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Abbreviations
3-D
AFM
GFP

three-dimensional
atomic force microscopy
green fluorescence protein

Glossary
Creep compliance The time-dependent deformation
induced by continuously applied stress. Compliance is
proportional to time and inversely proportional to viscosity
for a viscous liquid. Compliance is independent of time for
an elastic solid. Time-dependence of creep compliance of
cytoplasm and nucleus is hybrid between those of a liquid
and a solid. Creep compliance is dimensionless.
Elasticity Quantity that measures the propensity of a
material to rebound after a deformation is eliminated. It is
also called storage, stiffness, or elastic modulus. The
elasticity of a material typically depends on both the
amplitude and the rate of the applied deformation.
Elasticity is expressed in units of Pa ¼ N m2 or dyn cm2.
See typical values in Tables 1 and 2.

7.8.1

Introduction and Motivation

A multitude of cellular functions in both normal and pathological conditions depend critically on the dynamic changes in
the mechanical compliance of the cytoplasm and nucleus, and
the cell as a whole. For example, migrating epithelial cells at
the wound edge significantly increase the elasticity of their
cytoplasm so to produce net forces by actin filament assembling against the plasma membrane at the protruding
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LINC linkers of nucleus and cytoskeleton
MSD mean squared displacement
VEGF vascular endothelial growth factor

Strain The shear deformation experienced by a material; it
is either externally applied or induced in the material by an
applied mechanical stress. Strain is dimensionless.
Stress The force per unit area to which a material may be
subjected; it is either externally applied or induced in the
material by an applied mechanical strain. Stress is
proportional to strain for an elastic solid, and is
proportional to the rate of strain for a viscous liquid. Stress
is expressed in units of Pa.
Viscosity Quantity that measures the propensity of a
material to flow. It is the ratio of the stress over the rate of
deformation. Viscosity is expressed in units of Pa  s. See
typical values in Tables 1 and 2.

cellular edge.1,2 In migrating cells, the regulated movements of
the nucleus, which is very stiff, within the cytoplasm, which is
much softer, is partly controlled by the local viscosity of
the cytoplasm.3–6 The organization of chromosomes depend
on the local micromechanical properties of the intranuclear
space, which mechanically softens in laminopathies and following oncogenic transformation. Cells derived from mouse
models of progeria (premature aging) or muscular dystrophy
display significantly softer (i.e., less elastic) cytoplasm than
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micromechanical properties are often altered in the context of
disease, including cancer, muscular dystrophy, and progeria.
This chapter describes the basic concepts of mechanics and
polymer physics that form the foundations of particle tracking
microrheology. We also describe the key advantages of particle
tracking microrheology over traditional cell-mechanics methods in a wide range of applications. This review then shows
how particle tracking microrheology can readily reveal the lost
ability of a wide range of diseased cells to deform and resist
shear forces.

7.8.2
7.8.2.1

Basic Concepts of Molecular and Cellular
Mechanics
Definitions of Stress, Strain, Viscosity, Elasticity,
and Compliance

Because different experimental methods measure different
rheological parameters, the intracellular mechanics of a living
cell is best characterized by multiple, and often related,
rheological quantities, including viscosity, elasticity, and creep
compliance. These rheological parameters describe in different
ways the mechanical response of a material (such as the cell’s
cytoplasm or the intranuclear network) subjected to a force or

Mean squared
displacement (μm2)

Creep
compliance Γ(t)

their wild-type controls,3 which in turn affects these cells’
ability to resist shear forces and migrate during wound healing
processes.7
The method of particle tracking microrheology, which was
introduced more than 15 years ago,8 allows for rapid measurements (B30 s) of the local viscoelastic properties of the
cytoplasm and nucleus in live cells in vitro and in vivo.9 In this
method, the spontaneous movements of submicron fluorescent beads dispersed throughout the cytoplasm and/or the
nucleus of live cells (Figure 1) are monitored by time-lapsed
fluorescence microscopy.8 Movements of multiple beads are
recorded simultaneously with a spatial resolution o10 nm by
tracking the beads’ centroids. The recorded movements of the
beads are transformed into mean squared displacements,
which can subsequently be analyzed in terms of local, frequency-dependent, viscous and elastic moduli of the cytoplasm and nucleus. Particle tracking microrheology has
been successfully used to probe the viscoelastic properties
of various types of cells in a wide range of normal and
disease conditions.7,10–21 These measurements have revealed
important new mechanistic insights into the biophysical
mechanisms by which the micromechanical properties of the
cytoplasm and nucleus adapt to various chemical and physical
stimuli, how they can control key cell functions – such as cell
division, cell migration, and cell polarization; and how these
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Slow longitudinal back-and-forth fluctuations ( >e)
Fast lateral fluctuations ( < e)
Cytoskeleton polymer
Figure 1 Particle tracking microrheology. (a) Submicron fluorescent beads are dialyzed and placed inside a ballistic injection machine. After
ballistic injection, the beads disperse rapidly within the cytoplasm. The cells are placed under a high-magnification fluorescence microscope.
Ballistically injected beads are lodged within the cytoskeleton. The size of the beads is chosen to be larger than the average mesh size of the
cytoskeleton network, B50 nm in fibroblasts. (b) The spontaneous movements of the cytoskeleton filaments that surround each bead induce
displacements of the beads. At short timescales, the displacements of the beads are predominantly induced by the fast lateral bending
fluctuations of the cytoskeleton filaments (white arrows). At long times, the displacements of the beads are predominantly induced by the slow
longitudinal back-and-forth lateral fluctuations of the cytoskeleton filaments (red arrows). Finally, filaments move sufficiently to allow beads to
escape the cage to move to the next cage. (c) Accordingly, the mean squared displacements of the beads show a t3/4 power-law dependence at
short timescales, a quasi-plateau value at intermediate timescales between te and tR, and a linear dependence at long times caused by the slow
viscous diffusion of the beads. Inset: The time lag-dependent mean squared displacements of the beads are subsequently transformed into local
values of the creep compliance, G(t), of the cytoplasm. Taken from Panorchan, P.; Lee, J. S.; Daniels, B. R.; Kole, T. P.; Tseng, Y.; Wirtz, D.
Probing cellular mechanical responses to stimuli using ballistic intracellular nanorheology. Methods Cell Biol. 2007, 83, 115–140.
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mechanical stress and measuring the resulting deformation or,
vice versa, subjected to a deformation and measuring the force
or stress that is required to produce the deformation. As discussed in detail below, the rheological response of the cytoplasm can be either predominantly viscous or elastic,
depending on the time of application, the magnitude of the
applied stress, and genetic/pharmacological manipulations of
the cells. These forces can be externally applied as in the case
of endothelial cells subjected to hemodynamic flow,10 result
from internal tension as in the case actomyosin contractility,
or both.22
The shear viscosity of a liquid measures its propensity to
flow when this liquid is subjected to a constant force. The
shear viscosity induces the viscous drag that resists the motion
of organelles and protein complexes in the cytoplasm and
nucleus of cells. A simple way to measure the viscosity of a
liquid ex vivo is to use a falling-ball viscometer. Here the speed
at which heavy balls fall through the probed liquid depends
on an effective viscosity of the liquid. This method is highly
approximate due to the uncontrolled interactions between the
balls and the suspending liquid and the inherent difficulty in
measuring the terminal velocity of the falling balls precisely.
Alternatively, the liquid can be subjected to a steady shear
deformation of controlled rate using a rheometer. Here, the
liquid is placed either between two parallel plates or between a
cone and a plate, which maintains a constant shear rate. The
viscosity is the ratio of the output stress (force per unit area)
induced in the liquid by the input shear deformation to the
rate of deformation. In cells, the interstitial viscosity, corresponding to length scales smaller than the mesh size of the
cytoskeleton, controls the motion of globular proteins, while
the mesoscale viscosity of the cytoplasm, corresponding to
length scales larger than the mesh size of the cytoskeleton of
the cytoplasm, predominantly governs the random movements and directed transport of organelles and cytoskeleton
structures at long timescales.
A material that is only viscous (and not elastic), for example, water or glycerol, cannot resist mechanical stresses, it
can only slow down its deformation by the imposed mechanical stress. Upon cessation of the stress, flow stops instantaneously and the material or liquid has lost all memory of its
original shape and location. A classical illustration of this
phenomenon consists in subjecting a (transparent) viscous
liquid contained in a cylinder in which a droplet of black ink
is deposited and subjected to a rotation for a couple of turns.
Following concentric flow lines, the droplet elongates. Upon
reversal of the rotational movement of the cylinder, the deformed droplet can be returned to its original shape, as long as
diffusive dispersion of the ink particles has not occurred.
Below, we will show how the viscosity of a liquid can be
obtained by tracking the random movements of submicron
beads embedded in the material of interest. The units describing the viscosity of a liquid are those of a force per
unit time multiplied by time, (N  s) m2 or Pa.s or Poise
(1 Pa.s ¼ 10 Poise). Examples of values of viscosity are given in
Tables 1 and 2.
The elasticity (also called the elastic modulus or stiffness)
of a material measures its stretchiness. Elasticity measures
the ability of cytoplasmic structures to resist forces and store
energy caused by deformation stemming from external or

internal forces. A material that is only elastic (and not viscous)
can deform under stress, but cannot flow. A material of
high elastic modulus deforms less than a material of low
elastic modulus when both are subjected to the same force. As
no viscous dissipation occurs during deformation, an elastic
material snaps back to its original shape upon cessation of the
stress. Unlike cytoplasmic viscosity, cytoplasmic elasticity
typically governs the rheological response of the cytoplasm to
mechanical stresses at short timescales. The units describing
the elasticity or elastic modulus of a material are N m2 or Pa
(in the MKS unit system) or dyn cm2 (in the CGS unit system), that is, the elasticity has dimensions of a force per unit
area or pressure.
Some materials, such as silly putty, are both viscous and
elastic. Silly putty can bounce as it deforms upon impact, but
quickly regains its shape, which indicates it is elastic. It is also
viscous, as silly putty rolled into a ball will partially flatten due
to its own weight when left on a surface. Hence silly putty is
predominantly elastic at short timescales (i.e., during impact),
and predominantly viscous at long timescales (i.e., during
spreading). Similarly, the cytoplasm of living cells is viscous at
long timescales and elastic at short times scales, that is, the
cytoplasm is viscoelastic.
Instead of working in the temporal domain, rheologists
tend to work in the frequency domain. The frequencydependent elastic modulus of a material, G0 (o), can be obtained by subjecting the material to oscillatory deformations
of increasing frequency o and constant (small) amplitude and
measuring the resulting frequency-dependent stress induced in
the material. This can be achieved using a strain-controlled
rheometer. Moduli can also be obtained by subjecting a material to frequency-dependent stresses and measuring the resulting deformation. This can be achieved using a stresscontrolled rheometer. Consider an oscillatory deformation
given by the time-dependent function g(t) ¼ g0sinot; then
the stress, t, induced by this deformation within the material
will also be oscillatory, but will typically have both sine and
cosine components. Specifically, the output stress can be decomposed into a sine component, which is in-phase with the
input deformation g(t), and a cosine component, which is
out-of-phase with the input deformation:
tðtÞ ¼ t0 sin ot þ t00 cosot

½1

t0 and t00 are simply the magnitudes of these two contributions. To define elastic and viscous moduli of the material,
G0 and G00 , we now rewrite this last expression by placing
the magnitude of the input oscillatory deformation, g0, as a
prefactor:
tðtÞ ¼ g0 ðG0 sin ot þ G00 cosotÞ

½2

This relationship defines the elastic modulus of the material,
G0 , as equal to the in-phase component of the frequencydependent stress t0 divided by the amplitude of the oscillatory
deformation g0, that is,
G0 ðoÞ ¼ t0 =g0

½3

Similarly, the viscous modulus (also called loss modulus) of
the same material, G00 (o), can be obtained during the same
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Elasticity and shear viscosity of the cytoplasm of different types of cells measured by particle tracking microrheology

Serum-starved Swiss 3T3 fibroblasta
Serum-starved Swiss 3T3 fibroblast treated with LPAb
Serum-starved Swiss 3T3 fibroblast subjected to shear flowc
Swiss 3T3 fibroblast at the edge of a woundd
Swiss 3T3 fibroblast treated with bradykinine
Swiss 3T3 fibroblast treated with PDGFf
Mouse embryonic fibroblast (Lmna þ / þ MEF)g
MEF treated with latrunculin Bh
MEF treated with nocodazolei
MEF deficient in lamin A/C (Lmna/ MEF)
HUVEC cell on a planar 2-D peptide matrixj
HUVEC cell on a planar 2-D peptide matrix and treated with VEGFk
HUVEC inside a 3-D peptide matrixj
HUVEC inside a 3-D peptide matrix treated with VEGFk
HUVEC inside a 3-D fibronectin matrix
HUVEC inside a 3-D fibronectin matrix treated with inhibiting FN peptide
Single-cell C. Elegans embryol
Interphase nucleus of Swiss 3T3 fibroblastm

Average
viscosity
(Poise)

Average elasticity
at 1 Hz (dyne
cm2)

References

1073
95720
300740
45715
22713
2478
1872
NA
NA
871
1771
871
1471
1871
NA
NA
1071
520750

50720
120730
600750
330730
90720
190730
140730
8074
5074
6074
130710
10075
5574
4073
5876
2074
negligible
180730

22
22
10
1
1
1
7
7
7
7

PP, JSHL, DW, unpublished
PP, JSHL, DW, unpublished
110
110
111
111
92
12

a

Cells placed on 50 mg ml1 fibronectin-coated glass were serum starved for 48 h before measurements.
Serum-strarved cells placed on 50 mg ml1 fibronectin-coated glass were treated with 1 mg ml1 lysophosphatidic acid (LPA), which activates Rho-mediated acto-myosin
contractility. LPA was applied 15 min before measurements.
c
Cells were grown 20 mg ml1 fibronectin-coated glass substrate for 24 h and exposed to shear flow (wall shear stress, 9.4 dynes cm2) for 40 min before measurements.
d
Cells in complete medium and grown on 50 mg ml1 fibronectin-coated glass substrate to confluence were wounded to induce migration. Measurements were conducted 4 h after
wounding.
e
Cells in complete medium and grown on 50 mg ml1 fibronectin-coated glass substrate were treated with 100 ng ml1 bradykinin for 10 min before measurements.
f
Cells in complete medium and grown on 50 mg ml1 fibronectin-coated glass substrate were treated with 10 ng ml1 PDGF for 10 min before measurements.
g
Cells in complete medium were grown on glass.
h
Lmna þ / þ MEFs in complete medium grown on glass were treated with 5 mg ml1 actin-filament disassembly drug latrunculin B.
i
Lmna þ / þ MEFs in complete medium and grown on glass were treated with 5 mg ml1 microtubule-disassembly drug nocodazole.
j
Cells in complete medium were placed in a 0.5% puramatrix gel.
k
Cells in complete medium were placed in a 0.5% puramatrix gel and treated with 4 ng ml1 VEGF for 24 h prior to the measurements.
l
Young C. elegans eggs were obtained by cutting gravid hermaphrodites from worms in egg salts. The nanoparticles were then microinjected into the syncytial gonads of gravid
hermaphrodites.
m
Cells in complete medium.
Particle tracking microrheology measurements of shear viscosity and elasticity of a wide range of cells. Unless stated, all values of viscosity and elasticity in the table are for the
cytoplasm. The elasticity was evaluated at a shear frequency of 1 s  1 (1 s  1 ¼ 1 Hz) and the shear viscosity was estimated as the product of plateau modulus and the relaxation
time. The plateau modulus is the value of the elastic modulus where it reaches a quasi plateau value at intermediate frequencies. The relaxation time is the inverse of the frequency
where elastic and viscous moduli are equal. All measurements are mean7sem. Unit conversions are 1 dyne cm  2 ¼ 0.1 Pa ¼ 0.1 N m  2 ¼ 0.1 pN mm  2. Pa, Pascal; pN,
piconewton; NA, not available.
From Wirtz, D. Particle-tracking microrheology of living cells: principles and applications. Annu. Rev. Biophys. 2009, 38, 301–326. Copyright by Annual Reviews.
b

measurement by extracting the out-of-phase component of the
frequency-dependent stress t00 and divide by the amplitude of
the oscillatory deformation g0,23 that is
G00 ðoÞ ¼ t00 =g0

½4

If applied deformations are sufficiently small, the stress is
linearly dependent on the magnitude of the imposed deformation (eqn [2]) and moduli G0 and G00 are independent of
the amplitude of deformation g0. This is the so-called linear
regime for which stress and strain are proportional to each
other. At larger deformations, the cell and networks of cytoskeleton networks will feature moduli that depend on the
amplitude of deformation. This is the nonlinear regime of
deformation for which stress and strain are not proportional

to each other anymore. For instance, an entangled network of
actin filaments in vitro will show a constant elasticity independent of strain at very low strain amplitudes (o2%; the
linear regime), will strain-harden (G0 increases for increasing
deformation; the beginning of the nonlinear regime) for
intermediate deformation amplitudes, and will strain-soften
(G0 decreases for increasing deformation) for large deformation amplitudes.24 This biphasic behavior for G0 represents
the nonlinear regime for which moduli depend on the
amplitude of deformation. Many biopolymers display strainhardening behavior.25
Let us now consider the two limit cases of a purely viscous
liquid and of a purely elastic solid. If the material is an elastic
solid (showing no measureable viscosity), such as rubber or
concrete, then the stress induced by deformation is exactly in
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Viscosity and elasticity of common liquids and cytoskeletal filament networks measured by a cone-and-plate rheometer

Water
Blood
Glycerol
Corn syrup
Ketchup
Jello
Polyacrylamide gel
F-actin network
F-actin þ filamin
F-actin þ a-actinin
F-actin þ Arp2/3 complex/WASp
F-actin þ fascin
F-actin þ fimbrin
Vimentin network

Average viscosity (Poise)

Average elasticity at 1 rad s1 (dyne cm2)

0.01
0.1
B1
B20
B500
negligible

0
negligible
negligible
negligible
negligible
1000
500
873
450760
120720
60715
80710
300730
1472

References

112
24
45
24
113
114
115
116

Measurements are mean7sem. The elasticity was measured at a shear amplitude of 1% and a shear frequency of 1 rad s  1. Shear viscosity of the F-actin and vimentin networks
was not measured because these filaments break under continuous shear.
The concentrations of actin and vimentin solutions are 24 mM. The concentrations of a-actinin, fascin, fimbrin, and filamin in solutions are 0.24 mM. The concentration of Arp2/
3 complex is 0.12 mM and that of its activator WASp is 0.06 mM. The concentration of acrylamide and bis-acrylamide in the polyacrylamide gel is 0.04% and 0.05%, respectively.
Unit conversions are 1 Poise ¼ 0.1 Pa s; 1 dyne cm  2 ¼ 0.1 Pa.
From Wirtz, D. Particle-tracking microrheology of living cells: principles and applications. Annu. Rev. Biophys. 2009, 38, 301–326. Copyright by Annual Reviews.

phase with the input deformation and t(t) ¼ t0 sinot. In this
case, the viscous modulus is vanishing low, G00 ¼ 0 and G0 a0.
In contrast, if the material is a viscous liquid (no measureable
elasticity), such as water or glycerol, then the output stress
is out of phase with the input deformation, and t(t) ¼ t00 cosot.
In this case, the elastic modulus is vanishingly low, G0 ¼ 0
and G00 a0.
In addition to dependence on the magnitude of deformation, typical biomaterials, such as living cells and tissues, have
rheological properties that depend on the rate of the imposed
deformation, o, that is, the moduli G0 and G00 both depend on
o. By definition, a material that is more viscous than elastic,
that is G00 (o)4G0 (o), is a viscoelastic liquid at least over a
certain range of frequencies; a material that is more elastic than
viscous, G0 (o)4G00 (o), is a viscoelastic solid. At low deformation frequencies, the cytoplasm has the time to reorganize its
cytoskeleton polymers and it can flow, behaving mostly as a
viscous liquid showing little elasticity, that is, the cytoplasm is
a viscoelastic liquid at low frequencies. At high deformation
frequencies, the cytoplasm does not have the time to reorganize and relax the imposed stress and the cytoplasm behaves as an elastic solid, which resists the deformation, that
is, the cytoplasm is a viscoelastic solid at high frequencies.
This example illustrates the importance of measuring the
full frequency-dependent response of cells and tissues, which
undergo both slow and rapid movements depending on physiopathological conditions, as opposed to a single-valued
elasticity and viscosity. Unlike particle tracking microrheology,
most cell-mechanics approaches cannot measure frequencydependent moduli, which is a severe limitation.
The rheology of individual cells cannot be measured with a
macroscopic device, such as the rheometer used routinely to
measure the viscoelastic properties of complex fluids. Moreover, even if a micron-scale rheometer existed, measuring the
full frequency-dependent rheological response of the cytoplasm to oscillatory deformations would be extremely tedious,

as this response would have to be probed one frequency at a
time over a wide range of frequencies. Below, we will show
that the frequency-dependent viscous and elastic moduli of a
cell can be measured by monitoring the spontaneous movements of sub-micron beads embedded in the cytoplasm or
nucleus of a cell, without subjecting the cell to any external
force or deformation.
Finally, the creep compliance of the cytoplasm, G, refers to
its deformability. A high compliance indicates that a material
has a low propensity to resist mechanical deformation as it is
being subjected to a shear stress; a low compliance indicates
that it can resist such mechanical stress. Experimentally, it is
measured as the time-dependent deformation of the cytoplasm resulting from a continuously applied mechanical
stress (applied force per unit area). When the material is only
viscous (i.e., it is a liquid), then its time-dependent creep
compliance increases linearly with the duration of stress application and is inversely proportional to the viscosity of the
liquid. Vice versa, when a material is only elastic, then its creep
compliance is independent of time and is inversely proportional to the elasticity of the material. Below, we will show
how the time-dependent creep compliance of the cytoplasm
can be obtained directly from tracking the movements of
the centroids of submicron beads in the cytoplasm. Indeed,
the time-dependent creep compliance, G(t), is directly proportional to the mean squared displacement of the cytoplasmembedded bead.
Importantly, the rheological parameters described above
are related to one another. Viscoelastic moduli G0 and G00 and
compliance G(t) of the cytoplasm are mathematically related
to one another. Indeed, it is possible to compute the timedependent cytoplasmic creep compliance from the frequencydependent viscoelastic parameters through integration and,
vice versa, the viscoelastic moduli of the cytoplasm can be
computed from the time-dependent creep compliance. The
shear viscosity can also be estimated from the frequency-
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dependent viscous and elastic moduli and from the product of
the relaxation time and plateau modulus of the cytoplasm,
defined in more detail below. Finally, at high frequencies
(o41 kHz), due to Kramers-Kronig relations, viscoelastic
moduli G0 and G00 become proportional to one another.26

7.8.2.2

A Model System: A Solution of Actin Filaments

To gain an intuitive understanding of the rheological definitions given in the precedent section, we consider the relatively
simple system of a concentrated solution of actin filaments
suspended in buffer. Along with microtubules and intermediate filaments, F-actin is one of three major filamentous
proteins of the cytoskeleton, providing it with the largest
contribution to cytoplasmic stiffness, which in turn provides
the cell with its structure and shape.19 In the cytoplasm of all
cell types, actin monomers (G-actin) assemble into F-actin.
F-actin is a semiflexible polymer since its persistence length, a
measure of the filament’s bending rigidity, is similar to the
filament’s contour length, both B15 mm in vitro. In contrast,
intermediate filaments and DNA are more flexible polymers
than F-actin, while microtubule is a more rigid polymer than
F-actin, at least in vitro, with a persistence length approximately equal to 1 mm. Because it is a semiflexible polymer,
F-actin can readily form networks that are entangled even at
low concentrations.27–29 These entanglements limit the lateral
motion of the polymers in the network and, in turn, cause the
elasticity of the network. In contrast, flexible polymers can
only form an elastic network at high concentrations. The viscoelastic properties of F-actin networks can be controlled
in vitro by either altering the concentration of F-actin or the
concentrations of F-actin crosslinking/bundling proteins, such
as a-actinin or filamin, or both.24,30
As noted above, the cytoplasm of adherent cells (i.e., not
suspension cells like blood cells) is rheologically complex.
Cytoplasm typically behaves as a viscoelastic liquid when either sheared slowly or for a long time, and as a viscoelastic
solid when either sheared rapidly or for a short time. This
rheological complexity can be partially recapitulated using a
solution of entangled actin filaments assembled with purified
actin and the motor protein myosin II or a crosslinking proteins such as a-actinin.31,32 Below a threshold concentration
of approximately 0.1 mg/ml, actin filaments cannot form an
entangled network and, as a result, cannot resist shear deformations. The rheological response of this actin solution is
viscous at all probed timescales, with a viscosity equal to that
of buffer with a correction due to the presence of the filaments.33 However, beyond this threshold concentration, actin
filaments in suspension begin to form entanglements. These
entanglements form topological obstacles for polymer motion
within the network, which causes the elasticity of the network.
At short timescales, the filaments undergo random, lateral
fluctuations (Figure 1(b)). These fluctuations are rapid
since they involve the small sections of the filaments between
network entanglements. A fast camera can readily show
that a fluorescently labeled actin filament embedded in unlabeled filaments undergoes lateral fluctuations within a
confining tube-like region formed by the surrounding filaments.33–35 Scaling concepts, introduced by de Gennes can
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semiquantitatively predict describe this dynamics.33 For
timescales that are longer than the time required for the lateral
fluctuations to begin to reach the tube-like region of the
surrounding filaments, back-and-forth (random) longitudinal
movements of the filament in the network take place
(Figure 1(b)). Unlike lateral bending movements of the filaments, these longitudinal motions are slow because they
involve the entire filament. At intermediate timescales, these
back-and-forth, snake-like movements, also called reputation,33 result in no net displacement of the filaments. The
movements of the filaments resemble gently curved ‘onedimensional’ random walks. At timescales longer than a
characteristic ‘terminal’ relaxation time of the network, which
strongly depends on the length of the filaments, the filament
can finally escape the tube-like region.36,37 At these long
timescales, the polymer network behaves as a viscous liquid.
Because actin filaments are long and rigid, this terminal relaxation time is extremely long and equal to tens of minutes.
The short- and long-timescale-dependent movements of
individual filaments in a dense network can be described in
rheological terms.33 Consider an actin filament network subjected to a constant mechanical stress of relatively small
magnitude. At short timescales, the filaments can only ‘relax’
the energetically unfavorable distortions created in the polymer network by the externally applied stress through lateral
fluctuations.36 At these short timescales, the creep compliance
– that is, the deformation of the network caused by the applied stress – increases as a power law of time, as t3/4 (Inset,
Figure 1(c)).38 The exponent 3=4 reflects the lateral bending
fluctuations of the filaments.36,39 This exponent would be
1=2 for flexible polymers, such as DNA. We note that this exponent is close to 3=4 for the cytoplasm of fibroblasts,26 further
indicating that cytoplasmic rheology is dominated by actin
filaments. Hence rheological measurements can reveal the
bending rigidity of a polymer, if unknown.
At longer timescales, the network cannot relax anymore
since no net filament motion occurs at these timescales as
polymers are undergoing each reptation in tube-like regions
created by surrounding polymers. Accordingly, the creep
compliance of the filament network becomes approximately
time-invariant, a constant called a ‘plateau’ (Figure 1(c)). At
least at these intermediate timescales, the polymer network
behaves mostly as an elastic gel. Here the elastic modulus
becomes much larger than the viscous modulus. Although not
physiological, a stably crosslinked actin filament network
would also be more elastic than viscous, but at all timescales.40 Finally, at long timescales, the test actin filament finally moves out of its confining tube-like region, the network
can relax the imposed stress. The creep compliance (i.e., network deformation) starts growing linearly with time, a proportionality that reflects viscous behavior at long timescales.41
The network becomes a viscoelastic liquid, for which the viscous modulus is much larger than the elastic modulus.23 If the
actin filament network were stably crosslinked, the polymer
could not undergo this terminal relaxation and the plateau
value of the compliance would persist indefinitely in a graph
of creep compliance as a function of time. Often the transition
from the plateau region at intermediate timescales to the
terminal relaxation region at long timescales is not sharp.
Rather the transition of broad and the compliance curve forms
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a ‘shoulder’ because actin filaments in solution have a wide
distribution of lengths, corresponding to a broad distribution
of relaxation times. If one uses regulators of F-actin length
distribution, then this shoulder becomes sharper.
A permanently crosslinked actin filament network would
provide cells with structural stability, but would not allow
them to mechanically soften to mediate cell shape changes
that are, for instance, required during cell intravasation and
extravasation steps of metastasis42 and during migration of
some cell subtypes in three-dimensional (3-D) stromal matrix.43 Cells have evolved an ingenious mechanism to allow for
both a stiff but malleable cytoskeleton. This mechanism does
not require dynamic disassembly and reassembly of the filaments themselves to modulate the mechanical properties of
the network. Rather, F-actin networks exploit dynamic crosslinking proteins, such as a-actinin or filamin,42,44–46 which
both dynamically bind F-actin and are present in different
sections of the cell. a-Actinin crosslinks F-actin at stress fibers
at the basal surface of the cell, while filamin crosslinks F-actin
in the lamella. When an a-actinin- or filamin-crosslinked
network is sheared more slowly than the lifetime of binding of
a-actinin or filamin, the network can flow and it behaves
mostly as a liquid. When sheared at a rate faster than the
inverse binding lifetime of the crosslinking protein, the actin
filament network behaves as an elastic gel and cannot
flow.42,44,47 Hence a-actinin and other dynamic crosslinking/
bundling proteins would mediate mechanically ‘auto-regulated’ movements of cells.
At high concentrations of actin crosslinking proteins
a-actinin and filamin or myosin II, these proteins mediate
bundling of filaments in vitro. Cells display such actin filament
bundles at their basal surface (as stress fibers), as well as arcs
on the dorsal side of the lamella, and thick contractile fibers
on top of the nucleus, which form the perinuclear actin cap.48
These different actin bundle structures play distinct functions
in cell and nuclear shaping and in migration. Some F-actinbinding proteins only bundle and do not crosslink F-actin,
including fascin, which is concentrated in the thin filopodial
protrusions at the leading edge of migrating cells. The differential ability of fascin and a-actinin/filamin to bundle as opposed to crosslink actin filaments may depend on the distance
between their two actin-binding domains. A short distance
between the two actin-binding domains of these proteins (the
case for filamin and a-actinin) promotes tight crosslinking of
actin filaments, that is, their bundling. In contrast, a large
distance between the actin-binding domains of the protein
promote actin filament bundling. As expected, F-actin bundling protein fascin does not increase the stiffness of a network
as much as crosslinking proteins. This is because F-actin
bundling alone, while fascin increases the stiffness of the
building blocks of the network (i.e., the bundled filaments), it
decreases their density in the network. Polymer physics predicts that stiffening of the polymers is much less potent than
polymer density in increasing the elasticity of a polymer network. Computational modeling predictions, which were subsequently verified by experiments with purified proteins,
suggest that combining a bundling protein (fascin) with a
crosslinking protein (a-actinin) is significantly more effective
at forming highly elastic F-actin networks than bundling
proteins alone or crosslinking proteins alone for the same

concentration of actin.49,50 Rheology of F-actin networks
in vitro also suggests that bona fide crosslinking proteins
a-actinin and filamin do not play redundant rheological
functions49,50 and can form much stiffer actin filament network than any of these proteins alone at the same total concentration of crosslinking proteins.

7.8.3
7.8.3.1

Particle Tracking Microrheology
Particle Tracking Microrheology of a Viscous
Liquid

Here we describe some of the basic principles of particle tracking
microrheology. To understand how the viscoelastic properties of
the cytoplasm or nucleus can be computed by tracking and
analyzing the movements of submicron embedded beads, we
consider first the simpler case of submicron beads suspended in
a viscous liquid (no elasticity). These beads are chosen to be
smaller than 1 mm so that they undergo Brownian motion, as
inertial forces (gravity) are negligible. If active transport of the
nanoparticles is also negligible (see more below), only two types
of forces act on the beads inside the cytoplasm:
(i) The small random force produced by the random collisions of water molecules generated by the thermal energy
kBT (kB is Boltzmann’s constant, T is the absolute temperature) and the movements of other cytoplasmic structures, such as cytoskeleton filaments and other organelles.8
(ii) The counteracting frictional force that results from the
movement of the beads driven by random forces. The
frictional force is proportional to the velocity of the bead
and the bead’s friction coefficient, which depends on
the viscoelastic properties of the cytoplasm and the
size of the bead. It has all times the same magnitude as the
random force and is points in the exact opposite direction.
Because we can neglect inertia and directed motion, the mathematical equation describing the motion of a bead simply
states that the sum of these random and frictional forces
is zero. The resulting equation is not deterministic but ‘stochastic’ (also called Langevin equation), because the force that
drives the movements of the beads is itself random in amplitude and direction. The solution of this stochastic equation is
the conventional random walk.51 A probabilistic formulation of
the random displacements of beads in a liquid is the FokkerPlanck equation. On average, a bead subjected to random and
counteracting frictional forces remains at its initial position, that
is, the first moment of the distribution is zero. However, the
standard deviation of the displacements or the mean squared
displacement (MSD) of the bead, /Dr2S, is not zero, that is, the
second moment of the distribution is not trivially zero.
Consider a liquid of (unknown) shear viscosity, Z, in which
a submicron bead has been suspended and, therefore,
undergoes Brownian motion driven by the thermal energy kBT.
We aim at measuring Z by tracking the movements of this
bead. Each time the bead takes a step in a random direction
(i.e., for each recorded frame of a movie), it loses all ‘memory’
of where it just came from (i.e., the previous frame) because
the liquid is viscous and not elastic. For the next step (i.e., the
next frame), the bead moves in a direction and with a
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magnitude that are completely uncorrelated to the directions
and magnitudes of the previous bead movements. Einstein
showed that, in these conditions, the bead undergoes a random walk and its time-averaged MSD is simply (Figure 2(a)):



Dr 2 ¼ 4Dt

½5

In eqn [5], t is the time lag or timescale (the same timescale
that we described in the previous section); the brackets /:::S
indicate time-averaging over several moves of the bead; and D
is the diffusion coefficient of the bead. The linear dependence
of the MSD on timescale (eqn [1]) is indicative of viscous
52
The square-root
dependence of the root MSD with
diffusion.
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃ
time, hDr 2 i ¼ 4Dt B t 1=2 , is also indicative of viscous diffusion.51 For a spherical bead, the diffusion coefficient is
given by the relation D ¼ kBT/x, where x ¼ 6pZa is the Stokes–
Einstein expression connecting the friction coefficient of the
bead in the viscous liquid to the radius a of the bead and the
viscosity of the liquid. To compute the unknown viscosity of
the liquid from the measured movements of the bead, we can
rearrange the previous expression. We obtain:38
Z¼

2kB T
t
3pa hDr 2 ðtÞi

½6

Time dependent

Mean squared displacement 〈Δr 2(t)〉

likely that the liquid moved during the experiments, presumably
because of uncontrolled convection.
To illustrate the use of the above expressions, we now
consider a 100 nm diameter bead suspended in corn syrup,
which has a shear viscosity close to that of the cytoplasm of
fibroblasts, Z ¼ 20 Poise ¼ 2 Pa. s (typical values of viscosity
are listed in Tables 1 and 2) and no elasticity. The thermal
energy is kBTE4.2 pN.nm (where pN ¼ piconewton and
T ¼ 273.15 þ 37 1C ¼ 310 1K absolute temperature) and the
diffusion coefficient of the bead is DE0.0022 mm2 s1 computed using the Stokes–Einstein relationship. By comparison,
the diffusion of the same bead in water (Z ¼ 0.01 Poise) would
be approximately 4.4 mm2 s1. Therefore, the value of the
time-averaged MSD of the bead in corn syrup after times of
0.1 s, 1 s, and 10 s of tracking is respectively E0.00088 mm2
(or 88 nm2), 0.0088 mm2, and 0.088 mm2. These results indicate that the size of the regions encompassed by the Brownian
movements
the bead after the same times is approximately
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ pof
ﬃﬃﬃﬃﬃﬃﬃﬃ
hDr 2 i ¼ 4Dt E30 nm, 94 nm, and 300 nm, respectively.
Hence high-resolution tracking is required to obtain reliable
measurements of the MSDs of 100 nm beads in a highly viscous liquid within a 10 s long tracking time. Alternatively, for a
highly viscous liquid such as corn syrup, long-time tracking
can be used to monitor displacements of beads so that they are
sufficiently large that they can be more easily detected by light
microscopy.
The prefactor 4 in the expression /Dr2S ¼ 4Dt is due to
standard light microscopy probing the two-dimensional projection of the three-dimensional movements of the bead. This
prefactor is correct only if the probed material in the proximity
of the bead is isotropic, that is, this material or liquid has the
same physical properties in all 3 (x, y, and z) orthogonal directions. As an alternative to actual 3-D tracking of beads which
can be achieved by tracking rings of diffraction,54 and to test
whether isotropy is likely to be correct for the material in
question,55 one can compute the MSDs of the bead in the
x and y directions independently. From the time-dependent
coordinates of the bead, x(t) and y(t), one obtains the
total MSD of the bead defined as /Dr2(t)S ¼ /[x(t) 
x(0)]2 þ [y(t)  y(0)]2S, where x(0) and y(0) are the initial

Mean squared displacement 〈Δr 2(t )〉

This expression explains how one can estimate the viscosity of
a liquid merely by submicron beads in that liquid and subsequently tracking their thermally-excited random motion
using fluorescence light microscopy using an appropriate
particle tracking software, and finally computing the MSD
from the trajectories of the beads.
In practice, tens to hundreds of beads need to be tracked to
ensure adequate statistics. In this case, the ensemble-averaged
MSD, /Dr2(t)S, which is the average of all measured MSDs, is
used instead of /Dr2S. If the suspending fluid is indeed a liquid,
then t//Dr2(t)S should be a constant independent of t (see eqn
[1]), which is a stringent test of viscous diffusion. If t//Dr2(t)S
is not constant, it usually indicates that the suspending fluid is a
viscoelastic material instead of a viscous liquid, that is, it is both
viscous and elastic.53 If t//Dr2(t)S increased with t, then it is
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Time independent

(a)

Time lag (t)

(b)

Time lag (t)

Figure 2 Particle tracking microrheology of a viscous liquid and an elastic solid. (a) The mean squared displacement of beads immersed in a
viscous liquid (such as water or glycerol), grows linearly with time lag, with a slope inversely proportional to the viscosity of the liquid and the
radius of the bead. (b) The mean squared displacement of beads embedded in an elastic solid liquid (such as rubber), is independent of time lag.
The plateau value is inversely proportional to the elasticity of the solid. Adapted with permission from Wirtz, D. Particle-tracking microrheology of
living cells: principles and applications. Annu. Rev. Biophys. 2009, 38, 301–326. Copyright by Annual Reviews.
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position of the bead when starting tracking. If the probed
material is isotropic, then /[x(t)  x(0)]2S ¼ /[y(t)  y(0)]2S.
Therefore, in this case, /Dr2(t)S ¼ 2/[x(t)  x(0)]2S ¼
/[y(t)  y(0)]2S. If the displacements of the bead in the x
and y directions are indeed Brownian (i.e., x and y projections
of the bead displacements are independent of each other
and correspond both to one-dimensional random walks),
then /[x(t)  x(0)]2S ¼ /[y(t)  y(0)]2S ¼ 2Dt. Therefore,
/Dr2 (t)S ¼ 4Dt; if the last expression is experimentally verified, then the viscoelastic properties of the cytoplasm in the
vicinity of the bead are likely to be isotropic.56
In the case of a viscous liquid, the elastic modulus of the
liquid is negligible (G0 ¼ 0), and it can be shown that the
viscous modulus is given by the product G00 ¼ Zo. Here, o is
the frequency (or rate) of the deformation in an oscillatory
mode of deformation and is equal to the inverse of the time
lag t, o ¼ 1/t. This means that if this liquid were placed in a
rheometer and subjected to oscillatory deformations, then the
elastic modulus would be negligible and the viscous modulus
would increase linearly with the input frequency o. Equivalent
to the linear dependence of the MSD with time, the fact that
the viscous modulus of a given material increases linearly with
o is indicative that this material is a viscous liquid. This
rheological response described by G0 E0 and G00 ¼ Zo, would
be, for instance, that of an unpolymerized G-actin solution
in vitro or that of the cytoplasm of a cell treated with a high
concentration of an actin-depolymerizing drug.
If the probed system were perfectly uniform (same rheological properties everywhere), tracking one bead for a long
time (say 1000 s) and dividing this time span, say, in 100 equal
time spans of 10 s should be equivalent to tracking 100 beads
each for 10 s. Although it is impractical to track a single bead for
very long time periods, even in in vitro systems, because of drift
problems and live cells, because of their movements, this
equivalency is mathematically correct for liquids like water and
glycerol, a signature of ergodicity. But it is incorrect in in vitro
systems like actin filament suspensions and live cells, which are
systems far from equilibrium and highly spatially heterogeneous.57,58 Indeed, beads dispersed in the cytoplasm of an
adherent cell typically show a wide distribution of MSDs.8
We note that individual trajectories of the beads, even in
viscous liquids like water or glycerol, are asymmetric in
shape.56 Even the overall shape of a (single) computer-generated random walk is highly asymmetric,51,59 that is, somewhat unexpectedly, it is not a circle. The shape of the object
encompassing an individual trajectory of a single bead in a
liquid is an ellipse in 2-D (e.g., the trajectory of a membrane
protein in the plasma membrane) and is a completely asymmetric ellipsoid in 3-D (e.g., the trajectory of fluorescent
protein such as GFP (green fluorescence protein) in the cytoplasm).60 Of course, when these trajectories are ensembleaveraged and the trajectories are superimposed to one another,
then the object encompassing these individual trajectories is a
circle in 2-D and a sphere in 3-D.

in an elastic material of negligible viscosity, such as rubber
or concrete. Here, each time the bead is driven by the
thermal energy in a random direction, the surrounding material instantaneously pushes back in the opposite direction
with equal force. Therefore, the MSD of the bead is nonzero but constant: /Dr2S ¼ C, at all measured timescales
(Figure 2(b)). An experimentally observed time-independence
of the MSD is indicative of a purely elastic solid behavior.
In this example, the viscous modulus of this solid is zero,
G00 (o) ¼ 0. The elastic modulus of an elastic solid considered
here is given by G0 (o) ¼ 2kBT/3pa/Dr2S ¼ 2kBT/3paC, where
C is a constant. This expression shows that G0 (o) is a constant
independent of o; moreover, it shows that the elastic modulus
of an elastic solid is inversely proportional to the MSD of the
beads embedded in it.
This example shows that one can compute the elastic
modulus of an elastic solid from particle-tracking measurements of /Dr2S without imposing any oscillatory deformation to the material, but by tracking the spontaneous
Brownian motion of beads serving as local physical probes of
the material. When the elastic modulus of a given material is
found to be independent of the rate of deformation, o, it is
indicative of its purely elastic behavior. This is the rheological
response of a permanently crosslinked actin filament network61 or Jello, for which G0 is approximately a constant independent of frequency and G00 is much smaller than G0 .
To estimate the viscosity of a liquid, a spatial resolution of
at least 30 nm is required when tracking 100 nm diameter
beads for 10 s using a camera collecting images at a rate of 10
frames per second. In practice, the spatial resolution on the
displacements of the beads has to be an order of magnitude
better, approximately 3 nm for a 100 nm diameter fluorescent
bead. Such a high, subpixel spatial resolution can be obtained
by either using quadrant detection or fluorescence video microscopy. The advantage of quadrant detection is its superior
detection capability and spatial resolution (o1 nm),62 but
quadrant detection can only track one or two beads at a time
in the cytoplasm.26,63,64 This is a serious problem when the
viscoelastic properties of various locations within the cell need
to be monitored simultaneously. With the use of high-magnification, high numerical-aperture lenses,65 video microscopy
can track 10–300 beads simultaneously,8,66,67 but has a maximum resolution of the order of 1–10 nm. The spatial resolution of the measurements of bead displacements will vary
from one instrument to another since spatial resolution also
depends on the stability of the microscope system used to
collect movies of beads. For an elastic material and with a
spatial resolution of 3 nm, the highest elasticity that can
be measured with accuracy using particle-tracking microrheology is approximately G0 max ¼ 2kBT/3pa(3 nm)2E1900
PaE 19 000 dyne/cm2,68,69 which is much higher than typical
values of the elasticity of the cytoplasm, but too low for some
very stiff biomaterials like bone.

7.8.3.3
7.8.3.2

Particle Tracking Microrheology of an Elastic Solid

The second example illustrating the basic principle of particle
tracking microrheology involves a submicron bead embedded

Particle Tracking Microrheology of a Viscoelastic
Material

Progressively moving towards more complex systems, we
now describe the rheological behavior of the cytoplasm or a
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Here, Fu[/Dr2(t)S] is the unilateral Fourier transform of the
measured /Dr2(t)S. Equation [7] can be solved analytically53
if one allows the frequency-dependent elastic modulus to be
calculated algebraically using the following relationship:

reconstituted actin filament network. The rheological behavior
of such systems is intermediate between the two above limit
behaviors of a viscous liquid and an elastic solid. The cytoplasm is predominantly viscous at long timescales (t4tR) or
low rates of shear (oooR), G00 (o){G0 (o), and predominantly elastic at short timescales or high rates of shear,
G00 (o)cG0 (o) for o4oR where oR is the inverse of the
terminal relaxation time of the cytoskeleton network, tR
(Figure 3). At high frequencies, o4oe, then G0 and G00 are
both proportional to o3/4, a power-law dependence that reflects the bending lateral fluctuations of the semiflexible filaments in the network.70,71 The frequency oe is approximately
equal to the inverse of the time required for lateral fluctuations
to begin to touch the walls of the confining tube-like region
(Figure 3(b)). The exponent would be 1=2 instead of 3=4 if the
polymers constituting the cytoskeleton were flexible.41
In particle tracking microrheology of living cells, the size of
the probing beads has to be larger than the average mesh size
of the cytoskeleton, typically 50 nm for fibroblasts.72,73 This
mesh size can be measured via fluorescence recovery after
photobleaching (FRAP) of fluorescently labeled dextran of
various molecular weights introduced into the cell. The
effective mesh size of the cytoskeleton is equal to the radius of
gyration corresponding to the smallest molecular weight of
dextran for which there is little or no recovery after photobleaching. Here again, without applying oscillatory deformations to the cytoplasm of the cells, the frequency-dependent
viscoelastic moduli can be computed from the mean squared
displacements of embedded beads. In this case, it can be
shown that the viscoelastic moduli can be computed from the
so-called complex modulus, G(o), as:74
2kB T
:
3paioFu ½oDr 2 ðtÞ4

Stiffer

jG ðoÞjE

½8

2kB T
3pahDr 2 ð1=oÞiG½1 þ aðoÞ

½9

Here a is the local slope of a log–log plot of /Dr2(t)S as a
function of t estimated at the frequency of interest o; G is the
gamma function. The above expressions need to be used in the
cases of cytoplasm or actin filament networks in vitro.

7.8.3.4

Dynamic Viscosity versus Shear Viscosity

The viscous modulus, G00 (o), or alternatively the dynamic viscosity, Z00 (o) ¼ G00 (o)/o, and the shear viscosity, Z, of a material
should not be confused with one another. G00 (o) represents the
fraction of energy induced by the imposed deformation, which
is lost by viscous dissipation as opposed to stored elasticity by
the material. In a standard rheometer, G00 (o) is computed by
imposing an oscillatory deformation of controlled frequency
and measuring the out-of-phase component of the frequencydependent stress induced in the material. In contrast, the shear
viscosity Z has units of Pa s and is measured by imposing a
steady deformation of constant rate. It is the ratio of the stress
induced in the material to the rate of deformation.
Here again without applying any external forces to the
cytoplasm, one can compute an approximate value of its shear

R
Time lag (t)



paðoÞ
2

The amplitude 9G(o)9 can be approximated as

½7
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Figure 3 Creep compliance and viscoelastic moduli of the cytoplasm. (a) Typical creep compliance of the cytoplasm measured by the
spontaneous displacements of beads embedded inside the cytoplasm of a living cell (see also the inset in Figure 1(c)). The creep compliance
defines two characteristic timescales, te and tR. (b) The frequency-dependent elastic (or storage) modulus, G00 (o), and viscous (or loss)
modulus, G00 (o), of the cytoplasm can be approximately computed from the mean squared displacement of the beads or equivalently from the
time-dependent creep compliance shown in (a). In general, the cytoplasm behaves as a viscoelastic liquid at low frequencies (corresponding to
long timescales, t4tR): G00 (o)4G00 (o) for oooR. The cytoplasm behaves as a viscoelastic solid at intermediate frequencies: G00 (o)4G00 (o) for
oe4o4oR. Finally, the cytoplasm behaves again as a viscous liquid at high frequencies, o4oe, for which G00 (o)BG00 (o)Bo3/4. Adapted with
permission from Wirtz, D. Particle-tracking microrheology of living cells: principles and applications. Annu. Rev. Biophys. 2009, 38, 301–326.
Copyright by Annual Reviews.
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viscosity Z from the frequency-dependent viscoelastic moduli,
G0 (o) and G00 (o):
ZEG0P tR

½10

where G0 p is the plateau value of the elastic modulus G0 (o) at
intermediate frequencies (between oe and oR) and tR, already
defined above, is the inverse of the frequency oR at which
G0 (o) and G00 (o) are equal (see definitions in Figure 3(b)).
Typical values of shear viscosity of the cytoplasm of a wide
range of cells and materials are given in Tables 1 and 2.
Particle tracking microrheology indicates that the rheology of the cytoplasm is not only time scale dependent, but
also that the frequency-dependent viscoelastic moduli define
a single crossover frequency, oR at low frequencies (Figure 3(b)). Below this frequency, the cytoplasm behaves essentially as a viscous liquid. Equivalently, in the time domain,
if the cytoplasm were subjected to a step deformation, the
time-dependent stress induced in the cytoplasm would adapt a
plateau value at intermediate timescales, crossing over at a
characteristic time tR ( ¼ 1/oR) to a terminal viscous relaxation
at long timescales (Figure 3(a)).
Sometimes the MSD of beads inside a viscoelastic material
can be fitted by a power law of the time lag: /Dr2S ¼ Kta
where the exponent ar1 and K is a constant. This is also the
case of foams, emulsions, and slurries. In this case, the
movement of the beads are called subdiffusive or that the
beads undergo anomalous diffusion. Here, the frequencydependent elastic and viscous moduli are proportional to each
other: G0 (o)BG00 (o)Boa. Soft glassy materials display powerlaw rheology described by G0 (o)BG00 (o)Boa. These materials
do not feature a terminal relaxation time and, therefore, are
not characterized by a single relaxation time, but by a broad
distribution of relaxation times. Recent measurements suggest
that isolated nuclei may behave as soft glassy materials.75

7.8.3.5

Creep Compliance from Particle Tracking
Microrheology

From a rheological point of view, the cytoplasm is a viscoelastic material. As suggested above, the mathematical transformation of the measured time-dependent MSD into
frequency-dependent elastic and viscous moduli, G0 (o) and
G00 (o) is not trivial53,74 (see eqns [2]–[4]). This transformation involves Fourier/Laplace integrals that presume the
knowledge of the MSD over an infinite range of timescales.
Therefore, large errors can be introduced in the computation
of G0 (o) and G00 (o) at low and high frequencies, corresponding to the maximum time of capture (at long timescales)
and the rate of image capture of the camera for the MSD (at
short timescales), respectively. However, it can be shown that
the mean squared displacement of a bead is proportional to
the creep compliance G(t) of the material in which the bead is
embedded38 (Figures 1(c) and 3):
GðtÞ ¼

3pa  2 
Dr ðtÞ
2kB T

½11

The creep compliance of a material is its deformability and, in
classical rheological measurements, is obtained by imposing a

steady mechanical stress of constant magnitude and measuring the resulting shear deformation of the material. Here
again, we can compute the creep compliance from particle
tracking measurements without imposing any deformations.
If we return to the examples of viscous liquid and elastic
solid already described above, then simple substitution of the
expressions of /Dr2S, /Dr2S ¼ (2kBT/3paZ)t and /Dr2S ¼ C
in eqn [6] indicates that the creep compliance of a viscous
liquid (no elasticity) is G(t) ¼ t/Z, while the creep compliance
of a highly elastic solid (negligible viscosity) is G(t) ¼ (3paC/
2kBT) ¼ constant. Therefore, the creep compliance of a viscous
liquid is inversely proportional to the shear viscosity, G(t)B1/
Z, and the creep compliance of an elastic solid is the inverse of
the material’s elasticity, G ¼ 1/G0 where G0 is a constant.
All the rheological information about the cytoplasm or
material in which the probing beads are embedded is effectively contained in the time-dependence and magnitude of
creep compliance76 (Figure 3(a)). To illustrate this concept,
we return to the relatively simple example of a concentrated
suspension of uncrosslinked actin filaments, in which beads
have been embedded. This bead diameter is selected to be
larger than the mesh size of the network. Hence the bead is in
intimate physical contact with the filaments, which, for a finite
time, form a steric ‘‘cage’’ that confines the bead (Figure 1(a)).
At short timescales, the motion of the bead is dictated by the
lateral fluctuations of the cage-forming filaments in contact
with the bead (Figure 1(b)). Hence the mean squared displacement of the bead grows with time as t3/4 (Figure 1(c)).
A movie captured at high frame rate would show that the
bead undergoes small-magnitude, random, and rapid displacements created by the lateral fluctuations of the confining
filaments. At intermediate timescales, the bead does not
undergo net motion anymore because the filaments surrounding the bead cannot escape from their own confining
tube-like region. Finally, at long timescales, the filaments
surrounding the bead can escape their tube-like regions
through large-magnitude longitudinal motion (Figure 1(b)).
Accordingly, the filamentous cage that was confining the bead
disappears since its constitutive filaments have moved out of
the way. A slow camera would capture the bead going from
cage to cage, undergoing a random walk – albeit at a very slow
pace set by the high viscosity of the actin filament solution.

7.8.4
7.8.4.1

Microrheology of Live Cells
Applications of Particle Tracking Microrheology in
Cell Biology

Particle tracking microrheology – also called passive microrheology or ballistic intracellular nanorheology (BIN) – has
readily demonstrated that the cytoplasm of adherent cells at
rest, such as endothelial cells and fibroblasts placed on planar
substrates, is typically more elastic than viscous at short
timescales (i.e. these cells show a rheological behavior which
is akin to that of a solid), for timescales between 0.1 and
B10 s.8 The same cells are predominantly viscous at long
timescales, 410–20 s, for which the cytoplasm behaves like a
viscous liquid.8 Hence, for fast movements of the cells, the
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cytoplasm behaves as a solid, while for slow movements of the
cells, the cytoplasm behaves as a liquid.
In general, the viscoelastic properties of adherent cells are
dominated by the actin filament network, and to a lesser extent by the two other major cytoskeletal filaments, microtubules and intermediate filaments. Indeed pharmacological
treatment by cytochalasin D or latrunculin B, which induces
the disassembly of actin filaments, dramatically increases
the deformability of the cytoplasm or, equivalently, decreases
the cytoplasmic stiffness or elasticity at all measured timescales.26,77 Moreover, the degree of cytoplasmic elasticity correlates with the local concentration of F-actin (filamentous
actin): the cell periphery (i.e., the lamella), which contains an
actin-rich dense meshwork, is significantly stiffer than the
perinuclear region, which contains significantly less actin.
Additional evidence of the critical role of actin in cell
mechanics comes from microrheological studies of cells under
shear. Serum-starved cells, which show little organized F-actin
(filamentous actin), have both a low viscosity and a low
elasticity. The same cell subjected to levels of shear stress
similar to those present in blood vessels displays rapid assembly of actin filaments into organized bundled and contractile structures10,78. Particle tracking microrheology shows
that actin filament assembly and bundling induced by extracellular flow stimulation is accompanied initially by a rapid
increase in cytoplasmic stiffness, and then a rapid relaxation
under continued flow stimulation.10 This transient increase
in cytoplasmic stiffness correlates with the transient activation
of the Rho/ROCK-mediated pathway and the associated assembly, parallel bundling, contractility, and contractility of
actin filaments by motor and F-actin bundling protein
myosin II.
Endothelial and epithelial cells polarize their morphology
and position their microtubule organizing center (MTOC or
centrosome) towards the cell’s leading edge during migration
at the wound edge.5,79 Particle tracking microrheology shows
that the mechanical properties of the cytoplasm of these migrating cells become spatially polarized as well. The cytoplasm
is much stiffer at the leading edge than at the trailing edge of
the migrating cells.1 Centrosome positioning at the edge of the
migrating cells is abrogated in cells that are transfected with a
dominant negative mutant of the small GTPase Cdc42.80 This
abrogated polarization is accompanied with the abrogated
ability of these cells to polarize their mechanical properties.
Particle tracking microrheology has also shown that the
elasticity of the cytoplasm is much lower than that of the
nucleus in the same cell, which explains the nature of movements of nucleus within the cell. Nevertheless, similar to the
cytoplasm, the nucleus is significantly more elastic than viscous,12 albeit over a much wider range of timescales. This is an
important result as cells embedded inside a 3-D matrix move
though a dense crosslinked collagen-rich extracellular matrix
and a rate-limiting step in 3-D migration seems to be the
ability of cells to eventually squeeze their nucleus through
partially digested pores.81
Measurements of the mean shear viscosity and the elasticity
of the intranuclear region by particle tracking microrheology
has determined a lower bound of the forces required for nuclear organelles such as PML bodies to undergo processive
transport within the nucleus by overcoming the friction forces
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set by the intranuclear viscosity, B3–15 pN. Dynamic analysis
of the spontaneous movements of submicron beads embedded in the nucleus also reveals the presence of transient nuclear microdomains of mean size 290 nm, which are largely
absent in the cytoplasm.12,82 The strong ‘solid’ character and
the microorganization of the intranuclear region revealed by
particle tracking analysis may help the nucleus preserve its
structural coherence and organize chromosomes. We note that
XX low interstitial nucleoplasmic viscosity, which controls the
transport of nuclear proteins and molecules, and the much
higher mesoscale viscosity, which affects the diffusion and the
directed transport of nuclear organelles and reorganization of
interphase chromosomes.12
Finally, particle tracking microrheology has shown that the
unique response of human endothelial cells when inside a
more physiological 3-D matrix compared to conventional
substrates. The cytoplasm of matrix-embedded cells is much
softer than the cytoplasm of the same cells placed on a flat
substrate.11 Moreover, exposure to vascular endothelial growth
factor (VEGF), which enhances proliferation and migration of
endothelial cells in the 3-D matrix, increases their elasticity
and viscosity in the matrix, but not so for cells on substrates.
This VEGF-induced softening response of the cytoplasm is
abrogated by specific inhibition of ROCK (Rho kinase).
In typical measurements of cell mechanics (e.g., atomic
force microscopy (AFM)),83–85 it is assumed that the nucleus
and the cytoplasm contribute independently to global cell
stiffness. This assumption is an oversimplification that overlooks the existence of critical functional links between the
nucleus and the cytoskeleton. These physical connections are
established by specific linker proteins located at the nuclear
envelope called the linkers of nucleus to cytoskeleton (LINC)
complexes. LINC complexes form physical connections between nucleus and cytoskeleton and play as a critical role in
cell mechanics as the intrinsic mechanical properties of the
nucleus and the cytoskeleton themselves. Indeed, when LINC
complexes are disrupted, then the elasticity of the cytoplasm is
significantly reduced and the magnitude of this reduction is as
important as observed when the actin cytoskeleton is completely disassembled with actin-depolymerizing drugs.7
Particle tracking microrheology shows that the loss of the
LINC complex dramatically affects the ability of cells to resist
mechanical shear forces.20 Mutations scattered along Lmna,
which encodes A-type lamins, have been associated with a
broad range of human diseases, collectively called laminopathies.86–91 These diseases involve either specific or combined pathologies of neurons, muscle, and bone tissue.86,87
Cytoplasmic fragility, measured by particle tracking microrheology, correlates with the disruption of LINC complexes at
the nuclear envelope in cells derived from mouse models of
laminopathies.7,20,21
The above measurements could only be obtained by particle tracking microrheology analysis. Particle tracking microrheology can measure the mechanical properties of live cells in
more physiological environments than other methods for cell
mechanics. For instance, particle tracking microrheology is the
only cell-mechanics method introduced so far in the literature
that could probe the mechanical properties of cells embedded
inside a 3-D matrix and their mechanical response to agonists
and/or drug treatments,11 monitor in real time the changes in
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cytoplasmic elasticity in cells subjected to shear flows,10 or
measure in vivo the local viscoelastic properties of cells in a C.
elegans developing embryo.92 Cells in these more physiological environments than conventional flat substrates cannot
be probed by other cell-mechanics methods, including
AFM and magnetic/optical tweezers, because these cells are
inaccessible to direct physical contact and can only be mechanically probed at a distance. Hence particle tracking microrheology presents the unique potential to be used to probe the
micromechanical properties of cells in animal models, such as
mice and rats. Although a direct demonstration of particle
tracking microrheology in rodents is currently lacking.
Applications of particle tracking microrheology presented
above were only possible thanks to the replacement of
manual microinjection of beads inside cells by ballistic injection.10,11,78 In a single ballistic injection, the number of
injected cells amenable to measurements increases 1000-fold
compared to conventional microinjection.10,11 With a large
sample size per condition, particle tracking microrheology
results become more precise and significant. Ballistic injection
of beads into the cytoplasm combined with particle tracking
(ballistic injection nanorheology or BIN) provides consistent
values of cellular viscoelastic properties.

7.8.4.2

Interstitial Viscosity versus Mesoscale
Viscoelasticity of the Cytoplasm

The viscosity of the intracellular space depends critically on
the length scale being probed. At small length scales, the
viscosity of the cytoplasm is essentially that of water (more
precisely, 1.2–1.4 times the viscosity of water93) or approximately 0.01 Poise.94,95 It can be measured by monitoring the
diffusion of GFP or small fluorescently labeled DNA fragments
in the cell. This interstitial viscosity is a key parameter that
controls the transport of small globular proteins and it varies
slightly for various cell conditions.
At length scales larger than the effective mesh size of the
cytoskeleton meshwork, the apparent viscosity is much higher,
typically 410 Poise or 1000 times the viscosity of water. This
‘effective’ mesh size can be measured by probing the diffusion
of fluorescently labeled dextran or DNA inside the cell. The
diffusion of dextran polymers of radius of gyration o50 nm
diffuse within the cytoplasm (of fibroblasts) is largely
unhindered, while polymers 450 nm become ‘immobilized’.73,94,95 At length scales larger than the effective mesh size
of the cytoplasm, the viscoelastic moduli and creep compliance computed from particle tracking measurements
should be independent of the size of the probe beads used in
the experiments. This is readily seen from the expression in
eqn [1] in the limit case of a viscous liquid: the creep compliance depends linearly on both bead size and MSD, which
itself depends inversely on bead size.
The above discussion about how viscoelastic parameters of
the cytoplasm can be obtained from particle tracking measurements assumes that the probing beads are larger than the
effective mesh size of the cytoplasm or the network being
probed (Figure 4). We call this viscosity, mesoscale viscosity,
as it describes the rheological properties at length scales
intermediate between small globular proteins in the interstitial

space and the whole cell. The mesoscale viscosity controls the
rate of movements of mitochondria,96 nucleus,5 and phagosomes,97 as well as viruses, bacteria, engineered drug delivery
microcarriers,97 because these entities are larger than the
effective mesh size of the cytoskeleton. The mesoscale viscosity
of the cytoplasm also controls the rates of cell spreading and
migration.98

7.8.4.3

Active versus Passive Microrheology of Cells

Direct injection of the beads into the cytoplasm,8 as opposed
to passive engulfment of the beads inside the cytoplasm, circumvents the endocytic pathway and, therefore, the engulfment of the beads in vesicles tethered to cytoskeleton
filaments by motor proteins.97 These vesicles move towards
the nucleus, therefore the probe beads would undergo directed motion. While interesting in its own right, such directed
displacements would prevent the computation of the viscoelastic parameters of the cytoplasm from mean squared
displacements.
Nevertheless, even in the absence of directed motion, actomyosin contractility could affect the movements of beads.
Recent work with reconstituted actin filament networks containing myosin II has shown that, in this in vitro system, the
movements of beads can be affected 10 fold, and even greater
at long timescales by the activity of motor proteins.99 Even
without producing a net movement of the filaments, motor
proteins enhance the random movements of the beads, which
is akin to an effective increase of the temperature of the system
more than 10 fold.99 These enhanced movements allow for
faster relaxation of mechanical stresses. This result obtained
with purified proteins suggests that particle tracking measurements of the mechanical properties of the cytoplasm
would significantly underestimate the values of the viscoelastic
properties of the cytoplasm in live cells.
However, recent results suggest that reducing or eliminating acto-myosin contractility in a live cell using either
blebbistatin, which blocks the myosin heads in a complex
with low actin affinity,100 or ML-7, which specifically inhibits
MLCK (myosin light chain kinase) which normally phosphorylates myosin II, has no significant effect on the magnitude of the displacements of the beads compared to control
cells.101 This absence of effect may be due in part to the fact
that myosin II molecules are mostly localized to the contractile actin stress fibers localized to the ventral side of the cell
and the leading edge, and are not present in large quantities in
the body of the cell,27 where beads used for particle tracking
microrheology are lodged. Therefore, it is clear that a direct
extrapolation of results obtained in vitro with purified proteins, while often instructive of the more complex behavior of
cytoskeleton in cells,102 can be misleading.
The movements of the cell itself can add an additional
contribution to the overall movements of the probing beads.
The speed of adherent cells103 is typically much lower than the
speed of the probing beads embedded in the cytoplasm.
Therefore, the movements of the cell will be felt by the beads
embedded in the cytoplasm only when they are monitored for
a long time. The contribution of cell movements to the overall
movements of the beads can readily be detected by the
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Figure 4 Intracellular microrheology of laminopathic fibroblasts. (a) Fluorescent 100 nm diameter polystyrene beads are ballistically injected in
wildtype (left panel) and LmnaL530P/L530P (right panel) adult fibroblasts (MAFs), derived from a mouse model of progeria. Fluorescent
micrographs of beads (outlined in white circles) are superimposed on phase-contrast micrographs of cells. Representative trajectories of
nanoparticles are shown at the top right (inset) of each micrograph. Micrograph scale bar, 20 mm; inset scale bar, 0.1 mm. (b) Ensembleaveraged mean squared displacements of the beads embedded in the cytoplasm of wild type (bottom black curve) and LmnaL530P/L530P (top gray
curve) MAFs are shown. (c) Model for the intracellular mechanics of healthy and laminopathic cells. Healthy cells in which the nucleo-cytoskeletal
connections are intact can resist forces of large magnitude, while laminopathic cells cannot resist such forces due to defunct nucleo-cytoskeletal
connections. Taken from Hale, C. M.; Shrestha, A. L.; Khatau, S. B.; Stewart-Hutchinson, P. J.; Hernandez, L.; Stewart, C. L.; Hodzic, D.; Wirtz, D.
Dysfunctional connections between the nucleus and the actin and microtubule networks in laminopathic models. Biophys. J. 2008, 95(11),
5462–5475.

curvature of the mean square displacements of the embedded
beads. To illustrate this effect, we consider the simple case of a
viscous liquid. If an overall movement is added to the
thermally-driven random motion of the bead, then the MSD
can be rewritten as:52



Dr 2 ¼ 4Dt þ v2 t 2

crossover between these two regimes occurs (when 4Dt ¼ v2t2)
is t ¼ 4D/v2. For instance, for a 100 nm diameter bead in a
20 Poise viscous liquid, DE0.0022 mm2 s1, moving at a
constant speed of 5 mm h1 (a typical speed for a cultured
adherent cell), the crossover time is equal to t ¼ 4D/v2 ¼1.3 s,
which is readily detected when tracking a bead for 10 s.

½12

where v is the overall speed of the suspending liquid. The first
term in this expression corresponds to the random thermallydriven motion of the bead, while the second term corresponds
to the motion of the bead imposed by the overall movement
of the liquid. At short times scales, the second term is negligible and we recover /Dr2SE4Dt, that is, bead movements
are dominated by viscous diffusion. At long timescales, the
second term dominates, /Dr2SEv2t2, corresponding to a
quadratic dependence on time, which is readily observed at
long times in the MSD profile. The timescale at which the

7.8.4.4

Advantages of Particle Tracking Microrheology

Particle tracking microrheology can measure directly the
mechanical properties of the cytoplasm that it is embedded
in.12 In contrast, most current single-cell mechanics methods
rely on a direct contact between the cell surface and a physical
probe. For example, an AFM probes the mechanical properties of cells using soft cantilevers,104 while magnetocytometry105,106 measures cell mechanics by subjecting large beads
coated with ECM molecules bound to cell receptors to rotational movements. These methods cannot directly
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distinguish the contribution of the plasma membrane from
the combined response of the nucleus and the cytoplasm
without making drastic assumptions. If two elastic elements of
different stiffness are connected to one another (here the nucleus and the cytoskeleton), their total response is dominated
by the stiffer element. Therefore, methods such as AFM,
magnetocytometry or micropipette suction measure the combined response of the nucleus and cytoplasm, even when the
probe is positioned far away from the nucleus. In contrast,
particle tracking microrheology, which relies on the smallest
energy possible – the thermal energy – provides for highly
localized measurement inside the cytoplasm.
Unlike most other approaches in cell mechanics, particle
tracking microrheology measures frequency-rate dependent
viscoelastic moduli, G0 (o) and G00 (o). As discussed in detail
above, this is particularly crucial for the cytoskeleton. The
frequency-dependent mechanical response of the cytoplasm of
a live cell can be measured in about 10 s by particle tracking
microrheology, a timescale relevant to cell motility. In contrast, AFM measurements may take up to 1h for highresolution mechanical measurements.85 Such time-consuming
measurements cannot capture fast subcellular dynamics and
are unsuitable for highly motile cells, such as cancer cells.
Particle tracking microrheology requires short times of data
collection, typically 10–20 s in order to measure frequencydependent viscoelastic moduli over two decades in frequency
(or timescales). This is not the case for other particle tracking
methods where the correlated motion between two particles
is used instead of the motion of individual particles as a probe
of local cytoplasmic rheology.66 These methods are not
suitable for mechanical measurements of live cells since they
incorrectly assume that the intracellular milieu is homogeneous. Furthermore, to obtain statistically significant data,
measurements last 30–60 min, timescales for which migrating
cells cannot be assumed to be stationary.
By tracking multiple beads in the field of view simultaneously, microrheology can measure the micromechanical
responses to stimuli in various parts of the cell simultaneously.
This is particularly important since it is now clear that the
viscoelastic properties can vary by more than two orders of
magnitude within the same cell.8,12,107 Moreover, by using
video-based multiple particle tracking instead of laserdeflection particle tracking,26,53 10–100’s of beads embedded
in the cytoplasm can be tracked simultaneously.
Particle tracking microrheology measurements of the
cytoplasm of live cells are typically conducted using carboxylated polystyrene beads or PEG-coated beads. The rheology of
reconstituted actin filament networks or DNA solutions
measured by particle tracking microrheology and using these
beads is quantitatively similar to that measured by a standard
rheometer.38,61 This agreement suggests that the presence
of the beads in polymer networks or in the cell does not
affect their mechanical properties. Moreover, carboxylated
polystyrene beads or PEG-coated beads, but not aminomodified beads, yield the same frequency-dependent viscoelastic moduli for the cytoplasm of fibroblasts.8 The proximity
of the plasma membrane to some of the embedded beads near
will not significantly affect the movements of the beads because hydrodynamic interactions caused by the movements of
the beads and reflecting on the membrane are screened by the

cytoskeleton mesh within a distance equals to the mesh size,
B50 nm.26,41 Subcellular organelles can also be used as
probing particles.26,67,71 However, since organelle-bead interactions are not well defined, only the frequency dependence of
the viscoelastic moduli is meaningful, at least at high frequency, not the magnitude of the computed moduli.
Microrheological measurements are absolute and compare
favorably with traditional rheometric measurements of
standard fluids of known viscosity and elasticity.38,53,108,109
This is not the case of some single-cell approaches that rely on
a direct physical contact between the cell surface and the probe
(such as a cantilever or a macroscopic bead, etc.). For instance,
the apparent viscoelastic moduli measured by magnetocytometry and AFM depend greatly on the type of ligands coated
on the magnetic beads or the AFM cantilever. Extracellular
matrix ligands – including fibronectin or RGD peptide –
coated on magnetic beads and AFM cantilevers lead to vastly
different values of (apparent) cell stiffness. Therefore the
measurements of viscoelastic properties of standard materials
using these methods cannot be directly compared to those
obtained using a rheometer. Furthermore, particle tracking
microrheology measures both elasticity and viscosity, while
many other approaches cannot directly distinguish the elastic
from the viscous response of a cell.
Importantly, values of shear viscosity and elastic moduli of
the cytoplasm in live cells measured by particle tracking
microrheology (Table 1) are similar to those measured in
‘reconstituted’ actin filament networks in the presence of
crosslinking/bundling proteins (Table 2). The elasticity of
cells, such as mouse embryonic fibroblasts or human umbilical vein endothelial cells, which are commonly used as
models of cell biology, and of reconstituted actin filament
networks are both in the order of tens of Pascal (100’s of dyne
cm2). This is in contrast to values of cell elasticity obtained
using an AFM, which is of the order of hundreds and even
thousands of Pascal.85 To our knowledge, no actin filament network reconstituted in vitro containing a physiological
concentration of actin polymerized in the presence of crosslinking and bundling proteins, as well as motor proteins, and
under mechanical tension (which can further increase the
network elasticity) has been shown to reach kPa levels of
elasticity.45 The discrepancy between values of cell elasticity
measured by AFM and those obtained with actin filament
networks by conventional rheometry or particle tracking
microrheology remains unexplained.
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