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molecular structure and thereby alter cellular bio-
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A magnetic tweezer was constructed to apply con-
rolled tensional forces (10 pN to greater than 1 nN) to
ransmembrane receptors via bound ligand-coated
icrobeads while optically measuring lateral bead

isplacements within individual cells. Use of this sys-
em with wild-type F9 embryonic carcinoma cells and
ells from a vinculin knockout mouse F9 Vin (2/2)
evealed much larger differences in the stiffness of the
ransmembrane integrin linkages to the cytoskeleton
han previously reported using related techniques
hat measured average mechanical properties of large
ell populations. The mechanical properties measured
aried widely among cells, exhibiting an approxi-
ately log-normal distribution. The median lateral

ead displacement was 2-fold larger in F9 Vin (2/2)
ells compared to wild-type cells whereas the arith-
etic mean displacement only increased by 37%. We

onclude that vinculin serves a greater mechanical
ole in cells than previously reported and that this
agnetic tweezer device may be useful for probing the
olecular basis of cell mechanics within single

ells. © 2000 Academic Press

Key Words: mechanical stress; integrin; vinculin;
echanotransduction; focal adhesion; magnetometry.

Control of cell mechanics and shape is crucial for
any cellular functions, including growth, differentia-

ion, migration, and gene expression (1–6). The me-
hanical properties of the cell, in turn, are established
hrough a balance of mechanical forces: tension gener-
ted by actin filaments is counteracted by compression-
esistant extracellular matrix (ECM) anchors as well
s internal microtubule struts (7–10). Any alteration in
ell mechanics may therefore change the cell’s internal

1 To whom correspondence should be addressed at Department of
athology and Department of Surgery, Enders 1007, Children’s Hos-
ital, 300 Longwood Avenue, Boston, MA 02115. Fax: (617) 232-
914. E-mail: ingber@a1.tch.harvard.edu.
93
hemistry (11, 12). Consequently, many investigators
eek to analyze the mechanical properties of cells by
pplying controlled stresses to living cells and record-
ng the mechanical response. Techniques previously
mployed to apply controlled mechanical stresses to
ell surfaces include: micropipette aspiration (13–15),
ell poking (16–18), deformable culture substrates (19,
0), and fluid shear stresses (8, 21–23). All of these
ethods, however, lack molecular specificity in their
anner of stress application; they either distort whole

ells or large areas of cell membrane.
Forces applied to the cell surface are preferentially

ransmitted across the membrane and to the cytoskel-
ton through integrins which cluster within localized
CM binding sites (focal adhesions) (11, 24). Other
echanical manipulation techniques have therefore

een developed to apply mechanical stresses specifi-
ally to transmembrane integrin receptors and their
ssociated cytoskeletal proteins. These methods in-
lude use of either optical tweezers (25, 26), magnetic
wisting forces (24, 27), or magnetic dragging forces
28) to manipulate surface-bound microbeads coated
ith integrin receptor ligands. Optical tweezers can be
sed to pull on integrins on individual living cells, but
hey are limited to forces in the low piconewton (pN)
ange, and thus they cannot measurably deform the
ell after focal adhesions and associated strong connec-
ions between integrins and the cytoskeleton have
ormed (26, 29). Magnetic twisting cytometry (MTC)
ffers the ability to apply much larger forces (up to
500 pN) and thus, to probe deeply into the cell, even
fter focal adhesions have formed. However, MTC re-
uires that tens of thousands of cells be measured
imultaneously in order to sense the average bead ro-
ation in response to application of a magnetic torque.
ecause MTC only measures a population average, it
ay therefore obscure important behaviors of individ-

al cells.
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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In the present study, we constructed a magnetic
weezer based on the modification of a previously de-
cribed device (30) which permits us to quantitate me-
hanical properties of individual living cells in re-
ponse to application of a wide range of mechanical
ension (from pN to nN forces). These tensile stresses
re applied to specific cell surface integrin receptors
sing the same ligand-coated magnetic microbeads
hat are utilized in MTC. These beads have been pre-
iously characterized in detail in terms of their ability
o bind integrins with high specificity and to induce
ocal adhesion formation (31). To determine the value
f this technique, we measured the mechanical prop-
rties of F9 embryonic carcinoma cells from a vinculin
nockout mouse F9 Vin (2/2) which have been previ-
usly shown to exhibit a 21% decrease in stiffness
elative to wild-type F9 cells when measured with
TC (32). Here we show that because cells exhibit a

og-normal distribution of mechanical properties when
easured individually using the magnetic tweezer, a
uch larger (more than 2-fold) difference in stiffness

FIG. 1. Diagram of the magnetic tweezer. The goal of the magn
lectromagnet and the cell. The magnet is mounted on a micromanipu
o 37°C and cold water circulating through the brass housing of the m
t. A microscopic view (inset) of the area on the coverslip shows the b
o the position of the tip of the magnet (M).
94
ould be detected in F9 Vin (2/2) cells relative to
ild-type cells.

ATERIALS AND METHODS

Experimental system. Wild-type F9 and F9 Vin (2/2) mouse em-
ryonic cells were maintained on tissue-culture treated plastic
ishes in high glucose (4.5 g/L) Dulbecco’s modified Eagle’s medium
ith 10% calf serum, 20 mM Hepes, and 100 U/ml GPS (penicillin-

treptomycin), as previously described (33). Cultured cells were
rypsinized and plated in fresh medium for 12 h on 35 mm circular
etri dishes with a glass coverslip bottom (Mattek) coated with 500
g/cm2 fibronectin before adding magnetic beads. Tosyl-activated
uperparamagnetic beads (4 3 107 Dynabeads/ml; 4.5 mm diameter;
ynal) were coated with a synthetic RGD-containing peptide (Pep-

ite-2000; Integra) in phosphate buffer solution and added to cul-
ured cells (2 3 105 beads/ml), as previously described (24). The cells
ere incubated for 30 min before the cells were washed free of
nbound beads and magnetic pulling was initiated.

Magnetic tweezer. To construct the magnetic tweezer, a thousand
urns of 30 gauge copper wire were wound around the shaft of a pole
6 cm long, 0.5 cm diameter shaft, 30 mm diameter tip) made from a
agnetic alloy, HyMu 80 (Carpenter, Reading, PA). The shaft and

oils were enclosed in a brass housing from which the wire leads,

tweezer technique is to arrange a small “tug-of-war” between the
or secured to a light microscope, with the entire working area heated
et to prevent overheating of the wire as high current passes through
s (4.5 mm diameter) bound to the surfaces of cultured cells relative
etic
lat
agn
ead



water inlet and outlet, and pole tip protrude (Fig. 1). The wire leads
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ere connected to a variable power source that provided a potential
ifference between 1.0 and 15 V. The resistance of the coiled wire
as 10 V; this corresponds to currents ranging from 0.1 to 1.5
mperes (amp).
The force applied to each magnetic bead is a function of the

istance between the bead and the tip of the electromagnet. It also
epends on the current through the magnet and the mass and
agnetic mass susceptibility of the beads (in this case, 16 3 1025

3/kg). The magnetic tweezer was calibrated by pulling the 4.5 mm
iameter beads through a glycerol solution with a known high vis-
osity (1 kg/m/s, or 1000 centipoise). After recording the beads’ ve-
ocities through the fluid, Stokes’ Formula for low Reynolds number
ow was used to deduce the forces. [Force 5 3phDv, where h is the
iscosity of the fluid; D is the bead diameter, and v is the velocity of
he bead through the fluid.] The magnet tip was positioned less than

mm above the coverslip (within the liquid medium). When the
lectromagnet was turned on, the beads migrated toward the magnet
ip and displacements were quantitated using a video camera and
PLab image analysis software; bead velocity was then plotted
gainst the distance from the tip. Using Stokes’ Law, the force on the
ead was deduced from its velocity and thus, a force versus distance
elationship could be determined for various driving currents.

Cell pulling. Cells with bound beads were maintained at 37°C on
Nikon Diaphot microscope stage and positioned at a distance of 300
m from the tip of the magnet. A still image was captured through a
AGE MTI CCD camera using the Apple Video Player frame grabber

or Macintosh. The magnet was then turned on at 1.0 amp current to
roduce a force of 180 pN on each bead bound to the cell; after 5 s
nother still image was captured. The current through the magnet
as then returned to zero, and five seconds later, a third image was

aptured. This triplet of OFF–ON–OFF images was used to obtain a
alue for bead displacement and recoil in response to magnetic stress
pplication and release. A Matlab image analysis program calculated
hese bead positions with subpixel resolution. This procedure was
hen repeated with multiple cells per dish, always ensuring that the
istance between the different regions examined was significantly
arge (.3 mm) to be sure that the next cell examined had not
xperienced any significant force from the previous measurements.

ESULTS AND DISCUSSION

This work was initiated to explore whether a mag-
etic tweezer (Fig. 1) would be useful for noninvasive
nalysis of cell mechanics, and in particular, for quan-
itation of changes in the mechanics of the integrin–
ytoskeleton linkage that result from alterations in the
xpression of specific cytoskeletal proteins within sin-
le cells. Calibration studies carried out using the mag-
etic tweezer to pull beads through a high viscosity
1000 centipoise) glycerol solution resulted in the de-
elopment of reproducible force–distance relationships
or the different currents used in these studies (Fig. 2).
y varying the current and the distance from the tip,

orces ranging from a few pN to in excess of 1 nN could
e applied to 4.5 mm magnetic beads. However, when
igh forces were applied at low currents (0.1 or 0.5
mp), the measured force changed drastically with dis-
ance and thus, small variations in distance could sig-
ificantly alter the level of force applied. In our studies,
e therefore used a higher current (1 amp) to drive the
agnet, which displays a more linear relationship be-

ween force and distance and maintains significant
95
evels of force (150 to 225 pN) over a wide range of
istance.
In all experiments, the beads analyzed were 300 mm

rom the tip of the magnet; at 1 amp, this corresponds
o a pulling force of 180 pN (Fig. 2C). With this level of
tress application, bead displacement was minute, but
ometimes discernable as a slight jump toward the
agnet. The Matlab image analysis program, however,

s able to resolve even very small displacements with
n accuracy (rms) of 20 nm. Subtraction of images
ecorded before (Fig. 3A) and after stress application to
ells revealed displacement of the beads in response to
agnetic tension as a thin white crescent on a black

ackground (Fig. 3B).
The magnetic tweezer was constructed with the goal

f applying focused and quantifiable mechanical stress
o individual cells in culture, perhaps revealing me-
hanical characteristics not readily discernable in
raditional cell population studies. We examined
inculin-deficient F9 cells because the population-
ased properties of these cells are well characterized
32, 33) and thus, they serve as benchmarks with
hich the results of the present study may be com-
ared. When a large number of individual wild-type
n 5 213] and Vin (2/2) [n 5 246] F9 cells were
nalyzed, we found that the number of beads that
ompletely detached from cells upon stress application

FIG. 2. Calibration of the magnetic tweezer. The relationships
etween distance and force for application of currents through the
agnet of 0.1 (A), 0.5 (B), and 1 (C) amp. Differently shaped data

oints refer to distinct beads as their journey toward the magnet tip
as tracked. Note that the force on a bead could be tuned from a few
N to in excess of a nN. The magnetic tweezer was driven with 1 amp
n all subsequent experiments and the tip of the magnet was held at
00 mm from the pole tip; this corresponds to a force of approximately
80 pN being experienced by beads.
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as similar and low in both cells (5.2% and 4.5%,
espectively). These results confirm that the cells’ bind-
ng affinities for the RGD-beads were both strong and
hus, that the absence of vinculin did not significantly
nterfere with the initial integrin binding interactions
r recruitment of other focal adhesion proteins to the
ead binding site, as previously demonstrated (32, 33).
Importantly, using this novel magnetic tweezer tech-

ique that permits cell-by-cell analysis, we discovered
hat the distribution of bead displacements was wide in
oth cell types (Figs. 4A and 4B). The data also dem-
nstrated a skewed distribution when a linear scale
as utilized, whereas a normal distribution appeared
hen plotted on a log-scale. This log-normal distribu-

ion was observed regardless of vinculin’s presence or
bsence and similar results were obtained with an-
ther cell type (endothelial cells) using this method.
he displacement in response to a fixed force of 180 pN
anged from less than 10 nm to above 1 mm (Fig. 4B).
his large variation in bead displacement could not be
ccounted for by differences in bead binding time since
ll beads were allowed to bind for 30 min prior to a
ulling trial. Moreover, beads that were pulled later in
n experiment did not appear to displace less.
Analysis of the log-normal distribution revealed that

he median displacement for the vinculin-deficient
ells was double that of the wild-type cells (120 nm
ersus 60 nm) whereas the mean was only 37% greater
or the Vin (2/2) cells (Fig. 4C). This latter result is
imilar to that previously obtained in the same cells
sing MTC, which measures population averages (32).
he fact that the difference between medians is signif-

FIG. 3. Visualization of bead displacement using computerized
agnetic tweezer produced visually discernable displacements whe

ntegrins. (A) A bright-field image of a Vin (2/2) F9 cell with a bead
mage created from the image shown in A by subtracting a second im
f stress through the magnetic tweezer. The tip of the magnet is
isplacement of the bead to the right in response to the applied force
ight edge of the bead (white arrow). Exact measurements of bead disp
lgorithm.
96
cantly greater than that between the means indicates
hat the displacements of the wild-type cells were more
ositively skewed than those of the Vin (2/2) cells.
ecause average bead displacement is dominated by
nly a few beads with large displacements, the median
ives a more representative value for all beads.
Given that vinculin normally serves to physically

nterconnect integrins to internal cytoskeletal ele-
ents within the FAC, it is not surprising that the

inculin-deficient cells exhibited a major increase in
ead displacement and thus, a major decrease in me-
hanical stiffness (median of approximately 1.5 3 1023

/m compared to 3.0 3 1023 N/m for wild-type cells, as
stimated based on pure elasticity), when measured
hrough integrins (Fig. 4). In fact, the larger effect
2-fold increase in displacements) measured by individ-
al cell analysis used in the present study is much
ore consistent with vinculin playing a major role as a

tabilizer of focal adhesion structure, as suggested by
he biochemical and cell biological literature (34, 35),
han the much smaller difference (approximately 21%
ecrease in stiffness) obtained with MTC (32). The
tructural importance of vinculin may actually be un-
erestimated by these measurements since previous
tudies have shown that other focal adhesion proteins
re up-regulated in the Vin (2/2) cells (36). The exis-
ence of alternative load-bearing connections between
ntegrins and the cytoskeleton in the vinculin-deficient
ells was also demonstrated by the fact that very few
eads became detached from the surface when large
tresses were applied to beads bound to integrins on
he surface of these cells. In contrast, application of

ge processing. The forces applied to the magnetic beads using the
he beads were coated with RGD-peptide and bound to cell surface
nd to its surface at the top right of the view. (B) A composite digital
e (not shown) of the same cell taken 5 s after application of 180 pN
sitioned 300 mm to the right and is not visible in this view. The
proximately 1 mm in this study) appears as a white crescent on the
ements, however, were obtained using a computerized pixel analysis
ima
n t
bou
ag
po
(ap
lac
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imilar forces to beads coated with a ligand for cell
urface metabolic receptors (acetylated low-density
ipoprotein) exhibited much larger displacements,
nd beads were easily pulled off the cells with the
agnetic tweezer (data not shown). The fact that a

og-normal distribution of bead displacements was
bserved independent of the presence or absence of
inculin and in different cell types also suggests that
he local mechanical properties of cells may be highly
ependent on the local structure of individual focal
dhesions. In fact, past immunofluorescent analysis
f recruitment of different cytoskeletal proteins to
he focal adhesion in response to binding of RGD-
oated microbeads revealed significant differences in
he composition of individual focal adhesion com-
lexes (31, 37, 38). For example, while most focal
dhesions in endothelial cells recruited talin 30 min
fter bead binding, less than 50% exhibited vinculin
t a similar time (37).
Displacements of cell surface-bound beads coated
ith integrin ligands have previously been analyzed

FIG. 4. Bead displacements in response to stress application in w
istographs plotted on linear (A) versus log (B) scales show the distri
N to cell surface-bound RGD-beads. The bead displacements were
istribution on a log scale, with geometric standard deviations of 3.9
ean displacements measured for wild-type versus Vin (2/2) F9 cel

isplacement approximately double that of their wild-type counterp
ncreased by about 37% (265 nm vs 193 nm, respectively).
97
sing another form of magnetic tweezer (30), but the
ide range of displacements in response to force
bserved in the present study was not noted. This
ay be because only 10 cells were examined in total

n that study. However, the authors did mention that
iscoelastic parameters may differ by up to an order
f magnitude from cell to cell, whereas values ob-
ained for each individual cell differed by much less.
n contrast, our results obtained with a much larger
ell sampling number (hundreds of cells) indicate
hat this range is, in fact, much greater than an
rder of magnitude, that it is log-normally distrib-
ted, and that mechanical values also can differ
reatly between different beads on the same cell. In
ny case, the present results indicate that examining
ell mechanics on an individual cell basis using the
agnetic tweezer technique reveals novel aspects of

he material properties of the integrin– cytoskeleton
inkage that are obscured in studies, such as those
nvolving MTC (32), which are based on analysis of
arge cell populations.

type versus Vin (2/2) F9 cells measured with the magnetic tweezer.
ion of bead displacements in response to application of a force of 180
stributed over a wide range, as evidenced by their almost normal
d 4.1 for Vin (2/2) and wild-type, respectively (B). The median and
re shown in C. The vinculin-deficient cells exhibited a median bead
(122 nm vs 59 nm, respectively) whereas mean displacement only
ild-
but
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