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2 Experimental measurements
of intracellular mechanics

Paui Janmey and Christoph Schmidt

ABSTRACT: Novel methods 1o measure the viscoelasticity of seft materials and new theories
yelating these measurements Lo the underlying molecular structures have the potential to rev-
ohulionize ow understanding of complex viscoclastic materials like cytoplasm. Much of the
progress in this field has been in methods to apply piconewton forces and to detect motions
over distances of nanometers, thus performing mechanical manipulations en the scale of single
macromolecules and measuring the viscoelastic properties of volumes as small as fractions
of a cell. Exogenous forces ranging from plN to nN are applied by optical traps, magnetic
beads, glass needles, and atomic force microscope cantilevers, while deformations on a scale
of nanomelers to microns are measured by deflection of lasers onto optical detectors or by high
resolution light microscopy.

Complementary to the use of external forces to probe maierial properties of the cell are
analyses of the thermal motion of refractile particles such ag internal vesicles or submicron-sized
beads imbedded within the cell. Measurcments of Jocal viscoelastic parameters are essential for
mapping the properties of small but helerogeneous materials like cyloplasm; some methods,
most notably atomic force microscopy and optical tracking metheds, enable high-resolution
mapping of the cell’s viscoelastieity.

A significant chatlenge in this field is to relate experimental and theoretical results derived
from systems en a molecular scale to similar measurements on a macroscopic scale, for example
from tissues, cell extracts, of purified polymer systems, and thus provide a self-consistent set
of experimenial methods that span many decaces in time and length scales. At present, the
new methods of nanoscale theelogy often yield results that differ from bulk measurements by
an order of magnitude. Such discrepancies are not a trivial result of experimental inaccuracy,
but result from physical effects that only currently are being recognized and solved. This
chapter will summarize some recent advances in methodology and provide examples where
experimental results may motivate new theoretical insights into both cell biology and material
sclence.

introduction

The mechanical properties of celis have been matters of study and debate for cen-
turies. Because cells perform a variety of mechanical processes, such as locomotion,
sceretion, and celt division, mechanical properties are refevant for biological function.
Certain cells, such as plant cells and bacteria, have a hard cell wall that dominates
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the mechanics, whereas most other cells have a soft membrane and their mechan-
ical properties are determined largely by an internal protein polymer network, the
cytoskeleton, Early observations of single cells by microscopy showed regions of
cytoplasm that were devoid of particles undergoing Brownian metion, and therefore
were presumed to be “glassy” (see Chapter 3) or in some sense solid (Stossel, 1990).
The interior of the cell, variously called the protoplasm, the ectopiasm, or more gen-
erally the cytoplasm, was shown to have both viscous and clastic features. A varicty
of methods were designed to measure these properties quantitatively.

Forces to which cells are exposed in a biological context

Therange of stresses (force per arca) to which different tissues are naturally exposed is
farge. Cytoskeletal structures have evolved accordingly and are not only responsible
for passively providing material strength, They are also intimately involved in the
sensing of external forces and the celtular responses to those forces, How cells respond
to mechanical stress depends not only on specific molecular sensors and signaling
pathways but also on their internal mechanical properties or rheologic parameters,
because these material properties determine how the cell deforms when subjected to
force (Janmey and Weitz, 2004).

It is likely that different structures and mechanisms are responsible for different
forms of mechanical sensing. For example, cartilage typically experiences stresses on
the order of 20 MPa, and the individual chondrocytes within it alter their expression of
glycosaminoglycans and other constituents as they deform in response to such large
forces {Grodzinsky et al., 2000). Bone and the osteocytes within it respond to simélarly
large stresses (Bhriich and Lanyon, 2602), although the stress to which a cell imbedded
within the bene matrix is directly exposed is not always clear. At the other extreme,
endothelial cells undergo a wide range of morphological and transcriptional changes in
response to shear stresses less than 1 Pa (Dewey ¢t al., 1981), and neutrophils activate
m response (o similar or even smaller shear stresses (Fukuda and Schmid-Schonbein,
2003). Not only the magnitude but the geometry and time course of mechanical
perturbations are critical to elicit specific cellular effects. Some tissues like tendons
or skeletal muscle experience or generate mainly uniaxial forces and deformations,
while others, such as the cells lining blood vessels, normally experience shear stresses
due to fluid flow. These cells often respond to changes in stress or to oscillatory stress
patterns rather than to a specific magnitude of stress (Bacabac et al., 2004; Davies
etal., 1986; Florian et al,, 2003; Ohura ¢t al., 2003; Turner et al., 1995). Many celis,
including the cells lining blood vessels and epithelial cells in the hung, experience
large-area-dilation forces, and in these settings both the magnitude and the temporal
characteristics of the force are critical (o cell response (Waters et al., 2002).

Methods to measure intraceliular rheology by macrorheology,
diffusion, and sedimentation

The experimental designs to measure cytoplasmic (micro)rheology have 10 overcome
three major challenges: the small size of the cell: the heterogeneous structure of the
cell interior; and the active remodeling of the cytoplasm that oceurs both constitulively,
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as part of the resting metabolic state, and direetly, in response to the application of
forces necessary to perform the rheologic measurement. The more strongly the cell is
perturbed in an effort to measure its mechanical state, the more it reacts biochemicaily
to change that state {Glogauer et al., 1997). Furthermore it is important to distinguish
linear response to small strains from nonlinear response to larger strains. Structural
cellular materials typically have a very small range of linear response {on the order of
10 percent) and beyond that react nonlinearly, for example by strain hardening or shear
thinning or both in sequence. To overcome these problems a number of experimental
methods have been devised.

Whole cell aggregates

The simplest and in seme sense crudest method to measure intracellular mechanics
is to use standard rheologic instruments to obtain stress/strain refations on a macro-
scopic sample containing many cells, but in which a single cell type is arranged in a
regular pattern, Perhaps the most successful application of this method has been the
study of muscle fibers, in which actin-myosin-based fibers are arranged in paraliel and
attached Jongitudinally, allowing an inference of single cell quantities directly from
the properties of the macroscopic sample. One example of the validity of the assump-
tions that go into such measurements is the excellent agreement of single molecule
measurements of the force-elongation relation for titin molecules with macroscopic
compliance measurements of muscle fibers where the restoring force derives mainly
from a large number of such molecules working in series and in parallel (Kellermayer
et al., 1997). Another simple application of this method is the measurement of close-
packed sedimented samples of a single cell type, with the assumption that during
measurement, the deformation is related to the deformation of the cell interior rather
than to the sliding of cells past cach other. Such measurement have, for example, shown
the effects of single actin-binding protein mutations in Dictyostelium (Eichinger
et al., 1996} and melanoma cells (Cunningham et al., 1992). These simple mea-
surements have the serious disadvantage that properties of a single cell require as-
sumptions or verification of how the cells attach to each other, and in most cases the
contributions of membrane deformation cannot be separated from those of the cell
interior or the extracellular matrix.

Sedimentation of particles

To overcome the problems inherent in the measurement of macroscopic samples, a
variety of elegant solutions have been devised. Generally, in order to resolve varying
viscoclastic properties within a system, one has to use probes of a size comparable
1o or smalier than the inhomogeneities. Such microscopic probes can be fashioned
in dilferent ways. One of the simplest and oldest methods to measure cytoplasmic
viscosity relies on observations of diffusion or sedimentation of intracellular gran-
ules with higher specific gravity through the cytoplasmic continuum. Generally these
measurements were performed on relatively large cells containing colored or re-
tractile particles easily visible in the microscope. Such measurements (reviewed in
Heitbrunn, 1952; Heilbrunn, 1956) are among the carliest to obtain values similar to
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those measured currently, but they are Himited 1o specialized cells and cannot measure
elasticity in addition to viscosity.

Sedimentation measurements are done by a variety of elegant methods. One of the
earliest such studics (Heilbronn, 1914) observed the rate of falling of starch grains
within a bean cell and compared the rate of sedimentation of the same starch particles
purified from the cells in fluids of known densities and viscosities measured by con-
ventional viscometers, to obtain a value of § mPa.s for cytoplasmic viscosity. These
measurements were an carly appiication of a falling-sphere method commoenly used
in macroscopic theometry (Rockwell et al., 1984}, The viscosity of the cytoplasm in
this application was determined by relation to calibrated liquids; because the starch
particles are relatively uniform and could be purified from the cell, inaccuracies as-
sociated with measurement of their small size were avoided. More generally, any
gravity-dependent velocity ¥ of a particle of radivs » and density o in the cytoplasm
of density o could be used to measure cytoplasmic viscosity n by use of the relation

Vo 8N E —, 2.0

in which g is the gravitational acceleration. Without centrifugation internal organelies
rarely sediment, but a sufficiently large density difference between an internal particle
and the surrounding cytoplasm could be created by injecting a small droplet of inert oil
in{oalarge cell, like a muscle fiber (Reiser, 1949) to obtain values o129 mPa.s from the
rate at which the drop rose in the eytoplasm. Alternatively, internal organelles could be
made to sediment by known gravitational forces in a centrifuge, and in various cells -
including oocytes, amoebas, and slime molds - cytoplasmic viscosities between 2
and 20 mPa.s have been commonly reported, although some much kigher values
greater than 1 Pas were also observed (reviewed in Heilbrunn, 1956). The large
differences in viscosity were presumed to arise from experimental differences in the
sedimentation rates, because these early studies also showed that cytoplasm was a
fughly non-Newtonian fluid and that the apparent viscosity strongly decreased with
increasing shear rate.

Diffusion

Measurements of viscosity by diffusion (Heilbrunn, 1956} have been done by first
centrifuging a large cell, such as a sea urchin egg or an amoeba, with sedimentation
forces typically between 100 and 5000 times that of gravity, sufficient for internal
organclles to gel concentrated at the bottom while the cell remains intact, Then the
displacement of a single particle of radius r in one direction x{r) is monitored, and
the cytoplasmic viscosity is measured from the Stokes-Einstein relation:

R (2.2)

Jmnr

where the brackets denote ensemble averaging, k is the Boltzmann constant, and T is
temperature. Such measurements, datin g fromat least the 1920s (decades before video
microscopy and image processing) showed that the viscosity within sea urchin egg
cyloplasim was 4 mPa.s (4 ¢P), only four times higher than that of water, but that other
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celis exhibited much higher internal viscosities. Three other important features of
intracellular material properties were evident from these studies. First, 1t was shown
that the apparent viscosity of the protoplasm depended strongly on flow rates, as
varied, for example, by changing the sedimentation force in the centrifuge. Second,
viscous flow of internal organelles could generally be measured only deeper inside the
cell, away from the periphery, where an elastic cortical layer could be distinguished
from the more liquid cell interior. Third, the cellular viscosity was often strongly
temperature dependent.

Mechanical indentation of the cell surface

Glass microneedies

Glass needles can be made thin encugh to apply to a cell measured forces large
enough to deform it but small enough that the cell is not damaged, An early use of
such needles was to pull on individual cultured neurons (Bray, 1984); these studies
showed how such point forces could be used to initiate neurite extension. Improved
instrumentation and methods allowed an accurate estimate of the forces needed to ini-
tiate these changes. The method (Heidemann and Buxbaum, 1994; Heidemann et al.,
1999) begins with calibration of the bending constant of & wire needle essentially by
hanging a weight from the end of a thin metal wire and determining its spring constant
from deflection of the loaded end by the relation:

FLe
where ¥(L) is the displacement of the end of a wire of length L, /7 is the force due
to the weigit, ¥ is the material’s Young’s modulus of elasticity, and 7 = mr* /4 is the
sccond moment of inertia of the rod of radius r.

The product £/ is a constant for cach rod; in practice the first calibrated rod is used
to provide a known (smaller) force to a thinner, usually glass, rod, to calibrate that
rod, and repeat the process until a rod is calibrated that can provide nN or smatler
forces depending on its length and radius.

WLy = 23)

Cell poker

A pioneering effort to apply forces locally to the surface of five cells was the devel-
opment of the cell poker (Daily et al., 1984; Petersen et al,, 1982). In this device,
shown schematically in Fig. 2-1, a cell is suspended in fluid from a glass coverslip on
an upright microscope, below which is a vertical glass needle attached at its opposite
end to a wire needie that is in turn coupled to a piezoclectric actuator that moves the
wire/necdie assembly up and down. The vertical displacements of both ends of the
wire are measured optically, and a difference in the displacements of these points, x,
oceurs because of resistance to moving the glass needle tip as it makes contact with
the cell. The force exerted by the tip £ on the cell surface is determined by Hooke’s
law F* = kx from the stiffness of the wire k, which can be calibrated by macroscopic
means such as the hanging of known weights from a specified length of wire. Using this
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Fig. 2-1, Schematic represemtation of the cell-poking apparatus. Pesitioning of the celi (C)
refative (o the poker tip (T) is achieved by translaiing the top of the temperature control unit (TC)
or by rotating the holder on which the coverstip is mounted. The motor assembly can be transtated
to ensure the tip s pesitioned in the field of view, W, steel wire; LPM, lincar piczoelectric mo-
tor; MS and TS, optical sensors; ME motor flag; TE tip flag; MO, modulation contrast objective;
MC, matching condenser.

mstrument, displacements less than 100 nm can be resoived corresponding to forces
Jess than 10 nN. A typical force vs. displacement curve from this instrument as shown
in Fig. 2-2 reveals a significant degree of both elasticity and unrecoverable deforma-
tion from plasticity or flow of the cyloplasm. Such measurements have demonstrated
both a significant elastic response as well as a plastic deformation of the cell, and the
time course and magnitudes of these processes can be probed by varying the rate at
which the forces are applied. Because the ¢ip is considerably smaller than the cross-
sectional area of the cell, local viscoelasticity could be probed at different regions
of the cell or as active motion or other responses are triggered. The earliest such
Mmeasurements revealed a large difference in relative stiflness over different areas of
the cell and a high degree of soflening when aciin“ﬁ]amcm—disorganizing drugs like
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Fig. 22, Force displacement curve as the cell poker tip first indents the cell {upper curve) and then
is Jowered awsy from the cell contact (lower curve)
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Fig. 2-3. Cell poking with the tip of an atomic force microscope. Upper image: 11 a regular sharp
tip is used, inhomogencitics encountered on the nm scale of the tip radius are likely to make the
result difficult to interprel. Lower image: Using a micrometer-sized bead attached to the Gp, force
sensitivity is maintained while the cell response is averaged over a micrometer scale,

cylochalasin were applied. The measurements also showed that the apparent stiffness
of the cell increased as the amplitude of indentation increased. How this nonlinear
elastic response is related to the material properties of the cell is, however, not straight-
forward to decuce, because of a number of complicating effects, as the earliest such
studics pointed out.

For a homogencous, semi-infinite elastic solid, given the geometry of the glass
needle tip and the foree of indentation, the force-displacement curves are determined
by two material properties, the Young’s modulus and Poisson’s ratio, in a way that is
described by the Hertz relation, For a sphere the result for the foree as a function of
indentation depth § is (Hertz, 1882; Landau and Lifshitz, 1970):

Fophere = %ﬁ—) RS2 2.4
with the Young’s modulus £, Poisson ratio v, and sphere radius R. For indentation
with a conical object, the result is:

x E

Foome = PR tan(er) 87 (2.5)
with the cone apening angle w.

The application of the Hertz model in relation to cell-poking measurements is,
however, often not meaningful for at least three reasons. First, the Hertz relation
is not valid i the cell thickness is not much greater than the degree of indentation,
Second, the cell cytoskeleton is in most cases far from being an isotropic homogeneous
material, And third, forces exerted on a cell typically initiate biochemical as well as
other active reactions, These issues have been extensively discussed both in terms of
the cell poker (Daily et al., 1984), and more recently in applications of the scanning
force microscope that operates on the same principle.
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Atomic force microscopy

A very sensitive local mechanical probe is provided by atomic force MICTOsCcopy
{AFM). An AFM in an imaging mode works by scanning a sharp microfabricated
tip over a surface while simultancously recording tip deflection. The deflection time
course is then converted into an image of the surface profile {Binnig et al., 1986).
Imaging can be done in different modes - contact mode (Dufrene, 2003), tapping
mode (Hansma et al,, 1994), jumping mode (de Pablo et al., 1998) or others - which
are usually designed to minimize damage to the sample or distortions of the surface
by the imaging method. When one wants to probe the mechanical properties of a
material surlace, however, one can also use an AFM tip to exert precisely controlled
forces in selected locations and record the corresponding sample displacements. In
many ways this method is related to cell poking with lfarger probes, but it holds the
potential of better spatial and force resolution. The obvious limitation of the fechnigue
is that manipulation can only occur through the accessible surface of a cell, that is
one cannol measure elastic moduli well inside the cell without an influence of bound-
ary conditions. One can both indent cells or pull on cells when the (ips are attached
strongly enough to the cell surface. The indentation approach has been used to test the
elastic properties of various types of cell. Tnitial studies have used conventional sharp
(radius of 10s of nm) tips and applied the Hertz model as described above (reviewed in
MacKintosh and Schmidt, 1999), The same caveats hold in this case as in the discus-
sion of other cell-poking experiments: the cel) is not a homogencous, isolropic, passive
elastic solid. The thin parts of cells, al the cell periphery in surface-attached cells, are
particularly inleresting to study because they are crucial for cell motility but are usu-
ally too thin to apply the standard Hertz model. When using an AFM with a sharp tip,
the spatiat inhomogeneity of celis — for example the presence of bundles of actin (stress
fibres), microtubules, and more - is likely more of a problem, because spatial averag-
ing in the case of a larger probe tends to make the material look more homogeneous.
Results of initzal experiments were thus rather qualitative, but differences between the
cell center and its periphery could be detected (Dvorak and Nagao, 1998). A problem
with quasi-stalic or low-frequency measurements is that the cell will react to forces
exerted on it and the response measured will not only reflect passive material prop-
erties, but also active cellular responses. AFM has also been used on cells in a high-
frequency mode, namely the tapping mode. It was observed that cells dynamically
stiffened when they were probed with a rapidly oscillating tip, as one would expect
(Putman et af., 1994).

A more quantitative technique has been developed more recently, using polystyrene
beads of carefully controlled radius attached to the AFM tips to contact cells (Mahaffy
et al,, 2004; Mahafly et al., 2600). This creates a well-defined probe geometry and
provides another parameter, namely bead radius, to control for inhomogeneitics. Val-
ues for zero-frequency shear moduli were between | and 2 kPa for the fibroblast
cells studied. The probing was in this case also done with an oscillating tip, to
measure frequency-dependent viscocelastic response with a bandwidth of 50-300 Hz
and data were evaluated with an extended Hertz model valid for oscilating probes
(Mahaffy et al., 2000). A problem for determining the viscous part of the response is
the hydrodynamic drag on the rest of the cantilever that dominates and changes
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with decreasing distance from the surface and with tip-sample contact and is not easy
to correct for,

The Hertz model has been further modified to account for finite sample thickness
and boundary conditions on the substrate (Mahaffy et al., 2004), which makes it
possible to estimate elastic constants also for the thin lamellipodia of cells, which
were found again to be between 1 and 2 kPa in fibroblasts,

Mechanical tension applied to the cell membrane

Pulling on a cell membrane by controlled suction within a micropipette has been
an important too] fo measure the viscosity and elastic response of cells to controlted
forces. The initial report of a cell elastimeter based on micropipette aspiration (Mitchi-
son and Swann, 1954) has guided many studies that have employed this method to
deform the membranes of a variely of cells, especially red blood cells, which Jack
& three-dimensional cytoskeleton but have a continuous viscoelastic protein networle
lining their outer membrane {Discher et al., 1994; Evans and Hochmutl, 1976). One
important advantage of this method is that the cell can either be suspended in solution
while bound to the micropipette or attached to a surface as the micropipette appiics
negative pressure from the top. The ability to probe nonadherent cells has made mi-
cropipetie aspiration a powerful method to probe the viscoelasticity of blood cells
including erythrocytes, leukocytes, and menocytes (Chien et al., 1984; Dong et al,
1988; Richelme et al,, 2000).

A typical micropipette aspiration system is shown in Fig, 2-4. Images of two red
blood cells partly pulled into a micropipette are shown in Fig, 2-5, Micropipette aspi-
ration provides measures of three quantitics: the cortical tension in the cell membrane;
the cytoplasmic viscosity; and the cell elasticity. If the cell can be modeled as a lignid
drop with a cortical tension, as appears suitable to leukocytes under some conditions,
the cortical tension t is caleufated from the pressure at which the aspirated part of the
cell forms a hemispherical cap within the pipette,

For a cell modeled as an elastic body, its Young’s modulus E is determined by the
relation

_ 2r L,

AP e e B - &, {2.6)
P

where AP is the pressure difference inside and outside the pipette, L, is the length
of the cell pulled into the pipette with radius R, and ¢ is a geometric constant with
a value around 2.1 (Evans and Yeung, 19893,

For liguid-like flow of cells at pressures exceeding the cortical tension, the eyto-
plasmic viscosily is calculated from the relation

= {?;}AP
(’{T) ()~ Rp/R)

2.7

where 15 the viscosity, R is the diameter of the cell cutside the pipette, and w1 is a
constant with a value around 9 (Evans and Yeung, 1989).
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Fig. 2-4. Experimental study of cell response 10 mechanical forces, Celis are deposited on the stage
of an inverted microscope equipped with 2 video camers. The video output is connected to a digitizer
mounted on a desk computer, Cells are aspirated into micropipeties conneceted 1o 4 syringe mounted
onasyringe holder. Pressure is monilored with a sensor connecled to the computer. Pressure and time
values are superimposed on live cell images before recording en videotapes for delayed analysis.
From Richelme et al., 2000,

Fig. 2-5. Aspiration of a flaccid {a) and swollen (b) red blood eell into a pipette. The diameter of the
flaceid cellis approximately § pum and that of the swollen cell is about 6 yum. The scale bars indicate
3 um. From Hochmuth, 2000.
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Fig. 2-6. Diagram for a device for compression of a cell between microplates. Variations of this
design also atlow for imposition of shear deformation. From Caille ot al., 2002.

Shearing and compression between microplates

For ceils that normally adhere to surfaces, an elegant but technically challenging
method to measure viscoelasticity is by attaching them at both top and bottom to glass
surfaces that can be moved with respect to each other in compression, extension, or
shear (Thoumine et al., £999). A schematic diagram of such a system is shown in
Fig. 2-6,

Inthis method a cell such as a fibroblast that adheres ti ghtly to glass surfaces coated
with adhesion proteins such as fibronectin is grownonarelatively rigid plate; a second,
flexible plate is then placed on the top surface. Piezo-driven motors displace the rigid
plate a known distance to determine the strain, and the deflection of the flexible
microplate provides a measure of the stress imposed on the cell surface. Use of this
device to provide well-defined strains with simultaneous imaging of internal structures
such as the nucleus provides a measure of the elastic modulus of fibroblasts around
1000 Pa, consistent with measurements by AFM, and has shown that the stiffness of
the nucleus is approximately ten times greater than that of the cytoplasmic protein
networks (Caille et al., 2002: Thoumine and O, 1997). A recent refinement of the
microcantilever apparatus allows a cell in suspension to be captured by both upper
and lower plates nearly simultancously and to measure the forces exerted by the cell
as 1t begins to spread on the plass surfaces (Desprat et al., 2005).

Fluid flow

Cells have to withstand direct mechanical deformations through contact with other
cells or the environment, but some cells are also regularly exposed to fluid stresses,
such as vascular endothelial celis in the circulating system or certain bone cells
(osteocytes) within the bone matrix. Cells sense these stresses and their responses
are crucial for many regulatory processes. Faor example, in vascular endothelial cells,
mechanosensing is believed to control the production of protective extracellular matrix
(Barbee et al,, 1995; Weinbaum et al.,, 2003); whereas in bone, mechanosensing is
at the basis of bone repair and adaptive restructuring processes (Burger and Klein-
Nulend, 1999; Wol{f, £9806). Osteocytes have been studied in vifre after extraction from
the bone matrix in parailel plate flow chambers (T'ig. 2-7). Monolayers of osteocytes
coated onto one of the chamber surfaces were exposed to shear stress whiie the
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Fig. 2-7. Fluid flow system to stimulate mechanosensitive bone cells, consisting of a culture chamber

containing the cells, a pulse generator controlling the fluid flow, and flow meters, The response of

the cells js either biochemically measured from the cells afier the application of flow {{or example
prostaglandin release) or measured in the medivn after fowing over the cells (for example nitric
oxide). From Klein-Nulend et al., 2003,

response was measured by detecting the amount of nitric oxide produced as a function
of fluid flow rate (Bacabac et al., 2002; Rubin and Lanyon, 1984),

The strain field within individual surface-attached cells in response to shear flow
has been mapped in bovine vascular endothelial cells with the help of endogenous
fiworescent vimentin {Helmice ot al., 2003; Helmke et al., 2001). It was found that
the spatial distribution of strain is rather inhomogencous, and that strain is focused to
localized arcas within the cells. The method can only measure strain and not stress,
The sites for mechanosensing might be those where strain is large if some large

distortion of the sensing element is required to create a signal, in other words, if

the sensor is “soft” On the other hand, the sites for sensing might also be those
where stress is focused and where little strain oceurs if the sensing clement re-
quires a small distortion, or is “hard,” and functions by having a relatively high force
threshold.

Numerical simulations can be applied to both the celt and the fluid passing over it.
A combination of finite element analysis and computational fluid dynamics has been
used to mode] the flow across the surface of an adhering ceil and to calculate the shear
stresses in different spots on the cell (Barbee et al., 19935; Charras and Haorton, 2002},
This analysis provides a distribution of stress given a real {to some resclution) cell
shape, but without knowing the material inhomogeneities inside, the material had to
be assumed to be linear elastic and isof topie, The method was aiso applied to model
siress and strain distributions inside cells that were manipulated by AFM, magnetic
bead puiling or twisting, and substrate stretchin g, and proved useful to compare the
effects of the various ways of mechanical distortion.
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Fig. 2-8. Schematic diagram of an optical trap.

Optical traps

Optical traps (see Fig. 2-8) use a laser beam focused through a high-numericat aper-
ture microscope objective lens to three-dimensionaily trap micron-sized refractile
particles, usuaily silica or latex beads {Ashkin, 1997; Svoboda and Block, 19943, The
force acting on the bead at a certain distance from the laser focus is in general very
difficult to caleulate because (1) a high-NA laser focus is not well approximated by a
Gaussian, and (2} a micron-sized refractive particle will substantially affect the light
field. Approximalions are possible for both small particles (Rayleigh limit) and large
partictes {ray optics limit} with respect to the laser wave length. For a small particic,
the force can be subdivided into a “gradient force” pulling the particle towards the
faser focus and a scattering force pushing it along the propagation direction of the
laser (Ashlkin, 1992). Assuming a Gaussian focus and a particle much smaller than
the laser wavelength, the gradient forces in radial and axial direction are (Agayan
etal., 2002):
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with complex polarizability o = ¢’ -1 ioe”, laser intensily fy, wo the beam radius in the
Rayleigh range, &, = 27/, the wave vector, with A the wavelength in the medium
with refractive index n,,. (For details and prefactors see Agayan et al., 2002).

Stable trapping will only occur if the gradient force wins over the trapping force all
around the focus. Trap stability thus depends on the geometry of the applied field and
on properties of the trapped particle and the surrounding medium. The forces generally
depend on particle size and the relative index of refraction # = n p/ M, where i, and
ny, are the indices of the particle and the medium, respectively, which is hidden in

strength is particle-size-independent, but increases with # over some intermediate
range until, at farger values of #, the scattering force exceeds the gradient force. The
scattering force on a nonabsorbing Rayleigh particle of diameter & is proportional
to its scattering cross-section, thus the scatiering force scales with the square of the
polarizability {volume) (Jackson, 1975), or as ¢°. The gradient force scales linearly
with polarizability (volume), that is, it has a ¢*-dependence (Ashkin et al., 1986;
Harada and Asakura, 1996).

A trappable bead can then be attached to the surface of a celt and can be used to
deform the cell membrane Jocally. The method has the advantage that no mechanical
access to the celis is necessary. Using beads of micron size furthermore makes it
possible to choose the site to be probed on the cell with relatively high resolution.
A disadvantage is that the forces that can be exerted are difficult to increase beyond
about 100 pN, orders of magnitude smatler than can be achieved with micropipettes
or AFM tips. At high laser powers, local heating may not be negligible (Peterman
etal,, 2003a). Force and displacement can be detected, however, with great accuracy,
sub-nm for the displacement and sub-pN for the foree, using interferometric methods
(Gittes and Schmidt, 1998; Pralle et al., 1999}, This makes the method well suited
to study lincar response parameters of cells. Interferometric detection can also be
as fast as 10 ps, opening up another dimension in the study of cell viscoelasticity.
Focusing on different frequency regimes shoutd make it, for example, possible to
differentiate between active, motor-driven responses and passive viscoelasticity. Such
an application of optical tweezers is closely related to Jaser-based micrerheology,
which can also be applied inside the cells (see Passive Microrheology). We will here
focus on experiments that have used the optical manipulation of externally attached
beads.

Optical tweezers have been used by several groups to manipulate human red blood
cells {see Fig. 2-9), which have no space-filling cytoskeleton but enly a membrane-
asscciated 2D protein polymer network (spectrin network). The 2D shear modulus
measured for the cell membrane plus spectrin network varies between 2.5 1N/
(Henon et al., 1999; Lenormand et al., 20013 and 200 LN/m (Sleep et al., 1999), pos-
sibly duc to different modeling approaches in estimating the moduius. The nonlinear
part of the response of red blood cells has been explored by using large beads and high
laser power achieving a force of up o 600 pN. The shear modulus of the celis levels
off at intermediate forces before rising again at the highest forces, which was simu-
lated in finite element models of the cells under tension {Dao et al,, 2003; Lim et al.,
2004),
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Fig. 2-9. Stretching of red blood cells by optical tweezers, using a pair of beads attached to diamet-
rically opposed ends of the cell. Forces are given next to the panels. Fron Henon ol al,, 1999

Magnetic methods

Using magnetic particles has the advantage that large forces {comparable to AFM) can
be exerted, while no open surface is required. One can use magnetic fields o apply
forces and/or torques to the particles, Ferromagnetic particies are needed to apply
torques; paramagnetic particles are sufficient to apply force only, A disadvantage
of the magnetic force method is that it is difficult to establish homogencous field
gradients (only gradients exert a force on a magnetic dipole), and the dipole moments
of microscopic particles typically scatier strongly. Furthermore, one is often limited
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Fig, 2-10. A magnetic manipulation system to measwre viscoelasticity i a single cell. From
Freundlich and Seifriz, 1922.

to video rates for displacement detection when using the force method. Rotations can
be detected by induction for ensembles of particles.

One of the first reports of an apparatus to measure intraceliular viscoelasticity
was from Freundlich and Seifriz (1922). A diagram of the instrument is shown in
Fig. 2-10.

In this instrument, a micromanipulator mounted next to the microscope objective
was used to insert a magnetic particie, made of nicke] or magnetite, into a relatively
large cell like a sand dollar egg. Then a magnetic field gradient, produced by an
electromagnet placed as close as possibie to the cell, was used to impose a foree on
the bead, whose displacement was measured by the microscope. The strength of the
force on the bead could be calibrated by measuring the rate of its movement through
a calibration fluid of viscosity that could be measured by conventional theometers.
This magnetic manipulation instrument was the precursor of current magnet-based
microrheology systems, and was further enhanced by work of Crick and Hughes
(1958), who made two important modifications of the experimental design. Gne was
to first magnetize the particle with a large magnetic field, and then use a smaller
probing magnetic field directed at a different angle to twist particles on or within the
cell. The second change was (o use phagocytic cells that would engull the magnetic
particle, thereby avoiding possible damage to the cell when magnetic particles were
forced through its membrane. These carly studies were done before the cytoskeleton
was visnalized by electron or fluorescence microscopy and before the phospholipid
bilayer forming the celt membrane was characterized. so a eritical evaluation coutd not
be done of how disruptive either way of introducing the beads was. Further pioncering
work was done on amoebae (Yagi, 1961) and on squid axoplasm {Sato et al., 1984).
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In principle, the motion of embedded probes will depend on the probe size. Small
particles can diffuse through the meshes, and this has been used to determine effective
mesh sizes in model systems (Jones and Luby-Phelps, 1996; Schmidt et al., 1989,
Schnurr et al., 1997) and in cells (Jones et al,, 1997, Luby-Phelps, 1994: Valentine
etal, 2001). On the other hand, the beads might interact with and stick to the cyto-
skeleton, possibly mediated by an enveloping fipid membrane and by motor proteins,
which would cause active motion. How micron-sized beads are coupled to the net-
work in which they are imbedded is still a major issue in evaluating microrheology
measurements, and no optimal method to control or prevent interactions yet exists.
Entry of a particle through phagocytosis certainly places it in a compartment distinct
from the proteins forming the cytoskeleton, and how such phagosomes are bound to
other cytoplasmic structures is unclear, Likewise, both the mechanical and chemical
effects of placing micron-sized metal beads in the cell raises issues about alignment
and reorganization of the cytoskeleton. These issues will be further considered in the
following sections.

Pulling by magnetic field gradients

Magnetic particles can either be inserted into cells or bound — possibly via specific
attachments - to cell surfaces. Both superparamagnetic particles (Bausch et al | 1998;
Keller et al,, 2001) and ferro- as well as ferrimagnetic particles (Bausch et al, 1990,
Trepat et al., 2003; Valberg and Butler, 1987) have been used. Paramagnetic particles
will experience a transational force in a field gradient, but no torque. With sharpencd
iron cores reaching close to the cells, forces of up to 10 nN have been generated
(Vonna et al., 2003). Ferromagnetic (as well as ferrimagnetic) particles have larger
magnetic moments and therefore need less-strong gradients, which can be produced
by electromagnetic coils without iron cores and can therefore be much more rapidly
meduiated. The particles have to be magnetized initially with a strong homogencous
field. Depending on the directions of the fields, particles will experience both torque
and transiational forces in 4 ficld gradient (see I ig. 2-11). Forces reported are on the
order of pN (Trepat et al., 2003).

Forces exerted by the cell in respense to an imposed particle movement, botly
on the membrane and inside the cell, are mostly dominated by the cytogkeleton,
Exceptions are cases where the particle size is smaller than the cytoskeletal mesh
size; specialized cells, such as mammalian red blood cells without a three-dimensional
cytoskeleton; or cells with a disrupted cytoskeleton after treatment with drugs such
as nocodazole or cytochalasin. The interpretation of measured responses needs to
start from a knowledge of the exact geometry of the surroundings of the probe and
it is difficult, even when the particle is inscrted deeply into the cell. This is due to
the highly inhomogeneous character of the cytoplasm, consisting of different types of
protein fibers, bundles, organelles, and membranes. Because a living cell is an active
material that is slowly and continuously changing shape, responses are in general
time dependent and centain passive and active components. Passive responses to fow
forces are often hidden under the active motions of the cell, while responses to large
forces do not probe linear response parameters, but rather nonlinear behavior and
rupture of the networks, Given all the restrictions mentioned, 2 window to measure
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Fig. 2-11. Schematic diagram of a magnetic tweezers device using a magnetic ficld gradient. From

Trepat et al., 2003,

the passive mechanical properties of cells appears to be to apply large strains, or to
apply relatively high-frequency oscillatory strain at small amplitudes, while active
responses can best be measured at low frequencies.

A number of experiments performed inside cells have observed the creep response
to the instantaneous application of large or smal forces (Bausch et al., 199%; Bausch
etal., 1998; Tencberg et al., 2001). Bulk shear moduli were found to vary from ~20 Pa
n the cytoplasm of Dictyostelium to ~300 Pa inside macrophages. At higher forces
and strains, differences in rupture forces were found between mutant Dictyostelium
cells and wild-type controls, highlighting the roles of regulatory proteis for the
properties of the cytoskeleton (Feneberg et al., 2001).

With particles attached to the surface of cells, a shear modulus between 20 and
40 kPa was measured in the cortex of fibroblasts (Bausch et al., 1998), qualitative
differences were measured between unstimulated and stimulated {stiffening) vascu-
lar endothelial cells (Bausch et al., 200G1), and an absolute value of about 400 Pa
was estimated from subsequent work (Feneberg et al., 20604). Active responscs of
macrophages and the formation of cell protrusion under varying forces were also
tested with externally attached magnetic beads (Vonna et al., 2003).

Twisting of magnetized particles on the cell surface and interior

Applying a pure torque to magnetic particles avoids the difficulties of constr ucling
a well-controlled field gradient. Homogencous fields can be created rather easily.
The method most widely used was pioneered by Valberg and colleagues (Valberg
and Butler, 1987; Valberg and Tel dman, 1987; Wang et al,, 1993) and consists of
using a strong magnetic field pulse to magnetize & Jarge number of ferromagnetic
particles that were previously attached 1o an ensemble {20,000-40,000) of celis. A
weaker probe field eriented at 90° to the induced dipoles then causes rotation, which
is measured in & lock-in mode with a magnetometer. In an homogeneous infinite
medium, an effective shear modulus can be determined simply from the angle o
rotated in response to an applied torque 71 G = 7'/ On the surface of cells, however,
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the boundary conditions are highly complex, and a substantial polydispersity within
the bead ensemble is expected (Fabry et al., 1999). Therefore the method has been
mainly used for determining qualitative behavior, for comparative studies of different
cell types, and for studies of relative changes in a given cell population. Frequency
dependence of the viscoelastic response was measured with smooth muscie cells
between 0.05 and 0.4 Hz (Maksym et al,, 2000) and with bronchial epitheliai cells
up to 16 Hz (Puig-de-Morales et al., 2001) (sec also Chapter 3). The shear elastic
modulus was found to be around 50 Pa with a weak frequency dependence in hoth
cases.

Rotation in response 1o torgue can also be detected on individual particles by video
tracking when beads are attached to the outsides of cells. In that case the torque causes
center-of-mass displacement, which can be tracked with nm accuracy {Fabry et al.,
2001). Tracking individual particles makes it possible to study the heterogeneity of
responsc between different cells and in different ocations on celis. In conjunction
with fluorescent labeling it is possible to explore the strains caused by locally imposed
stresses; initial studies reveal that the strain field is surprisingly long-range (Hu et al.,
2003). Using oseillatory torque and phase-iocking techniques, the bandwidth of this
technique was extended to 1 kHz (Fabry et al., 2001). While absolute shear moduli
were still not easy to determine because of unknown geometrical factors such as depth
of embedding, the bandwidth was wide encugh to study the scaling behavior of the
compiex shear modulus more extensively. The observed weak power-laws (exponent
between 0.1 and 0.3) appear to be rather typical for cells in that frequency window and
were interpreted in terms of a soft glass model. Finite element numerical modeling
has been applied to analyze the deformations of cells when attached magnetic beads
are rotated (Mijailovich et al., 2002} to test the limits of linearity in the response as
well as the effect of finite cell thickness and surface attachment.

Passive microrheology

To measure the viscoelastic properties of a system, it is not necessary (o apply external
forees when one employs microscopic prabes. In a soft-enou gh medium, thermal fluc-
tuations will be measurable and these flactuations precisely report the linear-response
viscoelastic parameters of the medinm surrounding the probe. This connection is for-
malized in the fluctuation-dissipation (FD} theorem oflinear-response theory { Landay
et al,, 1980). When possible, that is when the medium is soft enough, this method
even elegantly circumvents the need to extrapolate to zero-force amplitude, which is
usuatly necessary in active methods to obtain linear response parameters. Particularly
in networks of semiflexible polymers such as the cytoskeleton, nonfinear response
occurs typically for rather small strains on the order of a few percent (Storm et ai
2003).

A microscopic probe offers both the possibility to study inhomogeneities directiy
in the elastic properties of the cytoskeleton, and to measure viscoelasticity at higher
frequencies, above | kidz or even up to MHz, because inertia of both probe and em-
bedding medium can be neglected at such small length scales (Levine and Lubensky,
2001; Peterman et al.,, 2003b). The possibility to observe thermal fluctuations instead
of actively applying force or torgue in principle exists for all the techniques using

1
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microscopic probes described above. It has, however, mainly been used in several
related and recently developed techniques, collectively referred o as passive mi-
crorheology, employing beads of micron size embedded in the sample (Addas et al.,
2004; Lau et al., 2003; MacKintosh and Schmidt, 1999; Mason et al., 1997: Schmidt
et al, 2000; Schnurr et al., 1997). Passive microrheology has been used to probe, on
microscopic scales, the material propertics of systems ranging from simple palymer
solutions to the interior of living cells.

Optically detected individual probes

The simplest method in terms of instrumentation uses video microscopy 1o record the
Brownian motion of the embedded particles, Advantages are the use of standard equip-
ment coupled with well-established image processing and particle tracking (Crocker
and Grier, 1996), and the fact that massively paralle! processing can be done (100 s of
particles at the same time), Disadvantages are the relatively low spatial and temporal
resolution, although limits can be pushed to nm in spatial dispiacement resolution and
kHz temporal resolution with specialized cameras. Much higher spatial and temporal
resolution still can be achieved using laser interferometry with Jaser beams focused
on individual probe particies (Denk and Webb, 1990; Gittes and Schimidt, 1998; Pralle
ctal, 1999). Due to high light intensitics focused on the particles, high spatial res-
olution (sub-nm) can be reached. Because the detection involves no video imaging,
100 kiz bandwidth can be reached rouiinely.

One-particle method

Once particle positions as a function of time are recorded by either method, the coni-
plex shear modulus Glw) of the viscoelastic particle envirenment has to be calculaied.
This can be done by calenlating the mean square displacement (x2) of the Brownian
motion by Fourier transformation. The complex compliance a{w) of the probe particle
with respect o a force exerted on it is defined by:
3 . I -
X = {0 + i) [ (2.12)
The FD theorem relates the imaginary part of the complex compliance to the mean
square displacement;
Gk Tor”
wis i
() e T (2.13)
w

Using a Kramers-Kronig relation (Landau et al., 1980):
2 o - i
(@)= P f L) e (2.14)
T é’u g
0

where ¢ is the frequency variable to integrate over and P denotes a principal value
integral, one can then caleulate the real part of the compliance. Knowing both real
and imaginary parts of the compliance, one then finds the complex shear modulus via
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a generalized Stokes law:

1
“) = R @1

where R is the probe bead radius. This procedure is explained in detail in Schourr
etal. (1997).

The shear modutus can also be derived from position fluctuation data in a different
way. After first calculating the mean square displacement as a function of time, one
can abtain (using equipartition) a viscoclastic memory function by Laplace transfor-
mation, The shear modulus follows by again using the generalized Stokes law (Mason
ctal., 1997).

Two-particle methods

Large discrepancies between macroscopic viscoelastic parameters and those deter-
mined by one-particle microrheology can arise if the presenice of the probe particle
itself influences the viscoelastic medium in its vicinity or if active particle movement
oceurs and is interpreted as thermal motion. The shear strain field coupled to the mo-
tion ofa probe particle extends into the medium a distance that is similar to the particle
radius. Any perturbation of the medium caused by the presence of the particle will
decay over a distance that is the shorter of the particle radius or characteristic length
scales in the medium itself, such as mesh size of a network or persistence length of a
polymer. Thus it follows that if any characteristic length scales in the system exceed
the probe size, the simple interpretation of data with the generalized Stokes law is not
valid. This is probably always the case when micron-sized heads are used to study
the cytoskeleton, because the persistence iength of actin is already 17 wm (Howard,
2001), while that of actin bundles or microtubules is much Jarger still. A perturbation
ol the medium could be caused by a chemical interaction with the probe surface,
which can be prevented by appropriate surface coating. It is unavoidable, though,
that the probe bead locally dilutes the medium by entropic depletion. To circumvent
these pitfalls, twoe-particle microrheology has been developed (Crocker et al., 2000;
Levine and Lubensky, 2000). In this variant, the cross-correlation of the displacement
fluctuations of two particies, located at a given distance from cach other, is measured
(Fig. 2-12). The distance between the probes takes over as relevant length scale and
probe size or shape become of secondary importance.
Instead of the one-particie compliance, a mutual compliance is defined by:
X = o (@)Y, 2.16)

if
with particle indices n, m and coordinate indices i, Jo==x, y. If the particles are
separated by a distance - along the x-axis, two cases are relevant, namely cx\'f, which
will be denoted as al'f, and cvl'f_, which will be denoted as & 1? (the other combinations
are second order). The Fourier transform of the cross-correlation function is related
to the imaginary part of the corresponding compliance:

s e
¢

SHw) = X ) w) = ~a}] (), (2.17)
' ’ (2

where | denotes the complex conjugate,
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Fig. 2-12. Sketch of 1-particle and 2-particle mierorhcology using lasers for rapping and detection.
Either one laser beam is focused on one particle at a time, or the two beams, displaced by some
distance, are each focused on seperate particies. In both cases the motion of the particle in the two
directions normal to the Jaser propagation direction is measured by projecting the laser light onto
guadrant photodiodes downstream from the sample,

A Kramers-Kronig integral can again be used to calculate the real parts, and elastic
moduli can be derived according to Levine and Lubensky {2002) from:
1

g,y L :
(@) = A7 r pg{ew) (218)

o)’ (w) =

(2.19)

8rr pglw) Lo(e

1 [ko(o)} + 3/10{(9)}
ho(w) -+ 2pp(w) |

written here (following Levine and Lubensky (2002)) with the Lamé coefficients Aplew)
and pplw), where po(w) = Glw). One can thus measure directly the compressional
modulus and the shear modulus in the sample.

The technique can again be implemented using video recording and particle track-
mg (Crocker et al,, 2000) or laser interferometry. In cells, so far only a video-based
variant has been used (Lau et al., 2003), exploring the tow-frequency regime of the
cellular dynamics in mouse macrophages and mouse carcinoma cells. Tt was found
that the low-frequency passive microrheology results were strongly influenced by
active transport in the cells, so that the fluctvation-dissipation theorem could not be
used for calculating viscoelastic parameters.

Dynamic light scattering and diffusing wave spectroscopy

A well-established method to study the dynamics of large ensembles of particles
in solutions is dynamic light scattering (DLS) (Berne and Pecora, 1990). To obtain
simooth data and good statistics, it is obviously advantageous to average over a large
number of particles. in DLS, a collimated laser beam s typically seat through a
sample of milliliter volume, and scattered light is collected under a well-defined
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angle with a photomultiplier or other sensitive detector. The intensity autocorrelation
funetion:

T + a2
_(_k{i()[g)_)k?ﬁr}_) =1+ fe¢ (Ao} /3 (2.20)

(1) =
can be used to calculate the dverage mean sguare dispiacement { Ar3(e)y of particles,
with the scattering vector g = dmnsin(@/2)/ A, wavelength A, scaltering angle & and
index of the solvent », and a coherence factor 8. This relationship assumes that
ali particles arc identical and that the solution is homogeneous across the scattering
volume. It also assumes that the particles dominate the scatiering intensity compared to
the scattering from the embedding medium itself, DLS has also been used extensively
to study polymer solutions without added probe particles (Berne and Pecora, 1990).
In that case the medium has to be modeled Lo extract material propertics from the
observed intensity autocorrelation function, T his has been done for example for pure
actin networks as models for the cytoskeleton of cells (Isambert et al ., 1885; Liverpool
and Maggs, 2001; Schmidt et al., 1989). Unfortunately this technique is not well
appiicable to study the interior of celis, because the cellular environment is highly
inhomogeneous and it is not well defined which structures scatter the light in any
given location, Larger objects dominate the scatiered intensity (Beme and Pecora,
1990). DLS has been applied to red blood cells (Peetermans et al., 1987a; Peetermans
etal., 1987b), but results have been qualitative. It is also difficult to introduce external
probe particies that scatter light strongly encugh in sufficient concentrations without
harming the cells,

A refated light-scattering technique s diffusing wave spectroscopy (IDWS) (Pine
etal, 1988; Weitz et al., 1993), which measures again intensity correlation functions
of scattered light, but now in very dense opaque media where light is scattered many
times before it is detected so that the path of a photon becomes a random walk
and resembles diffusion. There is no more scattering-vector dependence in the field
correlation function, which is directly related 1o the average mean square displacement
{Ar3(t)) of the scattering particles (Weitz and Pine, 1993
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P(5) is the probability that the light travels a path length s, ky = 27 /A Is the wave
vector, and /% is the transport mean free path. The final steps to extract a complex
shear modulus are the same as described above, either using the power spectral den-
sity method (Schnurr et al.,, 1997) or the Laplace transform method (Mason et al.,
1997).

The advantage of the technigue is that it is sensitive to very small motions (of less
than nm) because the path of an individual photon reflects the sum of the motions of
the all particles by which it is scattered, The bandwidth of the technique is also high
(ypically 10 Hz to 1 MHz), so that ensemble-averaged mean-square displacements,
and from that viscoelastic response functions, can be measured over many decades in
frequency. The technique has been used to study polymer solutions, colloidal systems,
and cytoskeletal protein solutions (actin) (Mason el al., 1997; Mason et al., 2000) and
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(a)

Fig. 2-13. (2) Experimental set-up for fluorcscence correlation
spectroscopy. A laser beam is expanded (L1, .2} and focussed
through a microscope objective into a fluorescent sample, The
fluorescence light is collected through the same objective and
split out with & dichroic mirror toward the confocal pinhols
(P} and then the detector, {b) Magnificd focal volume with the
fluorescent particles (spheres) and the diffusive path of one
particle highlighted, From Hess et al., 2002,
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results agree with those from conventional metheds in the time/frequency regimes
where they overlap. The application (o cells i hindered, just as in the case of DLS, by
the inhomogencity of the cellular environment, Furthermore, typical cells are more
or less transparent, in other words one would need to introduce high concentrations
of scattering particies, which likety would disturb the cell’s integrity,

Fluorescence correlation Spectroscopy

Many complications can be avoided if specific particles or molecules of interest in
a cell can be selected from other structures. A way to avoid collecting signals from
unknown cellular structures is to use fluorescent labeling of particular molecules or
structures within the cell, This method is extensively used in cell biology to study the
localization of certain proteins in the cell. Fluorescence can also he used to measure
dynamic processes in video microscopy, but due to low emission intensities of fluo-
rescent molecules and due to their fast Brownian mation when they are not fixed 1o
farger structures, it is difficult (o use such data to extract diffusion coeflicients Of Vis-
coclastic parameters inside cells. A method that is related to dynamic light scattering
and is-a nonimaging method that can reach much faster time scales is fluorescence
correlation spectroscopy (Hess et ai., 2002, Webb, 2G01), where a laser is focused to
a small volume and the Auctuating fluorescence originating from molecules entering
and leaving this volume is recorded with fast detectors (Fig. 2-13).
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From the fluorescence intensity fluctuations 851y = F(f) — {#()) one calculates
the normalized autocorrelation function:
(BF(OSF{ 4 )
G(r) = MA(),szh_i, (2.22)
)
from which one can caleulate in the simplest case, in the absence of chemical reactions
involving the fluorescent species, the characteristic time tp a diffusing molecule
spends in the focal volume:

1
N4 v/t (1 + t/jwttp)?

G (1) = (2.23)
with an axial-to-lateral-dimension ratic @« and the mean number of fluorescent
molecules in the focus N. Eq. 2.23 is valid for a molecule diffusing in 3D. The
method can also be used in other cases, for example 2D diffusion in a membrane,

With some knowledge of the geometry of the situation ~ for example 21D membrane-
bound diffusion — one can again extract diffusion coefficients. This has been done on
cell surfaces and even inside celis (see references in Hess et al., (2002)). Data typically
have been interpreted as diffusion in a purely viscous eavironment or as diffusion in an
inhomogeneous environment with obstacles. Compared with the rheology methods
described above, fluorescence correlation spectroscopy is particularly good when
studying small particles such as single-enzyme molecules. For the motion of such
particles it is not appropriate to model the environment inside 2 cell as a viscoelastic
continunm, because characteristic length scales of the cytoskeleton are as farge or
larger than the particles.

Optical streicher

A novel optical method related to optical traps employs two opposing nonfocused
laser beams to both immobilize and stretch a suspended cell (Guck et al., 2001; Guck
et al., 2000}. Viscoelastic properties are determined from the time-dependent change
in cell dimensions as a function of optical pressures, This method has the significant
advantage over other optical trapping methods that it can be scaled up and automated
to ailow measurement, and potentially sorting, of many cells within a complex mixture
for use in diagrosing abnormal cells and sorting cells on the basis of their rigidity
{Lincoln et al., 2004).

Acoustic microscopy

Ultrasound transmission and attenuation through celis and biological tissues can also
provide measurements of viscoelasticity, and acoustic microscopy has the potential to
provide high-resolution imaging of live cells in a minimally invasive manner (Viola
and Walker, 2003). Studies of purified systems such as F-actin (Wagner cf al., 2001;
Wagner etal., 1999), and alginate capsules (Klemenz et al., 2003), suggest that acous-
tie signals can be related to changes in material properties of these biopolymer gels,

but there are numerous challenges related to interpreting the data and relating them
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to viscoclastic parameters before the potential of this method for quantitative high-
resolution elastic imaging on celis is realized.

Outstanding issues and future directions

The survey of methods used 1o study the rheology of cells presented here shows the
wide range of methods that various groups have designed and employed. At present
there appears to be no one ideal method suitable for most cell types. In many cases,
measurements of similar cell types by different methods have yielded highly different
values for elastic and viscous parameters. For example, micropipetie aspiration of
leukocytes can variably be interpreted as showing that these cells are fiquid droplets
with a cortical tension or soft viscoelastic Aluids, while alomic force microscopy mea-
sures elastic moduli on the order of 1600 Pa. In part, differences in measurements stem
from differences in the time scale or frequency and in the strains at which the measure-
ments are done. Also, itisalmost certain that cells respond actively to the forces needed
to measure their rheology, and the material properties of the cell often cannot be inter-
preted as those of passive material. Combining rheological measurements with simul-
taneous monitoring or manipulation of intracelfular signals and cytoskeletal structures
can go a long way toward resolving such challenges.

Currently a different and equally serious challenge is presented by the finding that
even when studying purified systems like F-actin networks, micro- and macrorheology
methods sometimes give very different results, for reasons that are not completely
clear. In part there are likely to be methodological problems that need to be resolved,
but it also appears that there are interesting physical differences in probing very
smell displacements of parts of a network not much larger than the network mesh
size and the macroscopic deformations that cccur ag the whole network deforms in
macrorheologic measurements. Here a combination of more experimentation and new
theories i3 likely to be important,

The physical properties of cells have been of great interest to biologists and phys-
ilogists from the earliest studies that suggested that cells may be able (o convert
from solid 1o liquid states as they move or perform other functions. More recently,
unraveling the immense complexity of the molecular biology regulating cell biol-
ogy and high-resolution imaging of intracellular structures have provided molecular
models to suggest how the dynamic viscoelasticity of the cell may be achieved. Now
the renewed interest in cell mechanics together with technological advances allowing
unprecedented precision and sensitivity in foree application and imaging can com-
bine with molecular information to increase our understanding of the mechanisms by
which cells maintain and change their mechanical properties.
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