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Abstract An improved magnetic bead microrheometer
based on phase contrast microscopy allowing high resolu-
tion measurements of local deformations within macromo-
lecular networks is applied to study local viscoelastic prop-
erties of cross-linked actin networks. By embedding non-
magnetic colloidal beads as probes into the networks, the
spatial variation of the strain field within cross-linked ac-
tin networks can be mapped. Moreover, the Poisson ratio
and shear modulus can be measured locally.
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Introduction

Macromolecular networks of biological materials such as
the actin-based cell cytoskeleton and the extracellular ma-
trix are often heterogeneous on a micrometer scale which
is essential for their biological function (Darnell et al.
1990). Depending on the spatial variation of (1) the length
distribution of the actin filaments, (2) the F-actin polymer
volume fraction and (3) the degree of cross-linking, the cy-
toskeleton elasticity may vary by orders of magnitude
within a cell (Wachsstock et al. 1993) and this heteroge-
neity is essential for the local force generation during cell
locomotion (cf. Stossel 1994) or the local stabilisation of
cell adhesion (cf. Schindl et al. 1995). The development of
micromechanical techniques for local measurements of
viscoelastic properties or forces generated by molecular
motors is an important and challenging task of cell bio-
physics. Recent progress in the development of microme-
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chanical techniques for local force measurements within
soft materials such as optical tweezers (Kuo and Sheetz
1992; Svoboda et al. 1993), magnetic bead microrheome-
ters (Zaner and Valberg 1989; Wang et al. 1993; Ziemann
et al. 1994), micropipette techniques (Evans et al. 1995) or
glass fiber force measuring devices (Ishijima et al. 1991)
open new possibilities for local quantitative measurements
of elastic and rheological properties of cell membranes or
of the cytoskeleton and allow direct measurements of mo-
lecular force generation in molecular motors (Finer et al.
1994).

In the present work we report a new method allowing
the direct visualisation and evaluation of shear fields in
macromolecular networks. The method is based on the lo-
cal application of a point force generated by magnetic
tweezers and the analysis of the deformation in the neigh-
bourhood of a magnetic bead by tracking the local motions
of non-magnetic colloidal probes embedded in the net-
work. The time dependent viscoelastic response of the
probes in the direction parallel and perpendicular to the
force can be recorded and the Poisson ratio and shear mod-
ulus of the gels can be directly measured locally.

Experimental setup and deformation analysis

The magnetic bead rheometer (“magnetic tweezers™) de-
scribed previously (Ziemann et al. 1994) has been im-
proved in several ways. Figure 1 shows a schematic view
of the experimental setup which is mounted on a Zeiss Ax-
iovert microscope. Larger magnetic coils (diameter: 2 cm;
length: 4 cm; 1600 turns of 0.35 mm copper wire) with soft
iron cores have been built to increase the magnetic field
and to allow the additional use of oil immersion microsco-
py. The maximum force which can be generated by these
coils on a 4.5 um Dynabead in the middle of the sample
cell (that is, at a distance of 4 mm from the tips of the iron
cores) is about 20 pN. The sample cells consist of cylin-
drical plexiglass tubes (outer diameter: 8 mm). The actual
compartment containing the actin network (see magnifica-
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Fig. 1 Schematic view of the improved version of the magnetic bead
micro-rheometer described in Ziemann et al. (1994). The rheometer
is mounted on a Zeiss Axiovert microscope. Larger magnetic coils
(diameter: 2 cm,; length: 4 cm; 1600 turns of 0.35 mm copper wire)
with tipped soft iron cores have been built to increase the magnetic
field and to allow oil immersion microscopy for fluorescence experi-
ments. The sample cells are cylindric plexiglass tubes of 8 mm di-
ameter with a round cover slip as bottom (see magnification). The
sample cell can be rotated about its long axis in order to apply forc-
es in any direction in the x,y-plane (cf. Fig. 4). The function gener-
ator produces transient voltage pulses which are amplified and trans-
ferred to the coils

tion in Fig. 1) is confined by round cover slips which are
held apart at a distance of about 400 um using a teflon ring
as spacer. Only beads located in the middle between top
and bottom of the compartment were evaluated. The sam-
ple cell can be rotated about its long axis in order to apply
forces in any direction in the x,y-plane. The signal gener-
ator produces transient voltage pulses which are amplified
and transferred to the coils.

Images were taken with a Zeiss X32, NA 0.4 objective
using an additional x2.5 magnification and a CCD came-
ra (Hamamatsu, Herrsching, Germany). To track the posi-
tions of the beads in the x,y-plane, the video images were
digitised with an Apple Macintosh Quadra 950 (Apple
Computer) equipped with a Pixel-Pipeline frame-grabber
card (Perceptics, Knoxville, TN). The following correla-
tion analysis of a time series showing the movement of the
bead was applied: The first video image (at t=0) was cor-
related with subsequent images (at #=1;) taken at incre-
mental time steps of A7;=0.2 sec. The coordinates of the
maxima of each of the two-dimensional correlation func-
tions (G(X, t=0) - G (X, r=1;)) were used to determine the
displacement i (t) of the bead relative to the origin of the
motion, where G (¥, t) is the grayscale value at position X
of the video image at time . The correlation functions were
determined by two-dimensional Fast Fourier Transform
analysis. This program runs as a plug-in of the public do-
main image analysis software NIH Image (National Inst.
of Health, Bethesda, MA). By using this technique, we
achieve a spatial resolution of about 0.1 jm correspond-
ing to the size of one pixel of the digitised images.
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Fig. 2 Representation of shear field of an elastic body (given by
Eq. 1) deformed by a local force in x-direction at center (&)

Fig. 3 Visualisation of local shear field in an actin network of
monomer concentration ¢,=0.12 mg/ml (corresponding to a mesh
size {=1 um) contaminated by cross-linking protein. The phase con-
trast image shows the final positions of the 4.5 lm magnetic bead
(denoted by MB) and the 2 um non-magnetic beads (denoted with
numbers 1 to 10). The initial and final positions of the beads are
marked by white and black circles, respectively. For further clarifi-
cation the initial and final positions are connected by arrows point-
ing in the direction of movement

Evaluation of experiments

To visualise the shear field within an cross-linked actin net-
work, we embed paramagnetic and non-magnetic latex
beads (cf. Materials and sample preparation) in the net-
work. The magnetic beads are displaced by application of
a constant force using magnetic tweezers. The resulting
deformation field within the network can then be visual-
ised by tracking the positions of the non-magnetic parti-
cles surrounding one magnetic bead in the field of view of
the microscope.

In principle, quantitative evaluation of the experiments
is based on the simplifying assumption that the deforma-
tion within the network can be described by the shear field
generated by application of a point force within an infinite
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elastic medium. This strain field can then be compared with
the deformation field derived by tracking the motion of
several non-magnetic beads.

Since the magnetic beads are small compared to the
length scale of the measuring cell, the deformation field
corresponds to that generated by a point force f in an in-
finite medium. The deformation field exhibits cylinder
symmetry and is given by

l+o  (3-40)f +ii(ii-f)
8nE(1-o0) r

(L.andau and Lifshitz 1959, vol. 7, ch. 8), where r is the dis-
tance from the point source, 7i denotes a normal in the di-
rection of 7, o the Poisson ratio and E the elastic constant.
This vector field is represented in Fig. 2. The elastic param-
eters ¢ and E may be determined either by simulation of
the elastic shear field and fitting to the experimental deflec-
tions of the non-magnetic beads or by evaluation of the lat-
ter on the basis of the following simple relationships:

U=

1)

1) The ratio § of the components of the deflections parallel
(u,) and perpendicular (u,) to the force direction (& is the
angle between 7 and f')

(3 40) + cos® ¢

= 2
b= Uy sin® - cos @
2) the absolute value of the deflection
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The first relationship may be applied to measure local val-
ues of the Poisson ratio, o, and the second for the determi-
nation of the elastic constant since the value of the force
acting on a magnetic bead is known from a calibration of
the magnetic tweezers that was performed as described pre-
viously (Ziemann et al. 1994). Finally, it is possible to de-
rive the shear modulus using the equation

E
2(1+0)’
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Materials and sample preparation

The magnetic beads (Dynabeads, Dynal, Hamburg, Ger-
many) used here were spherical latex particles (diameter
d=4.5 um) with an iron content of about 20% (w/w) (Door
et al. 1991). The non-magnetic latex beads (Polybeads,
Polysciences, Eppelheim, Germany) had diameters of
2 um and 6 um.

Monomeric actin, disassembly buffer (G-buffer) and
polymerisation buffer (F-buffer) were prepared as de-
scribed previously (Ruddies et al. 1993). The 120 kD
gelation factor (cf. Schleicher et al. 1984), a homo-dimer,
was prepared and provided by Prof. M. Schleicher (Insti-
tute for Cell Biology, University of Munich).

The cross-linked actin gel with embedded magnetic
and non-magnetic beads was prepared as follows: 120 kD

gelation factor, 4.5 um-Dynabeads (approx1mate1y
10° beads/ml) and Polybeads (approximately 10® beads/ml
of the 2 um-beads and 107 beads/ml of the 6 um-beads)
were added to a G-actin solution which was then polymer-
ised in F-buffer for 12 h at 4°C.

Shear field mapping using non-magnetic 2 um-beads
as probes

In Fig. 3 we show the positions of the magnetic bead (de-
noted by MB) and ten probe beads (denoted by numbers 1
to 10) embedded in a F-actin gel at the beginning and end,
respectively, of a force pulse of f,= 10 pN applied for 7 sec-
onds. The magnetic bead (diameter 4.5 um) acted as force
transducer and the non-magnetic beads (diameter 2 Lm) as
probes. The initial and final positions of the beads are
marked by white and black circles, respectively. For further
clarification these positions are also connected by arrows.

Comparison of this micrograph with the strain field gen-
erated by a point force in an infinite elastic medium (Fig. 2)
shows close agreement which allows a quantitative deter-
mination of local values of Poisson ratio and elastic con-
stant. The detailed analysis is described in the next section.

The actin monomer concentration in this experiment
was about ¢, =0.12 mg/ml, corresponding to a mesh size
of £=1 pwm (Schmidt 1988). The concentration of cross-
linking proteins is not known. But crosslinking proteins
have to be present for the following consideration: Assum-
ing a reasonable value for the Poisson ratio of 0.5 (see be-
low) we derive an elastic constant £~0.03 Pa using the
procedure described in the next section.

The value of the elastic constant should be compared
with the plateau value, G, of the viscoelastic storage mod-
ulus, G’(w), obtained in previous frequency dependent
measurements of viscoelastic properties because the solu-
tion behaves as an elastic solid in this frequency regime.
In contrast to £~=0.03 Pa, for a F-actin solution of concen-
tration ¢4 =0.1 mg/ml GZSzO.Ol Pa was found (Miiller
et al. 1991; it should be noted that a recalibration of the os-
cillating disk rheometer used in this work (Miiller 1991)
showed that the values reported in this article are too large
by a factor of about 20). The difference between E and Gy
can be accounted for by assuming that the network con-
tains a small amount of a strongly binding cross-linking
protein, such as filamin at an actin-to-cross-linker molar
ratio of only r,~=500:1. The presence of f11am1n at a con-
centration like this results in an increase of G by a factor
of about 4 (Ruddies et al. 1992). This example shows that
the present microrheological technique allows the detec-
tion of very small amounts of cross-linking proteins and
thus is a useful tool to test the purity of actin preparations.

Shear field mapping and evaluation of elastic
parameters using non-magnetic 6 um-beads as probes

Figure 4 shows a representative experiment for the local
measurement of the strain field in an actin solution cross-



Fig. 4a, b Measurement of local shear field by analysis of trajec-
tories of non-magnetic beads (diameter 6 m) in an actin network of
monomer concentration ¢, =0.14 mg/ml (corresponding to a mesh
size {=1 um), cross-linked by 120 kD gelation factor at a cross-link-
er-to-actin molar ratio of rq,=1:100 (referred to the cross-linker
monomer). The two phase contrast images show the final positions
of the 4.5 um magnetic bead (MB) and the 6 |Lm non-magnetic beads
(denoted with numbers / and 2) observed for deflections of the mag-
netic bead in two perpendicular directions (a x-direction, b y-direc-
tion). Experiment b was performed after rotating the sample cell by
90°. The initial and final positions of the beads are marked by white
and black circles, respectively. Note that the deflection of the mag-
netic bead (MB) is much larger than that of the probe beads (show-
ing that the shear field of a point force inside of a cross-linked actin
network decays rapidly)

linked by the 120 kD-gelation factor. Similar behaviour of
the beads was found in experiments of the same kind that
were performed in samples of the same composition with
actin from different preparations. Magnetic beads with a
diameter of 4.5 pm are embedded as force transducers and
colloidal 6 um-beads as non-magnetic probes. The actin
monomer concentration was c, =0.14 mg/ml correspond-
ing to a mesh size of =1 um. The critical monomer con-
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Fig. 5a,b Analysis of time dependence of deflection of a non-mag-
netic bead in x-direction (a) and y-direction (b) by assuming that the
shear strain is composed of an elastic and a viscous contribution.
Symbols (X) measured positions; drawn curves: ¢lastic contribution
to the deflection of a non-magnetic bead obtained by subtraction of
constant bead-velocity (corresponding to viscous flow). The latter
velocity is derived from the slope of the dashed line which is ob-
tained by fitting the experimental data at large time (¢>4 s)

centration of actin is about 0.015 mg/ml (Piekenbrock and
Sackmann 1992) and thus the G-actin fraction is only 10%
of the total actin concentration. The actin-to-cross-linker
molar ratio was r,-=100:1 (referred to the cross-linker
monomer), corresponding to an average distance of the
cross-linker along the actin chain of A=0.6 um (note that
the cross-linker in its active form is a dimer). The positions
of the magnetic bead and two probe beads (denoted by
numbers 1 and 2) are shown at the beginning and end, re-
spectively, of a force pulse of f,=8 pN applied for 10 sec-
onds. The force has been applied in two perpendicular di-
rections which was achieved by rotating the cuvette with
respect to the magnetic field (cf. Fig. 1).

Figure 5 shows distance vs. time-plots of a non-mag-
netic probe bead in the direction parallel and perpendicu-
lar to the direction of strain. Clearly the probe beads are
deflected both in a direction parallel (x) and perpendicular
() to the applied force. The x-z- and y-#-plots are obtained
by tracking the beads shown in Fig. 4 by using the two-di-
mensional correlation analysis described above. The
strong fluctuations of the trajectories are mainly due to the
Brownian motion of the non-magnetic beads while the
step-like appearance of the trajectories is due to the lim-
ited resolution of the image processing software.
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Table1 Values of Band u (defined by Eqgs. 2 and 3) for the experi-
ments shown in Fig. 4, obtained from analysis of the elastic compo-
nent of shear strain in x- and y-direction after displacement of the
magnetic bead in two perpendicular directions in the x,y-plane. The
last three rows present the calculated values of the Young modulus

. . ___E

E, the Poisson ratio o and the shear modulus K = 2(+0)

Fig. 4a, Fig. 4a, Fig. 4b, Fig. 4b,

bead 1 bead 2 bead 1 bead 2
u [Wm] 0.61 0.72 0.83 0.85
B 4.0 33 32 5.1
o 0.42 0.44 0.47 0.25
E[107 Pa] 8.0 6.5 7.5 5.8
11072 Pa] 2.8 2.3 2.6 2.0

According to Fig. 5 all shear strain curves x(¢) and y(t)
can be well represented by superposition of an elastic strain
x,,(t) exhibiting saturation and a steady state flow with con-
stant velocity v.: x(£)=x,,(t)+v,-¢. Without cross-linker
one would not observe a considerable deflection of the non-
magnetic beads as was tested in a separate experiment with
a pure F-actin sample (data not shown). The finding of a
residual viscous flow is a consequence of the fact that the
network is still below the true gel point (cf. Sackmann
1994). The two contributions can be separated by first de-
termining v, from the limiting slope of the x(¢)-curve at
large time using least square fit (cf. the dashed line in
Fig. 5) and subsequent subtraction of v from the experi-
mental data (cf. the drawn curve in Fig. 5). The saturation
value of the elastic contribution to the motion of the non-
magnetic beads is further used for the calculation of the
shear modulus and Poisson ratio as shown below.

In Table 1 the measured values of B and u for the beads
shown in Fig. 4 are presented together with the calculated
values of 0, E and u. The values agree rather well show-
ing that the network is on the average homogeneous over
distances of at least 30 wm. The variations of ¢ are com-
parable to the measuring errors. However, they could also
indicate local fluctuations in the network elasticity.

According to Table 1, the elastic modulus varies from
E=0.06Pa to E=0.08Pa with an average value of
E'=0.07 Pa. The average value for the Poissonratiois 5=0.4
from which an average shear modulus of [F=FE/2
(1+06)=0.03 Pa can be deduced. The value of the elastic
constant from the static experiment described here can again
be compared with Gy. It agrees reasonably well with values
of Gy found by measurements with a rotational rheometer
(Miiller et al. 1991): For a network of monomer concentra-
tion ¢, =0.3 mg/ml (mesh size £=0.7 um) without cross-
linker GI?, is about 0.04 Pa, whereas for a network of the
same actin-concentration at an actin-to-cross-linker molar
ratio of r,-=150:1 Gy is about 0.35 Pa. The Poisson ratio
is close to the absolute upper bound 0=0.5 with exception
of the value for bead 2 in Fig. 4b. A value of o close to 0.5
is characteristic for polymer networks or polymer melts
[0=0.5 for natural rubber or 6=0.49 for low density poly-
ethylene (Elias, 1971)]. The small value found for bead 2 in
Fig. 4b is most likely an effect of the heterogeneity of the
network.

Concluding remarks

We demonstrate that by the application of magnetic tweez-
ers in combination with embedding of non-magnetic col-
loidal probes into the polymer solutions, local viscoelas-
tic properties of actin networks and their spatial variations
may be quantitatively evaluated.

By high precision analysis of the trajectories of non-
magnetic beads using dynamic image processing, the shear
modulus and Poisson ratio of cross-linked networks may
be measured as a function of distance and orientation with
respect to the point force within the network. The deflec-
tion-versus-time-curves for both directions (x(¢) and y(z))
may be described in terms of superpositions of purely elas-
tic and purely viscous strain fields.

The above considerations show that the present local
deformation technique enables reliable local measure-
ments of viscoelastic parameters. This is astonishing since
the local force field is composed of an elastic field and a
flow field. The elastic field is given by Eq. 1 while the flow
field generated by a bead comprises a component decay-
ing linearly with the distance (as the force field) and a fast
decaying part ¥ o< 7~ (cf. Landau and Lifshitz 1959, vol. 6,
ch. 20). The latter is only dominant very close to the sur-
face of the sphere. The linearly decaying component
(which dominates at large distances), however, exhibits the
same spatial symmetry as the elastic force field (cf. Eq. 1)
and the colloidal probes are therefore deflected in the same
direction by the two fields. Thus, the absolute values of the
shear modulus obtained by application of Eq. 1 could be
wrong at most by a factor of 2. More experiments are re-
quired to clarify this point.

The novel method for the visualisation and quantitative
evaluation of shear fields in gels could in principle also be
applied to denser polymer networks or cells, provided
higher magnetic forces can be generated. Recent progress
in the design of a modified type of setup allows applica-
tion of up to 10 nN on magnetic beads of a diameter of
2.8 wm,
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