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Abstract

A permanent magnetic microneedle was developed to apply tensional forces to integrin receptors via ligand-coated magnetic
microbeads while optically analyzing the mechanical properties of individual focal adhesions. Force application (130 pN for 3s)
through activated Bl integrins produced less bead displacement than when unligated integrins were stressed. This strengthening
response differed markedly on a bead-by-bead basis, correlated directly with local focal adhesion assembly, and was similar when
analyzed at 4 °C, indicating that it was due to passive material properties of the cell. Viscoelastic analysis clarified that recruitment of
focal adhesion proteins increased the local elastic stiffness of the adhesion complex without changing its viscous behavior. These
data indicate that individual focal adhesions exhibit distinct mechanical properties that depend upon local focal adhesion assembly,
and that these local variations in micromechanics can be detected and analyzed within living cells using the permanent magnetic

microneedle technique.
© 2003 Elsevier Inc. All rights reserved.
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The ability of cells to sense and respond to mechan-
ical stresses that are transmitted between the intracel-
lular environment and surrounding extracellular matrix
(ECM) is critical for normal cellular behaviors, includ-
ing motility, growth, and apoptosis [1-5]. When ECM is
deformed, cells experience mechanical stress as a result
of force transfer across transmembrane integrin recep-
tors that mediate cell adhesion to ECM [6-8]. When cells
move they transmit tractional forces from the internal
cytoskeleton to the ECM over the same receptors [9,10].
The mechanical response of the cell to changes in the
level of stress transmitted over integrins is governed
predominantly by the internal cytoskeleton that me-
chanically couples to integrins within macromolecular
adhesion complexes on the cell surface, known as focal
adhesions [6,7,11]. Focal adhesion proteins, such as
vinculin and paxillin that bind both integrins and actin
filaments, form a molecular bridge that mediates force
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transfer between integrins and the cytoskeleton in these
regions [6,12,13]. Focal adhesions are also signaling
complexes [7,8], and both their assembly and signaling
activities change in response to applied stress [14-20].
However, very little is known about the mechanical
properties of these critical adhesion structures, how one
focal adhesion varies from another, or how their
viscoelastic behavior is impacted by changes in their
assembly.

Mechanical analyses of focal adhesions have been
carried out using optical tweezers [17,18,21] and micro-
magnetic [13,22-26] techniques. These studies revealed
that, on average, force application to transmembrane
integrins that form focal adhesions results in less mem-
brane displacement (i.e., greater stiffness) than when the
same stress is applied to other transmembrane receptors,
or to integrins that fail to promote focal adhesion as-
sembly [13,26-28]. However, most of the methods used
in these studies estimated cellular mechanical properties
based upon population averages obtained from many
cells containing multiple focal adhesions per cell. This is


mail to: donald.ingber@tch.harvard.edu

B.D. Matthews et al. | Biochemical and Biophysical Research Communications 313 (2004) 758764 759

a complication because there is a high degree of
variability in focal adhesion formation and microme-
chanical behavior, both between cells and at different
locations in the same cell. The mechanical behavior of
individual focal adhesions has been studied in the past
[18-20,29], however, quantitative analysis of their vis-
coelastic properties was not carried out. Thus, it remains
unclear how changes in adhesion complex structure and
composition impact the local micromechanical response
of the cell to mechanical stress.

In this study, we set out to characterize the me-
chanical properties of individual membrane adhesion
complexes, and to directly determine the contribution of
focal adhesion assembly to local changes in cell mi-
cromechanics. When cells bind to small (4.5 pm diame-
ter) microbeads coated with activating integrin ligands,
they form well-developed focal adhesions containing
both structural proteins (e.g., vinculin, paxillin, and
F-actin) and various signaling molecules at the bead-
membrane interface [15,30-33]. Use of similarly coated
magnetic microbeads in conjunction with applied mag-
netic fields permits analysis of the response of individual
focal adhesions to applied mechanical stress [13,22-25].
Here we describe a technique to analyze force—dis-
placement relationships and viscoelastic properties of
individual focal adhesions on the surfaces of living cells
using a novel permanent magnetic microneedle, in con-
junction with an automated micromanipulator and an
optical microscope.

Materials and methods

Experimental system. Bovine capillary endothelial cells (passage
10-15) were maintained at 37°C in 10% CO, on tissue culture dishes
in low glucose Dulbecco’s modified Eagle’s medium (DMEM; Gibco-

BRL) supplemented with 10% fetal calf serum (FCS) (Hyclone),
10mM Hepes (JRH-Biosciences), and L-glutamine (0.292mg/ml)/
penicillin (100 U/ml)/streptomycin (100 pg/ml) (GPS) as previously
described [1,34]. Cells were cultured in DMEM supplemented with
low (0.5%) FCS for 24h, trypsinized (Trypsin-EDTA, Gibco), col-
lected, and then seeded (1.5 x 10*cells/dish) onto glass-bottomed
35mm dishes (MatTek) that were pre-coated with 500 ng/cm? fibro-
nectin. Cells were maintained in these dishes for 18-24h prior to the
experiment in serum-free DMEM with 10mM Hepes, 0.5% bovine
serum albumin (BSA), 10 pg/ml human high density lipoprotein (In-
tracell), 5pg/ml holo-transferrin (Collaborative Research), and GPS.

Tosyl-activated super-paramagnetic beads (4.5um diameter;
Dynabeads M-450, Dynal) were coated with either synthetic RGD-
containing peptide (peptite-2000, Integra) or non-integrin activating
anti-B1 antibody (K20, Immunogen) in pH 9.4 carbonate buffer as
previously described [26,33]. Immediately before an experiment, cells
were incubated with beads (~20beads/cell) for 10 min and then wa-
shed multiple times with PBS to remove unbound beads prior to
magnetic stress application. To maintain proper pH throughout the
experiment, these studies were carried out in bicarbonate-free me-
dium consisting of Hanks’ Balanced Salts (Sigma), 10mU/L MEM
non-essential amino acids (Sigma), 20ml/L MEM essential amino
acids (Sigma), 2mM L-glutamine (Sigma), 10 mM Hepes, pH 7.3, and
1% BSA.

Permanent magnetic microneedle. The magnetic microneedle system
we developed to apply forces to magnetic beads consists of a stainless
steel needle (48 mm long, 670 um shaft diameter, and 40 um tip di-
ameter; Singer) attached to a permanent neodymium iron boron disc
magnet (26 mm diameter, 6 mm height; Edmund Industrial Optics)
(Fig. 1A). The magnet is attached to a 4 mm x 25 mm aluminum rod
mounted on an electronic micromanipulator (Eppendorf). The force
applied to each magnetic microbead is a function of the distance be-
tween the bead and the needle tip, and the mass magnetic susceptibility
of the beads (16 x 10~° m3/kg for 4.5 pm Dynal beads). Calibration of
the forces generated by the magnetic needle was carried out by pulling
the beads through glycerol solutions of known viscosity, as described
previously [13].

Magnetic pulling cytometry. To measure the local mechanical
properties of individual focal adhesions at bead-binding sites, cells
with bound beads were maintained at 37°C using a heated stage
(Omega) and visualized on a Nikon Diaphot 300 microscope (Tokyo,
Japan). The magnetic needle was then used to apply a 3s force pulse
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Fig. 1. The permanent magnetic microneedle device. (A) Magnetic microbeads coated with RGD-peptide or anti-integrin antibodies (a) that are
added to the apical surface of cultured cells (b) induce local clustering of integrin receptors and associated recruitment of focal adhesion proteins (c).
Force is applied to the cells via the attached microbeads using the magnet microneedle which consists of a stainless steel needle (d) attached to a
permanent magnet (¢) fastened to an aluminum rod (f) that is mounted on a micromanipulator (g) fastened to a microscope. (B) Composite of time-
lapse images of bright field views showing magnetic microbeads being pulled through glycerol in response to magnetic stress application by the
microneedle. The beads (a) are attracted to magnet along magnetic field lines perpendicular to the needle tip (b). (C) Force versus distance rela-
tionship for magnetic needle for 4.5 um diameter Dynal beads using the data generated in (B) from measurement of 20 beads at multiple positions.
Inset shows the average force (pN) as a function of distance (um) between 50 and 125 um from the tip of the magnetic needle.
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of 130pN to the bead while bead displacement was measured opti-
cally. The manipulator speed was set to 1000 um/s, and the tip was
oriented at 45° relative to the substrate and positioned within the
culture medium 600 um away from the cell-bound beads to be tested.
The needle tip was then rapidly brought within 70-100 um from the
bead, held in position for 3s and then quickly returned to its original
position. Time lapse imaging (4 Hz) with a CCD camera (Hamama-
tsu, Japan) attached to the microscope was used to record bead
motion. Image processing of frame sequences using IPLab (version
3.2.4, Scanalytics) was done to track the centroid position of each
bead in time and to compute the maximum bead displacement in
response to the applied force. All measurements were carried out
within 60 min of bead binding. Multiple cells sampled from the same
dish also were separated from each other by at least 2mm to ensure
against residual effects from previous force pulses. For real-time vi-
sualization of local focal adhesion assembly during force application,
cells were transfected with plasmids encoding GFP-vinculin or
paxillin using Effectene transfection reagent (Qiagen), or transduced
with an adenoviral vector encoding EYFP-actin, as previously
described [35].

To analyze the viscoelastic properties of individual focal adhesions,
the bead displacement measured during the force pulse was fit to the
4-parameter viscoelastic creep model of Bausch et al. [22,23]. For these
studies, a faster CCD camera (20 Hz; Roper Scientific) was used to
improve temporal resolution of bead displacement. Nonlinear regres-
sion using least-squares minimization was performed using Mathe-
matica (Wolfram Research) to compute the optimal parameter values
for each of the two elastic and two viscous elements describing
viscoelastic creep response for each bead.

Results and discussion

To probe the mechanical properties of integrin—cy-
toskeleton linkages within individual focal adhesions,
we fabricated a permanent magnetic microneedle to
generate a high gradient magnetic field capable of ap-
plying tensional stresses to cells via adherent ligand-
coated magnetic microbeads (Fig. 1). Calibration studies
using the magnetic needle to pull 4.5 um magnetic beads
through a high viscosity (~1000 centipoise) glycerol
solution revealed that the beads experienced a force in
the direction of the needle tip (Fig. 1B) that exceeded
5nN in the immediate vicinity of the tip and decreased
to approximately 130 pN when the beads were 100 um
from the tip (Fig. 1C).

To analyze the mechanical properties of individual
focal adhesions, adherent capillary endothelial cells
were allowed to bind for 10min to magnetic mi-
crobeads coated with a synthetic RGD-peptide that
both binds and ligates (chemically activates) cell sur-
face integrin receptors (Fig. 2A). The micromanipu-
lator was then used to apply 130pN force to each
bead by rapidly moving the needle tip from a far
distance to a point 100 pm from a cell-bound bead;
the needle tip was held in place for approximately 3s,
and then abruptly returned to its original distant
position. Real-time optical microscopy was combined
with computerized particle-tracking analysis to obtain
sub-pixel resolution of bead displacement (Fig. 2B).
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Fig. 2. Visualization and quantitation of microbead displacement on
the surface membrane of cultured cells using computerized image
processing. (A) A differential interference contrast view of an adherent
cell with two 4.5um RGD-beads bound to integrins on its apical
surface. (B) A series of bright field images recorded over 8s showing
bead displacement to the right in response to application of a 3 s force
(130 pN) pulse between 2 and 5s of the recording period (arrows). (C)
Map of changes in the X and Y positions of the bead shown in (B)
during the same time course. Note the bead does not return to its
original position after the force pulse ceases. (D) Bead displacement as
a function of time before, during, and after the 3 s force pulse (solid
rectangle). (Individual data points in (C) and (D) are 0.2s apart;
bars =5 um).
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Application of 130 pN produced measurable changes
in the position of RGD-beads that were bound to the
cell-surface. Figs. 2C and D show the lateral motion of a
bead that was displaced approximately 300 nm within
the first second of the 3s force pulse and then moved
only minimally for the remainder of the pulse. Quanti-
tation of displacement from multiple RGD-coated
beads undergoing the same force regimen revealed a
large variability in maximum displacement that ranged
from less than 50nm to over 1pum with a mean of
95+ 56.7nm (SD). When the magnetic pulse ended, the
beads recoiled by 70-95% within 0.5s (Fig. 2D), and
they typically did not return to their exact original po-
sition on the cell surface (Fig. 2C). Analysis of over 100
different RGD-beads on multiple cells revealed similar
behavior.

To determine the influence of focal adhesion forma-
tion on the local mechanical properties of cell surface
adhesion complexes, we compared the maximum dis-
placement of beads coated with integrin-activating
RGD peptide to beads coated with non-activating anti-
B1 integrin antibody (K20) following a 3 s force (130 pN)
pulse. Binding of RGD-coated beads to the cell surface
has been shown to activate integrin signaling and induce
local focal adhesion assembly within minutes, whereas
the non-activating K20-beads bind integrins to a similar
extent without producing either effect [30,31,33]. Our
studies revealed that the maximum displacement of
RGD-beads was significantly less than the displacement
observed for K20-beads (p < 0.01 using ANOVA)
(Fig. 3A). Importantly, when soluble RGD peptide was
added to ligate and activate the K20-bound integrins,
the maximum displacement was reduced to a level
comparable to that exhibited by RGD-beads (Fig. 3A).
These data indicate that clustering and activation of
integrins significantly increase the stiffness of integrin—
cytoskeleton linkages, possibly by promoting local focal
adhesion assembly and transmission of mechanical
stress to the internal cytoskeleton.
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To further investigate the ability of RGD-coated
beads to induce focal adhesion assembly and mechan-
ical coupling to the cytoskeleton, we transfected en-
dothelial cells with vectors encoding the focal adhesion
proteins, vinculin, paxillin, or actin, linked to enhanced
green or yellow fluorescent protein (EGFP or EYFP,
respectively). We then applied a 3s force (130pN)
pulse to RGD-beads that were bound to cells and
analyzed the relationship between bead displacement
and local fluorescence intensity. This is possible be-
cause, as previously demonstrated [30,31,33], not all
surface-bound RGD-beads induce focal adhesion as-
sembly. Importantly, RGD-beads that induced focal
adhesion assembly, as indicated by recruitment of
vinculin (Fig. 3B), actin or paxillin (not shown), were
much stiffer than those that did not. Quantitation of
results obtained with many beads confirmed that beads
with vinculin or actin (Fig. 3C, left) exhibited a 5- to
8-fold reduction in maximum displacement, represent-
ing a local increase in focal adhesion stiffness (p always
<0.01 using ANOVA). Moreover, similar results were
obtained when the effects of GFP—paxillin recruitment
were analyzed (not shown). These data indicate that
individual focal adhesions within a single cell exhibit
distinct mechanical properties that strongly depend
upon local recruitment of focal adhesion and cyto-
skeletal proteins, despite local integrin binding to
RGD.

Maturation and strengthening of existing focal ad-
hesions occurs following application of external me-
chanical force to integrins [14-20]. Therefore, the
observed differences in bead displacement during the 3s
force pulse could potentially arise from mechanical in-
duction of active biochemical remodeling events within
the local focal adhesion. To distinguish such an active
process from the intrinsic passive material properties
of the focal adhesion, similar force—displacement
studies were performed in cells that were chilled to 4 °C
after binding to RGD-coated beads so as to suppress
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Fig. 3. Integrin activation and focal adhesion formation influence the mechanics of individual bead complexes. (A) A 3 s force (130 pN) pulse induced
less bead displacement when applied to activating RGD-beads compared to non-activating K20-beads. Addition of soluble RGD (sRGD) peptide to
ligate and activate the K20-bound integrins promoted strengthening of these bead attachments. (B) A cell transfected with GFP—vinculin and bound
to 4 RGD-beads viewed by bright field (left) or fluorescence (middle) microscopy showing that vinculin was only recruited to 3 of the 4 bound beads
(arrow indicates a bound bead that did not exhibit vinculin staining). When bright field images recorded before and after application of a 3s force
(130 pN) pulse were digitally subtracted (right), only the bead that failed to recruit vinculin exhibited significant bead displacement (white crescent,
arrow). (C) Bound RGD-beads that recruited vinculin and actin (+) exhibited less displacement in response to application of a 3 s force (130 pN) pulse
than those that did not (-) (left). Similar results were noted when a larger force (350 pN) was applied at 4 °C (right). Bar =5 um.
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biochemical remodeling during the 3s of force applica-
tion. For these studies, a larger force of 350 pN was
used, because the 130 pN force produced negligible bead
displacement at this reduced temperature. However,
with this greater force, a significantly lower displace-
ment could again be detected for RGD-beads that re-
cruited EYFP-actin than those that did not, despite
being at 4°C (Fig. 3E, right, p < 0.01 using ANOVA).
These results suggest that the force—displacement rela-
tionships indeed arise from the intrinsic passive material
properties of individual focal adhesions, as opposed
to an active strengthening mechanism, at least over the
brief (3 s) period we analyzed.

Focal adhesion proteins, such as vinculin and actin,
are known to influence local cellular stiffness and focal
adhesion strength [12,13,26], yet it is not well under-
stood how heterogeneity in focal adhesion composition
influences local mechanical behavior. We therefore
chose to analyze the viscoelastic properties of individual
focal adhesions, and to relate those properties to focal
adhesion assembly, as indicated by recruitment of
EYFP-actin to the bead complex. The viscoelastic
analysis was performed by first measuring the displace-
ment of an RGD-bead in response to a 3s force pulse
and then fitting this displacement (d) to the viscoelastic
creep model of Bausch et al. [22,23]:

F e F
dt)=—|(1- exp(—t/1) | +—t, la
0= (1= e ) + (12
where

71 (ko + k1)
= 1
T Tk, (1b)

Here, F is the applied force (130pN), ¢ is time,
and ko, ki, yy, and y, are the fitted parameters de-
scribing the two elastic and two viscous elements of
the viscoelastic body shown in Fig. 4A; 7 is the time
constant describing the transition from elastic to
viscous behavior [22,23]. Representative displacements
for two RGD-beads bound to the same cell with and
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without EYFP-actin recruitment are shown in
Fig. 4B, along with the optimized least-squares fits
from Eq. (1). The viscoelastic creep response is
characterized by an immediate elastic displacement
described by F/(ko + ki), followed by a transition to
viscous-dominated behavior where displacement in-
creases linearly with time with slope F/7y,. Analysis of
the fitted viscoelastic parameters for multiple beads
revealed a 4-fold reduction in total elastic compliance
1/(ko + k) for focal adhesions that recruited EYFP-
actin compared to those that did not (p <1073,
N =52), while late-time viscous behavior, as de-
scribed by 1/y,, and the viscoelastic time constant t
remained relatively unchanged (p=0.23, p = 0.66)
(Figs. 4C-E). These data indicate that differential
recruitment of focal adhesion proteins strongly in-
fluences the micromechanical properties of these
cell adhesion sites primarily by changing the elastic
stiffness, without significantly affecting their viscous
behavior.

Previous studies of cellular biomechanics have typi-
cally involved population-based averages over many
focal adhesions using ligand-coated magnetic particles
[13,22,23,25,26,28,36], where the influence of mechanical
heterogeneity for local variations in cell mechanics has
not been considered. In the few studies where the
structure and properties of individual focal adhesions
have been probed (e.g., using optical tweezers, micro-
pipettes, and microfabricated substrates; [18-21,29]),
micromechanical and viscoelastic properties have not
been quantitated. In light of our current findings, pop-
ulation-based reports of cell and focal adhesion me-
chanics are likely biased towards the decreased elastic
stiffness of those focal adhesions that fail to form me-
chanical coupling with the internal cytoskeleton. In-
stead, our studies suggest that the micromechanical
properties of cells and focal adhesions can be more ap-
propriately assessed by relating the measured mechani-
cal properties to local changes in focal adhesion
assembly.
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Fig. 4. Viscoelastic analysis of individual focal adhesions induced by binding of RGD-beads. (A) The viscoelastic model of Bausch et al. [22,23]
consisting of 2 elastic (ky, k1) and 2 viscous (y,, 7;) elements to produce the creep response shown in Eq. (1). (B) Representative creep responses
measured from 2 beads on the same cell that did (open circles) or did not (filled circles) exhibit EYFP-actin recruitment. Curves represent the
optimized fits to the viscoelastic creep model (Eq. (1)). (C-E) Average total elastic compliance 1/(koy + k1) (C), late viscous slope (1/y,) (D), and
viscoelastic time constant (t) (E) measured within individual adhesion complexes associated with RGD-beads with (+) or without (-) EYFP-actin

staining.
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In summary, our findings show that the permanent
magnetic needle provides a direct means to analyze the
mechanical properties of individual adhesion complexes
on the cell surface, and in conjunction with fluores-
cence and optical microscopy, to relate these micro-
mechanical properties to local subcellular architecture.
Because the permanent magnetic needle can provide a
reproducible force and is harmless to the cell at the
levels of force used here, this simple device provides an
attractive system with which to study the mechanical
properties of individual focal adhesions. Using this
system, we showed that focal adhesion reinforcement
of integrin—cytoskeleton linkages locally increases the
mechanical stiffness of this adhesion complex by re-
ducing its elasticity, without altering its viscous prop-
erties. Our findings also emphasize the need to combine
biophysical measurements of cell mechanics with opti-
cal methods that permit simultaneous identification of
changes in molecular remodeling at the site of force
application.
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