
BE/APh 161: Physical Biology of the Cell, Winter 2019
Homework #9

Due at the start of lecture, 2:30 PM, March 13, 2019.

Problem 9.1 (Stress softening of actin networks and buckling, 15 pts).
In the Chaudhuri, Parekh, and Fletcher paper we discussed in lecture, stress soft-
ening occurred in actin filaments with a stress of about 230 Pa. The authors of that
paper claim that stress softening occurs because actin filaments are buckling. Does
this make sense to you? Perform an estimate to check.

Problem 9.2 (Optical cell stretching, 70 pts).
We briefly discussed optical cell stretchers in lecture. Optical cell stretchers work
by taking advantage of the difference in index of refraction between a cell and the
surrounding solution to trap a free cell in two counter-propagating laser beams. The
power of the laser is then increased to exert stress and elongate the trapped cell. The
induced stress is proportional to the laser power. The constant of proportionality,
FG is dependent on geometry and cannot be ascertained. The deformation (strain)
is measured by taking images with a light microscope. The process is illustrated in
Figure 1. In this way, the mechanical properties of an entire cell can be measured.

mechanical properties according to the situation and the
overall function of the cell. A motile immune cell will re-
quire different properties for its regular duties than a sta-
tionary tissue cell, just as a replicating cell will have
different properties than a post-mitotic cell. This com-
plexity of microscopic detail and possible cellular behav-
ior pose an enormous challenge to the theoretical
understanding and description of cells from a mechani-
cal point of view. The currently available arsenal of dif-
ferent cell manipulation techniques, which all have
advantages and limitations, allows the investigation of
cellular mechanical properties under various experimen-
tal conditions and can provide the necessary basis for a
better understanding of these complex structures.

The optical stretcher is one recently developed tool
for the deformation of single cells [9]. Two counter-
propagating laser beams induce stress at the surface of
a cell, which trap the cell at the center between the
two beams and, upon increase of the light power, axially
elongate the trapped cell (Fig. 1) [10]. Some major differ-
ences of the optical stretcher compared to other cell
deformation techniques include the broad and continu-
ous distribution of stress over the cell surface, the lack
of any mechanical contact with the cell, and the possibil-
ity to measure suspended, non-attached cells.

The broad stress distribution is in stark contrast to
the most common single-cell deformation techniques
such as micropipette aspiration [11,12], atomic force
microscopy (AFM) measurements [6,13–15] magnetic
bead experiments [16,17], or optical tweezers [18]. In
these techniques, forces are applied at certain points or
over small areas. This can result in non-linear stress dis-
tributions that are harder to analyze and might in some
cases even lead to local disruption of the cytoskeleton.
These techniques are well suited to gather local informa-
tion and allow the mapping of elasticity distributions
across the cell. For example, the nuclear region of at-
tached cells is found to show a different elasticity than
the cellular lamellipodium. In contrast, the optical
stretcher creates stresses induced by the transfer of
momentum from the light to the surface at any point
that is illuminated. The details of that momentum trans-
fer and the Gaussian profile of the laser beams used lead
to a distribution of stress over the entire cell surface
(Fig. 2). The resulting deformation is thus a response
of the entire cell and reveals global rather than local
properties of the cytoskeleton. Also, the optical stretcher
uses light directly for the application of force so that any
mechanical contact, which is common in most other
deformation techniques, is circumvented. This offers

Fig. 1. (a) A BALB/3T3 cell is trapped between two divergent, Gaussian laser beams at 200 mW per beam (upper image). When increasing the light
power to 1.7 W per beam, the cell is stretched along the laser axis (lower image). The contour, and the resulting deformation, of the cell can be
extracted by an image analysis algorithm and is overlaid on the images. (b) Stepwise increase of the stretching power results in a linear increase of the
cell diameter measured.

264 F. Wottawah et al. / Acta Biomaterialia 1 (2005) 263–271

Figure 1: Schematic of an optical stretcher. The cell stretches along the axis
parallel to the laser beams. The strain is given by the fractional change of the
diameter of the cell along the stretching axis. Figure take from Wottawah, et
al., Acta Biomaterialia, 1, 263–271, 2005.

This technique was used to assess the mechanical properties of two mammalian
cell types, 3T3 and SVT2 (which have reduced actin), in Wottawah, et al., PRL, 94,
098103, 2005. In this work, the authors performed a stress step experiment in which
a constant stress σ 0 was applied at t = 0, as in lecture. The stresswas set back to zero
at time t = t1. The authors can obtain the creep compliance from this measurement.
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Figure 2: Schematic of an active Jeffreys fluid.

a) Derive an expression for the strain in the stress step experiment if wemodel the
cell as an active Jeffreys fluid as in Figure 2. The stress step can be described
mathematically as

σ (t) = FG σ 0 θ (t) θ (t1 − t), (9.1)

where θ (t) is the Heaviside step function. Assume the active stress is con-
stant, given by σ a.

b) The authors perform curve fits of the expression you derived in part (a) to get
values for the parameters of the cell. Explain why they cannot independently
measure E, η , and ζ , but only products thereof. Can a constant active stress
be detected in this experiment?

c) The authors then use the curve fit parameters to compute the storage and loss
moduli (E′ and E′′) of the cell. Derive expressions for the storage and loss
moduli from the fit parameters. (Note: These reported storage and lossmoduli
are dependent on choosing a model for the viscoelastic behavior of the cell.
This is not ideal, but is apparently a necessity due to experimental constraints.)

Problem 9.3 (Actin and gravity, 15 pts).
The eggs of the frogXenopus are very large single cells, measuring over a millimeter
in diameter. The egg has a very large nucleus, measuring about 450 µm in diameter.
Unlike nuclei many other eukaryotic cells, these giant nuclei have an actin network
inside of them. Feric and Brangwynne (Nat. Cell. Biol., 15, 1253–1259, 2013) were
studied this actin network with microrheology and then perturbed the network by
treating the nucleus with the actin depolymerizing drug Latrunculin A.

a) Fig. 3 shows the tracks of beads of various radius that were injected into wild
type nuclei ofXenopus eggs. Speculate on why the traces have the features that
they do.

b) In wild type oocytes, the nucleus has thousands droplets of RNA and protein,
called ribonucleoprotein bodies (RNPs), many of which are one micron in di-
ameter or bigger, scattered throughout the nucleoplasm of the nucleus. When
they treated the oocytes with Latrunculin A and left them overnight, Feric and
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of these large beads exhibited correspondingly lower power-law
exponents of ↵ = 0.5±0.1 and ↵ = 0.4±0.1, respectively (Fig. 1a,b
and Supplementary Video S3). The decrease in ↵ with increasing bead
size suggests that the GV contains an elastic network, which is effective
at constraining the mobility of objects greater than its apparent mesh
size of ⇠0.5 µm (Fig. 2d). Indeed, very similar behaviour is observed
with in vitro F-actin networks13.
To determine whether actin is responsible for these constrained

dynamics, we treated oocytes with the actin-disrupting drug latrunculin
A (Lat-A; ref. 14). These GVs seemed to be more fluid when pipetted
into the imaging chamber. Probe particles in GVs from Lat-A-treated
oocytes were highly mobile, even at the largest bead sizes. The MSD of
all bead sizes, R= 0.1–1.0 µm, exhibited diffusive-like motion, with an
average exponent of ↵ = 0.94±0.04 (Fig. 2a,d). We also tested another
actin-disrupting drug, cytochalasin D (Cyto-D). The MSD of probe
particles inGVs fromCyto-D-treated oocytes were also highlymobile at
all particle sizes, with an average exponent of↵=0.9±0.1 (Fig. 2b,d).
To confirm that these data do not reflect off-target drug effects, we

micro-injected into the GV high concentrations of a human homologue
of the protein Exp6, XPO6, to decrease the nuclear actin concentration.
After ⇠1 h of incubation, we find the same effect as in Lat-A- or
Cyto-D-treated oocytes: both small and large beads exhibited simple
diffusive-like motion, with ↵ = 0.91±0.08 (Fig. 2c,d). The data from
actin-disrupted GVs exhibited a size dependence of the diffusion
coefficient, D ⇠ 1/R, consistent with the Stokes–Einstein equation
describing Brownian motion in a purely viscous liquid (Fig. 2e and
Supplementary Note). We fitted this data to the Stokes–Einstein
equation to obtain the nucleoplasmic viscosity, ⌘ = 0.005±0.002 Pa s,
approximately 5 timesmore viscous than water (black symbols, Fig. 2e).
Interestingly, the diffusion coefficients of small (R= 0.1 µm) beads
in actin-disrupted GVs were similar to that of small diffusive beads
in untreated GVs (blue square, Fig. 2e), suggesting that the latter are
largely probing the background nucleoplasmic fluid.
To visualize the nuclear F-actin network, we constructed a GFP

fusion of the small actin-binding peptide Lifeact15,16. GVs expressing
Lifeact::GFP revealed a dense, three-dimensional network of F-actin (in-
set Figs 1, 2f and 3a–c); quantitative image analysis was consistent with
our bead microrheology data (Supplementary Fig. S1). Visualization of
the network using a different actin-binding construct, utrophin::GFP
(ref. 6; Supplementary Note), revealed similar structural features (Sup-
plementary Fig. S2). Microrheological measurements of all bead sizes
were unchanged in GVs expressing these constructs (Supplementary
Fig. S3), confirming that these probes do not perturb F-actin structure.
Moreover, consistent with our bead microrheology data, GVs treated
with either Lat-A, Cyto-D or XPO6 exhibited a significantly fragmented
actin network (Fig. 2G, Supplementary Fig. S1 andVideos S8 and S9).
These probes allowed us to visualize the mechanical response

of the live actin network. Using a microneedle, we found that the
network could withstand repeated compressive deformations, each
time elastically recovering after removal of the force (Fig. 3a). We
found similar results on application of tensile forces to the network;
each time the network exhibited an elastic response, largely recovering
its pre-deformation structural organization (Fig. 3b); interestingly,
we frequently observed apparent actin polymerization in response to
force application (arrowhead, Fig. 3a), suggesting that the network
architecture is mechano-sensitive. These experiments were conducted
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Figure 1 Probe particle size-dependent dynamics within the germinal vesicle
(GV). (a) Two-dimensional mean-squared displacement (MSD) of passivated
probe particles in GVs from large oocytes (Stage V–VI). Particles of radius
R =0.1 µm (green) exhibit diffusive-like motion with a diffusive exponent
↵ ⇡ 1.0 (24 X -positions from 9 GVs, 10,648 particles identified). For
larger bead sizes, the mobility becomes increasingly constrained, with
correspondingly smaller values of ↵. Blue: R =0.25 µm (16 Z -positions from
8 GVs, 2,053 particles identified); black: R =0.5 µm (19 Z -positions from
6 GVs, 1,867 particles identified); and red: R = 1.0 µm (35 Z -positions
from 14 GVs, 3,011 particles identified). Inset shows Lifeact::GFP network
(green) and R =1.0 µm probe particles (red); dark spheres are unlabelled
ribonucleoprotein (RNP) bodies; scale bar, 10 µm. (b) Left column shows
example X –Y trajectories for three different bead sizes. Right column shows
corresponding temporal changes in position, X (t ) and Y (t ).

at the nuclear periphery, where nuclear lamins are known to assemble
a thin cortical shell17,18. Using an RFP::lamin B3 construct, we found
that the lamin cortex deformed in concert with the actin network. Even

1254 NATURE CELL BIOLOGY VOLUME 15 | NUMBER 10 | OCTOBER 2013

© 2013 Macmillan Publishers Limited.  All rights reserved. 

Figure 3: Tracks of beads of various size injected into the nucleus of a Xenopus
oocyte. At left is a plot of the trajectory in the x-yplan and at right is the same
trajectory where the x and y positions are plotted against time. Figure take from
Feric and Brangwynne,Nat. Cell. Biol., 15, 1253–1259, 2013.
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Brangwynne made a startling observation. In the morning, nearly all of the
RNPs had fused together and were sitting at the bottom of the nucleus, appar-
ently having sunk there. They determined that the density difference between
the RNPs and the nucleoplasm was about 0.035 g/mL. (They determined this
with clever experimentation; you should read the paper to see how they did it.)
So far, we have been neglecting gravity because cells and the components in-
side them are small (obviously gravity affects larger scale organisms, likewhole
humans). How big do the RNPs need to be such that we need to start taking
gravity into account? How would your answer change for a more typical nu-
clear size of about 10 µm?

c) Given these experimental results, is the wild type nucleoplasm more like an
elastic of viscous medium?
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