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Optical Rheology of Biological Cells
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A step stress deforming suspended cells causes a passive relaxation, due to a transiently cross-linked
isotropic actin cortex underlying the cellular membrane. The fluid-to-solid transition occurs at a relaxation
time coinciding with unbinding times of actin cross-linking proteins. Elastic contributions from slowly
relaxing entangled filaments are negligible. The symmetric geometry of suspended cells ensures minimal
statistical variability in their viscoelastic properties in contrast with adherent cells and thus is defining for
different cell types. Mechanical stimuli on time scales of minutes trigger active structural responses.
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The cytoskeleton, an intracellular polymer network, is
essential for cellular functions such as motility, organelle
transport, mechanotransduction, and mitosis. It is a com-
posite of three different types of polymers: flexible to
semiflexible intermediate filaments, semiflexible actin fil-
aments, and rigid microtubules. Its structural response is
the basis for the mechanical properties of cells [1,2],
exhibiting passive and active responses to deformations.
Differences to conventional polymers can even be seen in
their passive relaxation behavior. The inherent nature of
these biopolymer networks with binding energies on the
order of a few kT leads to a transience which impacts
polymer relaxation.

Previous experiments aimed toward an understanding of
the origin of cellular viscoelasticity have either focused on
in vitro rheology of individual cytoskeletal constituents
[3,4] or on measurements of cells characterized by a highly
inhomogeneous asymmetric cytoskeletal architecture [5—
7]. These in vitro experiments have not yet been able to
investigate the cytoskeleton as a compound material with
its full complexity. Previous measurements on cells
showed a large variability in the obtained viscoelastic
moduli caused by the inhomogeneity and anisotropy of
the cytoskeleton of adhered cells, which make interpreta-
tion difficult.

The optical stretcher is well suited to perform cell
rheology on a simple spherical cell geometry, bridging
between data on cytoskeletal components and in vivo mea-
surements of the cytoskeleton in a widely varying state [8].
A cell is stretched between two laser beams [see Fig. 1(a)].
The deformation is caused by an optically induced surface
stress o, which can be well approximated with o (6) =
oogcos" @, where 6 is the azimuthal angle relative to the
laser axis. oy is the peak stress along the laser axis [8]. In
individual measurements the deforming peak stress is var-
ied between o, = 7-18 Pa using by a fiber laser (A =
1064 nm, IPG Photonics). Cells are trapped at a low power
of 200 mW /beam, which does not cause measurable de-
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formation. Heating effects during stretching are ~1-2K
[9] and thus negligible. This is confirmed by an unaltered
cytoskeleton, proliferation activity, and cell motility, as
well as further cell viability tests [8,10]. A time dependent
step stress o (¢) is applied to a cell between ¢ = 0 and ¢, and
its resulting relative radial deformation (i.e., axial strain)
given by y(¢) = @, is observed, where r is the radius of
the cell along the laser beam axis at trap power, and Ar(7) is
the resulting radial extension [Figs. 1(b)-1(d)].

From several investigated cell lines and primary cells,
we have chosen NIH/3T3 and SV-T2 fibroblasts to exem-
plify the results typically found for suspended cells. Since
SV-T2 cells have a reduced actin cytoskeleton with respect
to NIH/3T3 cells, the two cell lines illustrate how cytoske-
letal differences are reflected in our measurements. Cells
were individually subjected to a step stress. To examine
their mechanical response on different time scales, the
duration of deforming stress was varied between tenths
of a second and minutes. The resulting relative radial
deformation was recorded using video microscopy at
30 frames/s. The deformation was analyzed with a custom
image-analysis algorithm.

The time dependence of 7y in response to a constant step
stress and the consequential relaxation behavior are passive
and viscoelastic when stretching for 0.2, 2, and 10 s [see
Figs. 1(b)—1(d)]. The response, as shown for NIH/3T3
fibroblasts in Fig. 1, displays a steep increase in axial strain
for the first 0.2 s of a stretch, followed by a reduced
increase for 1-3 s, and ultimately reaches a plateau.
After stress relaxation, cells remain at about 30%—-60%
of their maximum strain. To extract the viscoelastic stress-
strain relation of the cell in the investigated linear regime,
the following constitutive equation was used [11]:

a;0,y(1) + ax07y(t) = o(t) + by 9,0(1). (n

It captures the initial elastic, the subsequent viscous, and
the final relaxation behavior. For the applied step stress it
was sufficient to truncate the expansion of the stress after
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the first-order derivative and of the strain after the second-
order derivative. The zeroth-order term of the strain ex-
pansion is negligible, as the strain does not recover com-
pletely [12].

Solving (1) for o(t) = Fgoy®()O(f; — 1) reveals the
temporal development of the axial strain. The geometric
factor F'; accounts for the specific deformation induced on
a shell-like viscoelastic object [13]. We attribute the initial
viscoelastic response to the actin cytoskeleton in agree-
ment with previous qualitative observations [14]. The fluo-
rescence pictures of the suspended cells (see the inset of
Fig. 2) show a thick cortical actin layer underlying the
plasma membrane, but no stress fibers, while in adhered
cells the dominant element of the actin cytoskeleton are
stress fibers [15]. The optically determined actin shell
thickness was 15%—20% of the cells’ radii depending on
the cell type. The absolute value impacts only the magni-
tude of the measured elastic constants. The temporal de-
velopment of the axial strain for 0 < ¢ < ¢ then is

Ar/r

Ar/r

Ar/r

FIG. 1. An NIH/3T3 cell is trapped between two horizontally
opposing, divergent laser beams. In a step stress experiment it is
stretched as the laser power is increased and relaxes when the
power is reduced. (a) Phase contrast images are used to analyze
the radial deformation. (b)—(d) Development of axial strain y =
% with time ¢ when stretching an NIH/3T3 cell for 0.2 s (b),
2.5 s (¢), and 10 s (d). Equations (2) and (3) were fitted to the
data (solid lines).
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Equations (2) and (3) were fitted to the individually
measured axial strain data of NIH/3T3 and SV-T2 cells,
with a statistically significant sample size of 30 cells per
cell type. These fits can be seen in Fig. 1. The strain can be
described up to several seconds, but the fit for 10 s in
Fig. 1(d) shows the limitation of the model for longer
stretching times. Equation (2) becomes inappropriate since
the strain reaches a plateau and further fluidlike extension
is prevented by an elastic component, which now domi-
nates the temporal deformation. This is consistent with the
observation that the cell elastically relaxes up to 60% of the
maximum deformation for 10 s stretches.

The fits allow the extraction of the parameters a;, a,,
and b, which determine the viscoelastic constitutive equa-
tion of each individual cell. With y(r), the two components
of the complex shear modulus G*(w), the storage modulus
G'(w), and loss modulus G"(w) are obtained for single
cells [11], where w is the deforming frequency:

; _ 1 wz(a1b1 — a,)
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A graph of G'(w) and G"(w) for a single suspended
NIH/3T3 fibroblast is shown in Fig. 2 [16]. The cell dis-
plays an elastic plateau and a fluid-to-solid transition in the
studied time and frequency regime. For an isotropic actin
network as the dominating viscoelastic element, an elastic
plateau was to be expected from in vitro rheology on
entangled and cross-linked actin networks [3,4] as well
as from atomic force microscopy measurements probing
the actin cortex and avoiding stress fibers [7].

The average plateau moduli were Gy /313 =
100 = 10 Pa and G§y.r, = 63 £7 Pa. For a statistical
error of 10% (standard error of mean), a sample size of
30 cells was sufficient. Student’s ¢ test clearly identifies the
existence of two separate populations (confidence =
99.9%). Narrow statistical distributions of shear moduli
which distinguish different cell populations with samples
of less than 100 cells were also found for other cell lines,
such as breast epithelial cell lines, white blood cells,
primary and immortal keratinocytes, and adult stem cells.
The unexpectedly low variance in the measurement of a
cell type’s viscoelastic constants (this does not solely apply
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FIG. 2 (color).
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Storage G'(w) and loss modulus G”(w) for an NIH/3T3 fibroblast (left) and an SV-T2 fibroblast (right). The insets

display the differences in actin distribution and concentration between NIH/3T3 and SV-T2 cells fluorescently labeled with TRITC-

Phalloidin at a concentration of 3 wg/ml.

to the plateau modulus) contrasts to the large range of
elastic constants obtained with other techniques. The con-
trolled deformation of the whole cell, the symmetry of the
suspended cells, and the absence of stress fibers generate a
defined and consistent state for the measured cells.

Since SV-T2 cells possess = 50% less F-actin measured
by laser scanning cytometry (data not shown), their lower
plateau modulus is conceivable. In fibroblasts, a typical
concentration of actin filaments is 10 mg/ml [17,18] with
a filament length of about 1 um [14], which puts these
networks in the tightly entangled regime [2]. Using these
parameters, a minute value of G’ = 5 Pa is calculated for
an entangled actin solution [2], while for a permanently
cross-linked actin solution the plateau modulus is calcu-
lated to be G’ = 680 Pa [1]. These estimates demonstrate
that only cross-linked actin filaments contribute signifi-
cantly to the elastic strength of a cell. Since the elastic
strength of the actin cortex depends not only on the amount
of actin, but also on the shell thickness and cross-linking
protein concentration, a direct estimate of the decreased
plateau modulus in SV-T2 cells with respect to NIH/3T3
cells is not possible.

We also expect that the intermediate filament vimentin
does not significantly contribute to the linear elastic
strength of fibroblasts. Vimentin has a persistence length
of /[, ~1 um and an intracellular concentration p =~
2.5 X 1072 mg/ml [19,20]. Assuming a tightly entangled
network, this amounts to a negligible elastic strength on the
order of G = 1075 Pa[1]. Microtubules emanate from the
microtubule organizing center near the nucleus toward the
cell membrane, and thus conventional polymer theories do
not apply for this complex architecture.

For the investigated cells—independent of the height of
the plateau modulus—the elastic plateau (G’ > G”) ends
for w = 0.6 rad/s. The consequential fluid-to-solid tran-
sition is characterized by a terminal relaxation time 7, =
2.8 = 0.5 s. Since intermediate filaments are quasiperma-
nently cross-linked, and the scaffold of microtubules re-
mains unchanged on time scales longer than tens of
seconds, we can rule out these two cytoskeletal elements

as the origin of the observed dynamic behavior. Still, these
two cytoskeletal elements may contribute to the elastic
response for long deformations (=10 s). The finding that
in the linear regime the initial viscoelastic behavior is
caused by the actin cortex and that the latter elastic behav-
ior originates from the microtubules and intermediate fil-
aments is consistent with changes of the viscoelastic
behavior observed when cytoskeletal disrupting agents
(Latrunculin A for actin; nocodazole for microtubules)
are added (data not shown).

The actin cytoskeleton remains as the cause of the fluid-
to-solid transition. Entangled actin filaments can be ruled
out as the origin of the transition. The reptation time of
actin filaments of 1 pm length in a cell’s cytoplasmis 7, =
400 s (n = 130 Pas) [21,22], which exceeds the observed
relaxation time. Despite this long relaxation, causing the
entangled filaments to behave gel-like on time scales be-
yond the terminal transition time measured, their contri-
bution can be omitted as their elastic strength is negligible.
This counterintuitively means that the cross-linked fraction
causes the fluid-to-elastic transition.

The amount of cross-linked filaments is determined by
the cross-linking proteins present in fibroblasts, predomi-
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FIG. 3.  An NIH/3T3 cell is stretched for 60 s with oy = 6 Pa
and given a 5 min relaxation phase, during which minimal
trapping forces are applied. This process is repeated 3 times.
(a) Even at low trap powers, where the optical surface stress is
too small to stretch the cell, active extension along the laser axis
is observed. (b) Phase contrast images of the temporal develop-
ment of the elongating cell studied in (a).
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nantly a-actinin, filamin, and Arp 2/3 [23-25]. These
proteins not only affect the network’s static but also its
dynamic properties, because they transiently bind to actin
filaments. Typical binding times are in the range of 0.2-3 s
[23,24,26]. This allows cross-linked actin networks to form
a unique hybrid between an elastic gel on time scales
shorter than the binding times and a fluid on longer times.

It was not possible to evaluate our rheological data
within the framework of a recently observed power law
behavior [6,27,28]. This difference could be attributed to a
suspended cell’s different cytoskeletal architecture with
respect to adherent cells. The investigated cells do not
show the complexity of being a compound material of an
isotropic actin mesh and stress fibers. Such power law
behavior might stem from the influence of contractile
elements, such as actin stress fibers [28,29].

For the role of actin networks in a cell, our results verify
that only cross-linked filaments attribute to the mechanical
strength. This is consistent with the loss of structural
integrity in cells lacking actin cross-linking proteins [30].
This dominance of cross-linked filaments results in novel
polymer dynamics since the terminal relaxation time is
determined by the dissociation dynamics of the cross-
linking proteins. Thus, intracellular actin networks provide
only transient support, requiring active responses and re-
structuring of the actin cytoskeleton to assure long term
mechanical integrity of a cell.

Apart from passive viscoelastic responses to stress
shown for the 0.2, 2, and 10 s stretches, reactions of cells
differ drastically when subjected to stress for a time period
of about 1 min. Figure 3 shows an NIH/3T3 fibroblast
being stretched for 60 s, with a subsequent relaxation phase
of 5 min. During the relaxation phase, the cell is held in the
trap at a low laser power, which is insufficient to stretch the
cell. Cellular extension is not only observed when signifi-
cant stress is applied, but the cell continues to extend along
the axis during the relaxation phase. This can be under-
stood only as an active response of the cytoskeleton to
mechanical stimuli. The monitored fluidlike extension dur-
ing the relaxation phase requires extending forces in the
range of 10-1000 pN. They can be estimated under the
assumption of a linear viscous extension during the relaxa-
tion phases and the knowledge of the cellular viscosity.
These forces exceed any possible contribution of external
trapping forces suggesting internal cellular processes cause
the extension. Such self-propelled active and dynamic
restructuring is a necessity for active cellular function.

Our study identifies suspended cells as well-defined
viscoelastic objects. The small variability in the results
has to be attributed to a tightly controlled and regulated
cytoskeleton. This makes suspended cells ideal to distin-
guish cells based on their cytoskeletal characteristics. We
find the actin cortex responsible for the initial viscoelastic
response. Transiently cross-linked actin filaments solely
contribute to this response. Consequentially, the stress

relaxation behavior is determined by the binding dynamics
of actin cross-linking proteins. This intermediate between
a fluid and an elastic gel is perfectly suited for the highly
adaptive, active structural role of the cytoskeleton.
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