-
tude and the direction of the vectors corresponding
to the traction imposed on the gel underneath the
cell yielded a scalar measure of cell contractility (net
contractile moment, or strain energy), which is the
total energy (in pJ) transferred from the cell to the
substratum as shown in right panel of Fig. 2.8

2.3. Application of transient biaxial

stretch to the cell

In order to apply a uniform biaxial stretch to the
cell, two di®erent devices can be employed. One is a
vacuum-driven device that is similar to the con-
ventional Flexcell stretcher but speci¯cally designed
to operate under an inverted optical microscope.4

The other is an annular punch indenter that was
designed to deform an elastic substrate under the
microscope as shown in Fig. 3(a).5 The di®erence
between these two methods is that the former
applies a stretch to the whole area of the device,
whereas the latter can stretch only a portion of the
area that is inside the indenter annulus while the
area outside the indenter annulus can be kept
unstretched. Because of this advantage of the annu-
lar punch indenter, we describe it in more detail
in the following.

The indenter was mounted to a microscope and
set coaxial to the objective lens. When the indenter
was lowered manually by a calibrated distance onto
the underlying elastic substrate, the surface within
the indenter annulus would bulge and thus undergo
a stretch (Fig. 3(a), side view). In the central region
of this bulged substrate, the imposed strain was
nearly uniform and biaxial. The strain was pre-
determined by the extent of lowering of the indenter.
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Accordingly, the cell adherent upon that surface
was subjected to a biaxial stretch. When the punch
indenter was lifted, the elastic substrate would
recoil back to an unstretched state and the cell would
have undergone one cycle of transient stretch. This
was called a stretch�unstretch maneuver.

The magnitude of the applied biaxial stretch was
scalable within the physiological range (0�20%)
and highly reproducible. To verify and calibrate
the stretch ¯eld, °uorescent beads were embedded
in the substrate of soft polyacrylamide gel
(thickness ¼ 700�m), and the bead marker pos-
itions were obtained before and after a prescribed
indentation with the annular punch indenter, in this
case with an inner and outer diameter of 2 and
3mm, respectively. The displacement ¯eld was
calculated based on relative changes in embedded
°uorescent bead marker positions. Despite variable
maximal displacement magnitude, the strain ¯eld
in the central region (200�m2 � 200�m2) was
always almost homogeneous and uniform as shown
in Fig. 1.5

The experimental protocol of transient stretch�
unstretch maneuver to the cell is shown in Fig. 4.
For each experiment, the cell was ¯rst measured for
its baseline values. Then, a 10% stretch was applied
to the cell by the punch indenter. The stretch�
unstretch maneuver lasted about 4 s. After cessa-
tion of the stretch, the measurement was immedi-
ately resumed as quickly as possible (in �1 s) and
repeated at subsequent time points until 300 s.

2.4. Cell culture and pharmacological

interventions

Human bladder smooth muscle (HBSM) cells were
cultured in Dulbecco's modi¯cation of Eagle's
medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), penicillin (100U/ml) and
streptomycin (100mg/ml), and were placed in a
humidi¯ed incubator at 37�C and 5% CO2. Cells
between passages 3�7 were used for all exper-
iments, and they were serum deprived for 24 h
before being tested. For OMTC measurements and
actin staining, cells were seeded at, 200� 103 cells/
well on gel substrates on deformable membranes
(type I collagen coated; Flexcell International Cor-
poration) 24 h before experiment. For traction force
measurement, cells were seeded sparsely (�2� 103

cells/well) on type I collagen coated polyacrylamide
gel substrates 4 h before experiment; LY294002
(inhibits the PI3K, 10mM), Triciribine (speci¯cally
inhibits the Akt/PKB, 10mM), SB203580 (inhibits
p38 MAP kinase pathway, 10mM) were used as
pharmacological intervention to modulate the cell
cytoskeleton.

2.5. Soft substrate preparation

Polyacrylamide gel substrates were prepared
according to previous protocols.2,7 The gels were
made within 35mm dishes (glass bottom, uncoated,
P35-G-020-C; MaTek). The diameter and the depth
of the gel substrates were 20mm and 700�m,
respectively. The ratio between acrylamide (Bio-Rad
Laboratory) and bis-acrylamide (Bio-Rad Labora-
tory) were adjusted to be 40 and 2%, respectively,

Fig. 4. Experimental protocol of cell stretch. Measurements
were ¯rst carried out before applying stretch. Then a 10%
stretch was quickly applied and released by the punch indenter
within 4 s. Measurements were carried out immediately fol-
lowing cessation of the stretch in �1 s, and at subsequent time
points until 300 s.

stretch

-100  -50  0  50  100
X (µm)

side view top view stretch field

in
de

nt
in

g

objective

Fig. 3. Sketch of the annular punch indenter for biaxial cell
stretch and the side view of stretch pro¯le (a), and the stretch
¯eld was veri¯ed by the localized vector displacements of °u-
orescent beads embedded in the substrate gel as indicated by
arrows, and their magnitude by color (b) — modi¯ed from
Krishnan et al. PLoS One, 2009.5
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resulting in a Young's modulus at 4 kPa that is
optimal for cell proliferation. After gel polymeriz-
ation, the substrates were coated with 1.5ml of
collagen I solution (0.1mg/ml; Inamed Biomater-
ials) and stored overnight at 4�C. On the next day,
the gels were washed with phosphate bu®ered
saline, hydrated with 2ml of DMEM supplemented
with 0.5% FBS and stored in an incubator at 37�C
and 5% CO2.

3. Results and Discussion

Some recent results obtained by the aforementioned
optical-based techniques of the cell response to
transient stretch in terms of sti®ness, traction force,
and F-actin dynamics are given as follows. In order
to compare results from various experiments, we
divided all results of each experiment by the base-
line value that was measured immediately before
the stretch�unstretch maneuver, and denoted the
ratio as normalized results. With regards to cell
sti®ness, the normalized sti®ness (G'n) denotes cell
sti®ness after transient stretch-unstretch relative
to sti®ness of the same cells immediately before
stretch. In doing so, each cell becomes its own control,
which greatly increased the statistical power.

When cells were not subjected to stretch, the cell
sti®ness was relatively constant. However, when a
single transient stretch was applied to the cells, the
normalized cell sti®ness, G'n, promptly decreased
immediately after the cessation of stretch, but then
gradually recovered to its baseline level in about
5min (Fig. 5). The stretch induced about 50%

reduction of cell sti®ness (p < 0:01). What may be
more important is that, this physical response
appeared to be independent of cell mechan-
otransduction signals. For example, when cells were
treated with a variety of pharmacological agents
that are known to inhibit cell mechanotransduction
during a stretch and hold maneuver, including
LY294002 (inhibits the PI3K), Triciribine (speci¯-
cally inhibits the Akt/PKB), SB203580 (inhibits
p38 MAP kinase pathway),9�11 the response of cell
sti®ness to transient stretch hardly changed fashion,
indicating that the e®ects of these inhibitors
were negligible on cell sti®ness during a transient
stretch�unstretch maneuver (p � 0:05) (Fig. 5).

Furthermore, unlike the transient stretch, when
cells were subjected to a similar magnitude transient
compression, by an unstretch�restretch maneuver
using the same punch indenter, the normalized cell
sti®ness, G'n, did not change as shown in Fig. 6.
The di®erent e®ects to cell sti®ness between tension
and compression can be explained by the mechan-
ical property of cytoskeleton. In the cytoskeletal
network, the actin ¯laments are under tension
whereas the microtubules are under compression,
and the contribution of microtubules to overall cell
sti®ness is relatively smaller. Therefore, when we
apply a transient compression of moderate magni-
tude to cells, the microtubules bear the compression
and the F-actin is not so in°uenced.

In accordance to the cell sti®ness changes, the
cell traction force microscopy results showed that
the cell exhibited a similar response to a transient
stretch. Immediately after the stretch�unstretch
maneuver, the traction force map indicated a great
extent of decrease of the overall contractile moment

4s

Stretch Post-StretchPre-stretch

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1 10 100 300
t(s)

G
'n

4s

Stretch Post-StretchPre-stretch

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1 10 100 300
t(s)

LY294002

PD98059

Triciribine

SB203580

Control

Y27632

LatA

Fig. 5. Cell sti®ness changes in response to a transient stretch.
All results are presented as median�SE, n ¼ 244�709 beads
were measured in each experiment, and Kruskal�Wallis one-
way analysis was used to assess the results from di®erent
experiments, and �p < 0:05 is considered signi¯cant—modi¯ed
from our previously published results.6

0.4

0.6

0.8

1

1 10 100 300
0.4

0.6

0.8

1

1 10 100 300

Time after stretch (s)

G
'n

8.5% Compression
10%  Stretch

Fig. 6. Cell sti®ness changes in response to either a transient
stretch or a transient compression with similar magnitude of
strain.
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of the cell, but this reduction was largely recovered
in about 5min after the cessation of the stretch
(Fig. 7, upper panel). The change of the overall
contractile moment was accompanied by change in
the F-actin cytoskeleton as shown by the lower panel
of Fig. 7. Compared to F-actin ¯laments in unstret-
ched cells within the same dish but outside the
stretched region (Fig. 7, lower left image), theF-actin
cytoskeleton appeared to be largely ablated imme-
diately after exposure to the transient stretch (Fig. 7,
lower middle image), and the ablation was also lar-
gely recovered in about 5min (Fig. 7 lower right
image). These results display a clear evidence of dis-
ruption of F-actin ¯laments immediately following
stretch, and reassembly over time after stretch.

Quantitative analysis of both traction force map
and °uorescent image of F-actin cytoskeleton cor-
roborated the above observation of changes in cell
traction and cytoskeleton structure. The intensity
of °uorescent stained F-actin ¯laments was quan-
ti¯ed by image analysis using the MetaVue software
(Universal Imaging Corporation). Compared to the
cells before stretch, the overall contractile moment
of the cells decreased to a level of 10% relative to
that of the pre-stretch but recovered to about 60%
of the pre-stretch level (Fig. 8, solid bars). Similarly,
the °uorescence intensity of F-actin cytoskeleton
decreased by about 50% of that of pre-stretch, and
almost completely recovered in 5min (Fig. 8 empty
bars). The contractile moment of F-actin intensity
recovered in similar fashion after the cessation of
stretch�unstretch maneuver, but with di®erent
extent of recovery. In 5min after the cessation of
the transient stretch, both cell sti®ness and F-actin
cytoskeleton recovered almost completely (90% and

100%, respectively), but the contractile moment
only recovered up to 60%.

This di®erence of traction force recovery from
that of cell sti®ness or F-actin cytoskeleton is likely
attributable to slight di®erences in experimental
protocols because tractions were measured in single
isolated cells, whereas cell sti®ness and F-actin
cytoskeleton measurements were performed in con-
°uent cell layers. To further con¯rm these e®ects,
the levels of ¯lamentous (F) and globular (G) actin
in cells were measured by Western blotting. When
cells were subjected to transient stretch; over the
short duration of the experimental maneuver, the
total amount of actin must be conserved, and
the relative levels of F-actin and G-actin would
re°ect the dynamics of shift balance of actin poly-
merization/depolymerization. We found that the

30 s 4 s 300 s t (s)1 s

Stretch

30 s 4 s 300 s t (s)

Pre-stretch Post-stretch

1 s

Fig. 7. Images of cell traction force microscopy (a) and F-actin ¯laments (b). For assessing F-actin ¯laments, cells cultured on
polyacrylamide gel were ¯rst ¯xed with 4% formaldehyde in PBS (10min) and permeabilized with 0.1% triton X-100 in PBS
(10min). Then the cells were stained with Oregon Green 488 phalloidin (Molecular Probes). Thus F-actin ¯laments in the cells were
visualized and imaged by confocal laser scanning microscopy (Nikon Eclipse TE300, 40� oil).

Fig. 8. The quantitative results of normalized contractile
moment and F-actin intensity before and after a transient
stretch�unstretch maneuver. The results are presented as
median�E, n ¼ 9 cells used for cell traction force microscopy,
and n ¼ 14�29 cells used for assessing F-actin intensity. Two-
tailed unpaired Student's t-test was used for comparing group
di®erences �, �� denote p < 0:05, 0.01, respectively.
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pro¯le of phosphotyrosine protein phosphorylation
did not change appreciably, but there was a com-
plete ablation of F-actin levels immediately after
stretch (p < 0:01) and slow recovery to pre-stretch
levels in 5 min (Fig. 9).

The Western blotting results of changing balance
between F- and G-actin expressions con¯rmed that
the transient stretch does cause a prompt disruption
of the F-actin cytoskeleton, which in turn is largely
responsible for the °uidization of the cell immedi-
ately after a transient stretch. However, it is not
known what underlying mechanisms are involved in
the regulation of this rapid change of actin poly-
merization dynamics. One possibility is that the
quick loading of large strain on the F-actin ¯laments
due to transient stretch may a®ect the confor-
mation or activity of actin binding proteins such as
co¯lin, and leads to depolymerization of actin ¯la-
ments. To test this possibility, we examined the
expression level of phosphorylated co¯lin in the cell
before and after the transient stretch. The results
indicate that the level of phosphor�co¯lin indeed
decreased signi¯cantly immediately after the stretch
(p < 0:05), but quickly recoveredafterward (Fig. 10).
This suggests that the transient stretch caused down-
regulation of co¯lin activity, which is likely to con-
tribute to the depolymerization of actin ¯laments.
However, the decrease of phosphor�co¯lin level was
relatively small and may not be su±cient to fully
explain the stretch-induced disruption of actin ¯la-
ments. Other players and their roles in orchestrat-
ing cell °uidization/resolidi¯cation remain to be
elucidated.

4. Conclusion

Taking together, these ¯ndings observed by the
optically-based methods reveal that for the adher-
ent cell such as the isolated HBSM cell, a transient
stretch induces quick disruption of the F-actin
cytoskeleton in the cell, followed by slow reassem-
bly. This F-actin cytoskeleton dynamic change
appears to underlie the prompt ablation and slow
recovery of both cell sti®ness and contractile
moment ablation. These phenomena induced by
transient stretch is either di®erent from those
induced by steady stretch or absent when a transi-
ent compression is applied to the cell. This implies
that, the adherent cell as a mechanosensor can
detect and properly respond not only to the mag-
nitude (the amount), but also the direction and
fashion (the way) of mechanical loadings.
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