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Abstract
Cytoskeletal filaments provide cells withmechanical stability and organization. Themain key players
are actin filaments andmicrotubules governing a cell’s response tomechanical stimuli.We
investigated the specific influences of these crucial components by deformingMCF-7 epithelial cells at
small (�5%deformation) and large strains (>5%deformation). To understand specific contributions
of actinfilaments andmicrotubules, we systematically studied cellular responses after treatment with
cytoskeleton influencing drugs. Quantificationwith themicrofluidic optical stretcher allowed
capturing the relative deformation and relaxation of cells under different conditions.We separated
distinctive deformational and relaxational contributions to cellmechanics for actin andmicrotubule
networks for two orders ofmagnitude of drug dosages. Disrupting actin filaments via latrunculin A,
for instance, revealed a strain-independent softening. Stabilizing thesefilaments by treatment with
jasplakinolide yielded cell softening for small strains but showed no significant change at large strains.
In contrast, cells treatedwith nocodazole to disruptmicrotubules displayed a softening at large strains
but remained unchanged at small strains. Stabilizingmicrotubules within the cells via paclitaxel
revealed no significant changes for deformations at small strains, but concentration-dependent
impact at large strains. This suggests that for suspended cells, the actin cortex is probed at small strains,
while at larger strains; thewhole cell is probedwith a significant contribution from themicrotubules.

1. Introduction

The ability of cells to sense and adapt to their environment plays a vital role inmany of their biologically relevant
functions. In the last decade, connections between themechanical properties of cells and the initiation as well as
progress of pathologies such as cancer [1, 2] have beenmade. These connections highlight the link between
molecular changes within the cytoskeleton tomorphological and functional changes of the entire cell. In this
way, it has been shown that actin filaments andmicrotubules play significant roles in dynamic cellular processes
such as proliferation [3], migration [4–6], differentiation, [7] and apoptosis [8]. Besides their dynamic functions,
they lend cellsmechanical stability and govern their responses against external,mechanical stimuli. During
cancermetastasis, for instance, cells have to squeeze through the underlying extracellularmatrix and vascular
walls. Extravasation and intravasation duringmetastasis could lead to small or large deformation of the cells
depending on the pore sizes of their surrounding environment. After extravasation, the single cells are
transported in suspension to other parts of the body through the blood and spread through the lymph vessel [9].

The interaction between actin filaments andmicrotubules aswell as their contribution to intracellular force
balances have been discussedwith respect to the traction forces exerted by cells on deformable substrates
[10, 11]. These studies revealed the stress bearing ability ofmicrotubules aswell as the contractile forces
produced by actinfilaments togetherwithmyosinmotors. It remains to be shown that such a force balance
mechanism exists in suspended cells. The resistance of cells against deformations has been investigated via
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techniques such asmagnetic twisting cytometry (MTC) [12, 13], atomic forcemicroscopy (AFM) [14, 15], laser
trackingmicrorheology [13], hydrodynamic stretchingwithflow-cytometers [16–20], and optical stretcher (OS)
[1, 21–24]. These studies were performed on various cell types [7, 25] and often indicate that actin filaments are a
major contributor to themechanical properties of cells. AFM-based studies further showed thatmicrotubule
stabilization or disruption did not affect cell elasticity [14, 25] or is only ofminor importance [20]. In contrast,
MTC studies revealed that destabilization ofmicrotubules inhibited cell stiffness while stabilizing them led to
increased cell stiffening [12]. Some of these studies, however, were performed on adherent cells and the
measuredmechanical properties depend on the local conditions rather than global characteristics [26]. Given
the fact that a cell is spatially heterogeneous, themeasuredmechanical properties vary [13] and are not
representative of the response of a cell as awhole to perturbation. In addition, it was shown that also keratin can
play amajor role in cell stiffness [27].

In contrast, whole cell deformations have been performed either by stretching cells usingmicroplates
[28, 29], or bymicropipette aspiration [30].Moreover, cells have been deformed by compression against a glass
slide [31] or by use of optical forces such as theOS [7], including contractile forcemeasurements [32], and
optical tweezers [33], including forcefluctuationmeasurements [34]. These studies also found that actin
filaments are themajor contributor to cell elasticity whilemicrotubules contributed to cell relaxation [7]. At
large strains, actinfilaments have been shown to rupture in in vitro studies while the contribution of
intermediate filaments andmicrotubules to cell elasticity becomes dominant [27, 35]. It has also been
hypothesized via finite elements simulations [36] thatmicrotubules contributemore to cell elasticity at large
strains. Therefore, the disruption ofmicrotubules at large strains has been shown to reduce the non-linearity in
whole cell stiffness [37]. Inmost studies, cells are probedwithin a linear regime but themagnitude of the
deformation (small or large) and its impact on the response of a cell as awhole has not been characterized.Here,
we characterize the response ofMCF-7 cells to optically applied forces at large and small strains by themeans of
the previously established automatedmicrofluidicOS [22, 38, 39]. A low and high strain regimewere established
by employing step stress profiles generated by low and high laser powers. Additionally, target-specific drugs
induced cytoskeletal perturbations and according changes in the relative deformation as well as the stress
relaxation response of these cells were evaluated. Actinfilaments were influenced by latrunculin A (LatA) and
jasplakinolide (Jas). LatA disrupted actin filaments by sequestering actinmonomers thus reducing the pool of
polymerisable actin. In contrast, Jas was used to increase actin nucleation and polymerization and consequently
reduced actin depolymerization [40–42]. To interfere with cytoskeletalmicrotubules, cells were treatedwith
nocodazole (Noc) to destabilizemicrotubules, which consequently promotes their depolymerization. To
achieve the contrary effect, paclitaxel (Tax)was used to stabilizemicrotubules [43].Within this approach, the
contributions of actinfilaments andmicrotubules to the overall cellmechanics were evaluated in a decoupled
manner for small and large strains. In contrast to previouswork, wewere able to separate the contributions of
deformation and relaxation to themechanical properties of cells for actin andmicrotubule networks for two
orders ofmagnitude of drug dose concentrations. Here, we single out distinctive contributions for cell
mechanical changes of the cytoskeleton.

2.Materials andmethods

2.1. Cell culture and drug treatment
TheMCF-7 cell linewas bought fromATCC (ATCC,HTB-22) andwere culturedwithMimimal Essential
MediumEagles with L-Glutamine and Earles salt (Biochrom, FG0325). The cell culturemediumwas
supplementedwith 100 mgml−1 SodiumPyruvate (Sigma-Aldrich, P 5280), 10 μg ml−1 Bovine Insuline
(Sigma-Aldrich, I6634), 5 ml ofNon-essential amino acids (Biochrom,K 0293), 50 ml Fetal Bovine serum
(Biochrom, S 0615), and 1 unit of Penincillin/Streptomycin (Biochrom, A 2212).

LatA (Sigma-Aldrich, L5163), Noc (Sigma-Aldrich,M1404) andTax (T7402)were obtained fromSigma. Jas
(Calbiochem, 420107)was bought fromCalbiochem. All drugs were dissolved in 1 ml of dimethyl sulfoxide and
100 μg of the dissolved drugwas further dissolve in 5 ml of culturemedium. From this, the necessary volumewas
added to the cells while adherent to obtain the needed concentrations. Cells were incubatedwith Tax for 18, 10 h
forNoc, and 6 h for Jas. LatA, was added to the cells in suspension 2 min before theyweremeasured, thus the
cells weremeasured in a LatA containingmedium.

2.2. AutomatedmicrofluidicOS
The setup is as described in [39]withminor changes such as themicrofluidic and stretching processes being
computer controlled. A prototype versionwas provided byRSZelltechnikGmbH. Themechanical properties of
cells were determined by introducing the cells into the automatedmicrofluidicOSwhere they are serially
trapped and stretched. The cell radius along the laser axis is determinedwhile the cell is trapped for a second at

2

New J. Phys. 19 (2017) 093003 HKubitschke et al



100 mW.The cell is then stretched at 750 or 1200 mW.During the stretch, images are taken at 30 frames per
second. The cells are allowed to relax for 2 s after stress cessation. The time-dependent, relative deformation is
defined as [rt/r1− 1], where rt is the cell’s diameter at time t and rt is the cell’s diameter when the cell was trapped.
Furthermore, the relative relaxationwas defined as [rt− r3]/[r1− r3], where r3 is the cell diameter at end of
stretch, t= 3 s, and rt is the cell diameter at time twhile relaxing, t> 3 s. About 1000 cells weremeasured for each
measurement. The relative deformation of the cells in the large strain regime is underestimated because at very
large cell deformations (�20%) the edge detection algorithmwas unable to capture the cells’ edges accurately
due to changes in the contrast.

2.3. The effect of cell size on cell deformation
The deformation of cells within the automatedmicrofluidicOS depends sensitively on the ratio of the radius of
the laser beam at the centre of the trap and the cell radius [23]. Recent works have shown that cell deformation
increases with increasing cell radius [44], while others showed that cell deformation decreasedwith increasing
cell radius [45]. This contradiction shows the difficulty in normalizing data from the stretcher analytically. To
avoid this problem in this work, cells of the same radii were compared (see figures S2a, S2b and S3a, available
online at stacks.iop.org/NJP/19/093003/mmedia). However, amaximum change of about±1 μmwas
observed in the averaged cell radius for a couple ofmeasurements (seefigure S3b). Considering the calculations
in [44] and [45], an increase in cell radius of about±1 μmwould lead to a relative increase in strain of about 5%
compared to normal sized cells. That is, if a cell deforms by 0.07%, an increase in its size by 1 μmwould lead to a
deformation of 0.0735%. This cell size effect is within our error estimation and is therefore not the cause of the
changes in deformation observed in this work. It is however noteworthy that the deformation of cells in the
automatedmicrofluidicOS is not largely determined by cell radius as pointed out in [45] because their
simulations assumed a homogenous optical property of the cells. A plot of the cell radius against the relative
deformation does not show any particular trend (seefigure S4). This suggests that there are other factors such as
cellular heterogeneity, nuclei size and the stage of the cells in the cell cycle influencing cellular deformation.

2.4. Confocal laser scanningmicroscopy
Amixture (500 μl) containing 250 μl ofNanofectin (GELife Sciences, Q051-005) and 250 μl GFPE-MAP
tubulin and LifeactmcherryDNAwas added drop-wise to the culturemedium in aflask containingMCF7 cells.
The cells were culture for 24 h after which the cells were washedwith PBS, trypsinized, centrifuged and
resuspended. The drugswere added at the appropriate times during culture. The cells were allowed to start
settling for 20 min. The cells were then observed on the confocal laser scanningmicroscopewhile still having a
spherical geometry.

2.5. Spinning disc confocalmicroscopy
Cells were cultured in μ-Plate 96-wells (ibidi, 89626). Cells were rinsed twice with PBS and kept for 30 min in
staining solution. Staining solutionwasmade of PBS containing 200 nMTubulin Tracker™Green
(ThermoFisher, T34075) and 1 μм SiR-DNA (Spirochrome, SC007). Images were takenwith inverted Axio
Observer.Z1/YokogawaCSU-X1A 5000 (Carl ZeissMicroscopyGmbH, Jena, Germany), 63x/1.30 Immersion
PH3Objective, lateral resolution of 235 nmand axial resolution of 460 nm forwavelengths of 490 nm. For cell
detachment, we added 1:1 Trypsin-EDTA (Sigma, 59417C) and PBS resulting infinal concentration of 0.025%
Trypsin and 0.01%EDTA.

3. Results

The low strain regimewas obtainedwith a stretch laser power of 750 mW (stress approx. 14 Pa) resulting in a
maximum relative deformation below 5%at the end of the stretch (figure 1(a)).Within this regime, a
physiological temperature ismaintained [46, 47]. For 1200 mW (stress approx. 23 Pa) a high strain regimewas
achievedwithmaximum relative deformations beyond 5% (figure 1(d)). The applied stress of the stretch laser
was calculated based on ray-optics studies of concentrically placed, spherical shells of different refractive indices
as amodel of cells with a cortical layer. The calculations are described in detail in Ananthakrishnan et al [36]with
additional corrections described inGrosser et al [48].

Small deformations in the linear regime (up to 5% [49]) are dominated by actin and intermediate filaments
[27, 50]. For larger deformations between 5%and 25% strain, nonlinear effects of the actin cytoskeleton can
result in nonlinear responses, e.g., strain stiffening [11, 51, 52] and strain softening [53, 54]. The strain response
for small laser powers shows amore pronounced viscous response, whereas for high laser powers amore
viscoelastic response is distinguishable. However, the initial rapid, irregular deformation, between 1 and 1.5 s, is
partially a result of the nuclear thermal instability of theMCF-7 cells [55]. Sincewe further investigate the
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cytoskeletal effects of toxins, the induced constant offset in the relative deformation due to nuclear reshaping is
not an essential issue in further data analysis.

For small and large strains,weobserved asymmetric distributions for the relative deformations at the endof
stretch (t= 3 s,figures 1(b) and (e)), given as [r3/r1− 1], which broadens for large strains. Furthermore,wedefine
the relative relaxation as ameasure of plasticity (t= 5 s,figures 1(c) and (f)) as following: [r5− r3]/[r1− r3]. The
relative relaxation distributions at small strainswere symmetric at around0%± 15%for allmeasurements
(figure 1(c))but not as broad as the asymmetric relaxationdistributions at large strains (figure 1(f)). Sincemost
distributions are asymmetric, the differences in the deformation behaviour of individual cells is not a simple
Gaussian function.However,weused a bell curve to calculate themean and variance of thedistributions plotted in
the subsequent sections.All comparisons inpercentages given in the succeeding sections are donewith respect to
the relative deformationof untreated cells.

3.1. The impact of actinfilaments on cell deformation at small and large strains
At small strains (�5%, cells stretchedwith 750 mW), depolymerization of actin filaments by adding LatA
(100 nM) increased the relative deformation of cells up to 75% (figure 2(a)). In contrast to the destabilization, an
increased actin nucleation and polymerization due to the addition of Jas resulted in an increase in cell
deformationwith amaximum increase of about 53%occurring at 200 nм (figure 2(b)).

At large strains (�5%, cells stretchedwith 1.2 W), the disruption of actinfilaments led to amaximum
increase of 65% in the relative deformation at 1 μм LatA (figure 2(a)), but initiating actin nucleation and
polymerization via Jas resulted in no significant change in deformability (figure 2(b)).

3.2. Contribution of actinfilaments to cell relaxation
Cell relaxation as considered in this work could also be referred to as the degree of cell plasticity since only a very
small percentage of cells relaxed completely in the observation time. Furthermore, at small strains, some cells did
not relaxwhile others responded by active elongation.We refer to an active response if the cells expanded after
stress release above themaximumdeformation during the stretch, i.e. the cells displayed a positive slope in the
last second of relaxation resulting in a negative relaxation value. Since these relaxation behaviours cannot be
found in an isotropic viscoelasticmaterial, we suspect that this behaviour is caused by active cellular processes
such as restructuring of the cytoskeleton [8] and the predominant viscous response in the small strain regime.

The disruption of actinfilaments or the enhanced initiation of nucleation and polymerization resulted in the
active behaviour of cells at small strains as shown by the negative relaxation values infigures 2(c) and (d). At large
strains, this disruption led to a significant decrease in cell relaxation of 32% at 1 μм of LatA (figure 2(c)) implying

Figure 1.Plots of cells stretchedwith two different laser powers and the corresponding distributions of the relative deformation and
relaxation fittedwith the smoothed probability density function. Cells were stretchedwith a power of 750 mW (a) or 1200 mW (d) for
2 s. The red dashed line indicates the laser power, while the dark green (a) or dark blue (d) is the time-dependent deformation of the
cell. (b) Shows the histogramof the relative deformation of cells at small strains and the arising probability density function. The
distribution is not completely symmetric, as it would be expected for a normal distribution. (c)The histogram shows the relative
relaxation of cells at small strains. The distribution is symmetric as expected for a normal distribution. Theminimal optical trapping
force (100 mW) of the laser can cause a negative relative relaxation for quasi-viscousmechanical response of cells. Accordingly, for
large strains, the histograms of the relative deformation (e) and the relaxation (f) ofMCF-7 cells are shown.
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that the cells becamemore plastic. In contrast, the enhanced initiation of actin nucleation and polymerization
had no significant effect on cell relaxation for all concentrations formeasurements at large strains (figure 2(d)).

3.3. The impact ofmicrotubules on cell deformation at small and large strains
As shown in (figure 3(a)) for small strains, disrupting themicrotubules by addingNoc (ranging from1 to 20 μм)
had no significant effect on the relative deformation of cells. Stabilizingmicrotubules using Tax (25 nм to 4 μм)
did not affect the relative deformation at small strains either (figure 3(b)).

At large strains, the disruption ofmicrotubules caused byNoc (ranging from1 to 10 μм) induced no
significant change in cell deformation. At 20 μмNoc, however, a significant increase of 20%was observed
(figure 3(a)). Stabilization ofmicrotubules via Tax revealed a bipolar effect formeasurements at large strains. For
low concentrations, cells initially softened, but subsequently the cell populations stiffened for higher Tax
concentrations. From25 to 100 nм, the relative deformation increased by about 32%. The deformation
decreased to its original value at 200 nм and remained constant from this concentration to 500 nм. Increasing
the concentration from500 nм to 2 μмTax resulted in cell stiffening yielding a decrease of about 40% in relative
deformation (figure 3(b)).

3.4. Contribution ofmicrotubules to cell relaxation
At small strains, the disruption ofmicrotubules resulted in a significant decrease of 70% in cell relaxation at
20 μм ofNoc (figure 3(c)). The stabilization ofmicrotubules in this regime showed no significant effect up to
0.5 μмTax.However, from1 μм onwards, cells relaxed actively and expanded after stress release (figure 3(d)). At
large strains,microtubule disruption resulted in a decrease in relaxation of about 23%at 20 μмNoc (figure 3(c))
whilemicrotubule stabilization led generally to a decrease in relaxation reaching amaximumof 30%at 50 nм
Tax (figure 3(d)).

Figure 2.Relative deformation and relaxation ofMCF-7 cells treatedwith latrunculin A and jasplakinolide, respectively. The black
circles are the relative deformation at large strains (cells stretched at 1.2 W), while the squares are for the small strains (cells stretched at
750 mW), mean± (SEM+ reproducibility variance). The reproducibility variance was obtained bymeasuring the cells twice per
passage number and for two different passages numbers. The number above each point on the plot is the number of cells fromwhich
themeanwas obtained. Asterisks indicate the level of significance of the two-sidedKolmogorov–Smirnov test with p< 0.05, p< 0.01,
p< 0.001 for one, two and three asterisks, respectively. Branched indicators for significance denote significance between all pairs of
includedmeasurements. Sub-branches indicate a lower level of significance between the two samples of the sub-branch.No asterisks
denote sampleswith no significance compared to controlmeasurement. (a) Shown are the relative deformation of LatA treated cells
for small (squares) and large (circles) strains. The relative deformation increased significantly with increasing LatA concentration for
both small and large strains. An increase from500 to 1000 nMdid not significantly increase the relative deformation. (b)Relative
deformations of Jas treated cells for small (squares) and large (circles) strains are displayed. Cell deformation increased substantially
with increasing Jas concentration for small strains and concentrations up to 100 nм and showed no significant change at large strains.
(c)The relative relaxation,mean± SEM, of LatA treated cells are illustrated. At small strains (squares), the cells are actively elongating,
while at large strains (circles), the cells become significantlymore plastic with increasing LatA concentration. (d)The relative
relaxation of Jas treated cells revealed that cells actively elongate at small strains (squares) and showed no significant change at large
strains (circles).
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4.Discussion

In suspension, cells develop awell-defined spherical geometry, free of visible stressfibres with the actin
cytoskeleton forming an cortex-like structure which spans the entire cell [56].Moreover, themicrotubules
network shows a surprising picture by not clearly indicatingwhether themicrotubules emanate from the
microtubule-organizing centre (figure 4). Themicrotubules form a randomnetwork at the cells’ interior and
pronounced bundles at the periphery (figure 4(a)). This aligned peripheral bundlingmay be due to collective
buckling at the cells’ boundary. This is in contrast to the radially outward pointing network found in adherent
cells.Microtubules have been shown to have a length-dependent persistence length [57] ranging from5 to
100 μm,which is substantially stiffer than other cytoskeletal filaments. Therefore, the bending ofmicrotubules
within cells emphasizes the presence of compressive forces.Wewould like to note that local bending can be also
induced by forces exerted by activemolecularmotors or passive cross-linking effects [58, 59]. However, these
processes cannot sufficiently explain how severalmicrotubules are bent in parallel, which further indicates the
presence of compressive forces. Nevertheless, it remains unclear whether the plasmamembrane or the actin
cortex can generate such counteracting forces, but previous studies suggested the latter case [60, 61].

The used high concentrations of toxins refer to clinical relevant dosages; whereas a saturated cytotoxicity is
strongly preferred, see figure 5.Many toxins, e.g. Tax, show less pronounced toxicity for lower concentrations
(figure 5 below 25 nM). Nonetheless, this regime is of interest for fundamental research to investigate functional
details of cellular or cytoskeletal structures, respectively [62]. Studying the accumulation dynamics of Tax, for
instance, can reveal new insights for cancer diagnostics since it has a high binding affinity tomicrotubules and
accumulates differently in different cell types, pronounced inmalignant cells [62–65].

Figure 3.Relative deformation and relaxation ofMCF7 cells treatedwith nocodazole and paclitaxel. The black circles are the relative
deformation at large strains (cells stretched at 1.2 W)while the squares are the small strains (cells stretched at 750 mW), mean± (SEM
+ reproducibility variance). Asterisks indicate the level of significance of the two-sidedKolmogorov–Smirnov test with p< 0.05,
p< 0.01, p< 0.001 for one, two and three asterisks, respectively. Branched indicators for significance denote significance between all
pairs of includedmeasurements. Sub-branches indicate a lower level of significance between the two samples of the sub-branch.No
asterisks denotemeasurements with no significance compared to the controlmeasurement. (a)The relative deformation ofNoc
treated cells is shown. At small strains (squares), Nocwas ineffective for all concentrations and displayed only a subtle trend towards
higher deformability for increasing concentration. At large strains (circles), a significant increase in cell deformationwas only observed
at 20 μмNoc. (b)The relative deformation of Tax treated cells revealed no significant overall trend for small strains (squares). For low
concentrations, the deformability approaches lower values whereas for higher concentrations, the cells becomemore deformable
again.However, both trends have no considerable impact of cellmechanics. At large strains, the effect of Taxwas bipolar and
concentration dependent. From25 to 100 nмTax, an increase in relative deformationwas observed. Above 100 nм, the relative
deformation decreased. (c)The relative relaxation ofNoc treatedMCF7 cells shows that the cells became significantlymore plastic at
small (squares) and large (circles) strains. (d)The relative relaxation of Tax treated cells is illustrated. At small strains (squares), cellular
plasticity increasedwith increasing concentration and the cells actively elongate from1 μмTax and higher concentrations. At large
strains (circles), cellular plasticity increased generally butwas pronounced at smaller concentration of Tax.
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In the low concentration regime, a lag time in the cytotoxic effect can be observed. The doubling time, and
therefore cell cycle time, is approx. 39 h.Only fractions of cells have enteredmitosis and are subject to amajor
cytotoxic effect of Tax.However, Tax is also toxic in the interphase [66, 67] and solely themitotic index is not
sufficient to explain the efficacy [64]. For concentrations ranging from80 to 280 nм, Tax is reported to kill
tumour cells by inducingmultipolar divisions [68] (see supplementary figure S5). Subsequently, the aneuploidy
daughter cells will eventually die due to cytokinesis failure and chromosomemissegregation [64, 68].

Higher concentrations of Tax (200 nм and above) results in higher fractions of cells forced intomitotic
arrest instead of dividingmultipolar. In accordance with previous research [63, 64, 66–68], the inducedmitotic
arrest explains the observed rapidly saturated cytotoxicity for long exposure times. The cytotoxicity is also
independent of the concentration ifmitotic arrest is induced in cells (200 nм and above,figures 5 and 6).

4.1. Actinfilaments dominate cell response at small strains
At small strains, the disruption of actin filaments led to a significant increase in cell deformation (figure 2(a)).
Moreover, initiating enhanced actin nucleation and aggregation [69] resulted in an increase in cell deformation
(figure 2(b)). This increase in deformation ismost likely caused by a reduction of cross-linked actin filaments
(figure 4(b)) since he storagemodulus strongly dependents on crosslinking density [70, 71].While actin has a
major influence in this deformation regime, destabilization ofmicrotubules had no significant effect on the
overall cell deformation (figure 3(a)). At afirst glance, these findings do not agreewith previous studies reporting
thatmicrotubule destabilization initiated acto-myosin contractions in cultured cells [72]while the stabilization
ofmicrotubules inhibited acto-myosin contractions [73]. Additionally, acto-myosin contractions have been
shown to induce corticalflows that are capable of generating inward forces leading to cytokinesis [74]. A
combination of thesefindingsmay explain the ineffectiveness ofNoc at small strains (figure 3(a)). The reduction

Figure 4.Confocal laser scanning images ofMCF-7 cells in suspension showingGFP stainedmicrotubules andRFP stained actin
filaments (scale bars 5 μm). The green filaments are themicrotubules while the red represents the actinmeshwork. (a) In an untreated
cellmicrotubules are highly bend and concentrated at the cell’s periphery but form a randomnetwork at the cell’s interior. Actin is
spread throughout the cell. Bothmicrotubules and actin form a cortex at the periphery. (b)A cell was treatedwith 500 nм LatA to
disrupt actin filaments. Themicrotubule network ismaintained as in the non-treated cell with less pronounced actinfilaments spread
across the entire cell. (c)A cell was treatedwith 20 μмNoc to disturbmicrotubules. Actin filaments are spread across the cell and the
microtubules network is reduced.Nevertheless, a concentrated region at the cell’s periphery is sustained. (d)A cell treatedwith 2 μм
Tax displays a dense network of alignedmicrotubules along the cell periphery and actinfilaments spread throughout the entire cell.

Figure 5.Cytotoxicity Assay for different Tax concentrations for an exposure time of 4 d. Paclitaxel stabilizesmicrotubules and
hinders cell division. For concentrations beyond 25 nм and exposure times of 3 d andmore, the toxicity is notmajorly increased and
nearly independent of the concentration. Below 500 nм, paclitaxel shows a pronounced lag time in its toxicity for the first 24 h.
Comparable low concentrations of 5 nм lead to strongly decreased proliferation rates. The doubling time ofMCF-7with noTaxwas
determined to (38.8± 4.2) h. Since the cytotoxicitymainly arises fromdisrupted cell division and arresting cells inM-phase, only a
fraction of cells, which have enteredmitosis, are strongly affected by Tax.
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in corticalmicrotubule bundlesmay be counteracted by strain-hardening effects of the actinfilaments caused by
increased acto-myosin contractions [75] initiated bymicrotubule depolymerization. Stabilizingmicrotubules
had no effect on cell deformation at small strains (figure 3(b)) since the imposed stress is not large enough to
deform themicrotubules within the cytoskeleton. Thus, only the actin cortex is effectively probed. The effect of
the stabilizedmicrotubules, however, is indirectly evident as the strengthenedmicrotubules (figure 4(d)) slightly
push the actin cortex slightly outwards. The increase in cellular deformation resulting from actin perturbation
and the ineffectiveness ofmicrotubule stabilization or disruption suggest that actinfilaments alone determine
cellmechanics at small strains.

4.2.Microtubules determine cell relaxation at small strains
Cell relaxation at small strains appeared active upon initiating enhanced actin nucleation and surprisingly upon
destabilization of actin filaments, which is illustrated by the drop of the relative relaxation below zero for treated
cells (figures 2(a) and (b)). In contrast, control cells without drug-induced cytoskeletal perturbations remained
inactive displaying a positive value for the relative relaxation (figures 2(a) and (b)). Themechanical properties of
actin structures have been shown to dependent on the cross-linker dynamics [70, 76–78], which highlights that
stretching cells breaks cross-linkers such as filamin andα-actinin [24]. Theweakening of physical inter-filament
coupling increases the contribution of viscous deformations and consequently a decrease of elastic contributions
since the percolation of the cross-linked network is decreased [70, 79]. Thus, contractile restoring forces are less
effectively transmitted through the structure resulting in an increase in cell plasticity.Moreover,microtubules
have been shown to buckle upon the active, highly contracting actin cortex during their polymerization [60, 61]
(see figure 4). Stress-inducedweakening of the actin cytoskeleton by cross-linker breakage suggests that the
active behaviour of the entire cellmay result from the slowunbuckling ofmicrotubules. In turn, this suggests an
entropic origin of the effect, which has been previously reported for both actin andmicrotubules [58, 78, 80–84].
Destabilizingmicrotubules resulted in a lack of relaxation, i.e. an increase in plasticity, especially at very high
concentrations ofNoc. As shown in figure 4(c), Noc treatment resulted in a reduced but aligned network of
microtubules within the cells. This emphasizes that the actin cortex does not only cover the restoring force at
small strains. The pressure of buckledmicrotubules also acts as a restoring force to a spherical shape, which is
reduced ifNoc is added. In contrast, stabilizingmicrotubules with a concentration of up to 0.5 μмTax resulted
in no significant change in relaxation (figure 3(d)). Beyond 0.5 μм, the cells becamemore plastic. This increase in
plasticity could also result from the unbuckling ofmicrotubules induced by the applied stress in conjunction
withmicrotubule stiffening by Tax treatment. Furthermore,microtubule networks have been shown to release
stress over very long times [85], whichmight explain the general increase in cell plasticity after the stretch.

4.3. Actinfilaments andmicrotubules equally contribute to cellmechanics at large strains
At large strains, disrupting the actinfilaments resulted in a significant increase in cell deformation. This increase
stems from the loss ofmechanical integrity of the actin cytoskeleton and agrees withmany reports in literature
[7, 24, 25].

The role of themicrotubules to cellmechanics has previously often been ignored or underestimated.While
the actin cortex is amajor contributor to cellularmechanics and stiffness [56], wewant to point out that also the
microtubule network forms a cortex in suspended state of cells (seefigure 7).

Figure 6.Comparison of time-dependent cytotoxicity of paclitaxel for two orders ofmagnitude. The dashed and dotted lines are
exponential decayfits with toxicological half times (grey dashed lines) in the range of approximately 49–67 hwith an SEMof 12 h. For
concentrations above 200 nм, the exponential fits show strong deviations for exposure times of 48 h and longer, presumably due to
saturation effects and cytotoxic lag times.
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Microtubule destabilization increased the overall cell compliance, which is only significant at very highNoc
concentrations (figure 3(a)). Noc reduces themicrotubule concentration and consequently weakens the
observedmicrotubule network structure (see figure 4(c)) leading to a reduced cell stiffness [85]. These
increments in deformation upon destabilizing of both actin filaments andmicrotubule point towards a
cooperative working principle to regulate cellularmechanics at large strains. The initiation of enhanced actin
nucleation did not affect the cell deformation. In vitro studies showed that actin networks rupture at relatively
low strains at constant stress [85]. Therefore, the role of the actinfilaments at large strains is negligible while the
contributions of otherfilaments such as the intermediatefilaments ormicrotubules become dominant.

4.4. Stabilizingmicrotubules has a bipolar effect on cellmechanics at large strains
Stabilizingmicrotubules by Tax treatment has a concentration-dependent bipolar effect with an increase in
deformation at small concentrations of Tax and a decrease at larger concentrations of Tax (figure 3(b)).
Microtubule polymerization imposes an outward force on the cell by forming a scaffold, which impedes
dynamic instabilities. Thus, their stabilizationmaintains this imposed force and consequentlymake cellsmore
compliant. Furthermore, stabilizingmicrotubules inhibits acto-myosin contractions [73], which oppose cell
deformation. From200 nм onwards, however, cells are stiffenedwith an effectiveness peaks at 2 μм. This
stiffening could be initiated by stabilizedmicrotubules pushing the actin cortex outward to a point where it
strain-hardens. Since 200 nм of Tax is approximately the threshold concentration formitotic arrest, we cannot
exclude that cell cycle dependent effectsmay also play a role. Beyond 2 μм, cells literally explodewhen higher
forces are applied on them (see supplemented video).

4.5. Actinfilaments andmicrotubules both regulate cell relaxation at large strains
Destabilizing actinfilaments decreased the cellular relaxationwhile initiating enhanced actin nucleation had no
significant effect (figures 2(c) and (d)). This decline in relaxation originates from a reduction in the elastic
strength of the actin cytoskeleton leading to an increased viscous response.Moreover, stabilizing and
destabilizingmicrotubules led to an increased in plasticity (figures 3(c) and (d)). This could result from the
disruption of the force balance between the actin cortex and outward pushing buckledmicrotubule. These large
deformations resulting from the high optical forces could also decouple themicrotubules from the actin cortex
by breaking actin-microtubule crosslinker or actin filaments in general. On the other hand, at large strains,
microtubulesmay no longer be bent and thereby losing their original structural role due to an outstretched
configuration, which could lead to an increase in plasticity.

4.6.Different onset of affine andnon-affine deformations
Tounderstand the varying effects of the two networks under different strains, we like to emphasize that actin
filaments andmicrotubules are inherently structurally andmechanically different, which is especially reflected
in their different persistence lengths [8]. In amore generalized frame, cross-linked networks behave differently
than purely entangled networks and cross-linker as well asfilament concentrations and length scale distribution

Figure 7.Time series of spinning discmicroscope images of cells under influence of low concentration of trypsin-EDTA (0.025%).
Microtubules stained in green (Tubulin TrackerGreen) and nucleus stained in red (SiR-DNA). (a)Before adding trypsin, cells have
well-structuredmicrotubule networkswith amicrotubule organizing centre (MTOC,white arrows).Microtubule density decreases
towards the cellmembrane. (b)After 10min of trypsination, theMTOC is barely recognizable andmicrotubules start to form a
cortex-like structure [56]. (c)After complete detachment from the substrate, theMTOChas dissolved andmajor parts of the
microtubules have formed amicrotubule cortex.
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have a rather large impact on the overall network stiffness [71, 86–89]. These concentrations aswell as the
stiffness of a network’s components and their arrangements determine the onset of affine or non-affine
deformations, which is consequentially different for actin andmicrotubule networks. Resulting entropic and
enthalpic contributions tomechanical properties can substantially vary for these different networks. It has been
stated previously that these differences allow cells to regulate theirmechanical responses only by small
alterations of cross-linker orfilament concentrations to precisely alter themechanical properties of the
cytoskeleton [71]. Gardel et al even hypothesized that cellmechanicsmay vary as a function of external prestress
and small variation in force can yield differentmechanical responses [71]. Since cellular networks of actin
filaments andmicrotubules substantially vary in all different parameters, their transition from affine to non-
affine deformationswill be different.While affine deformations of the actin cytoskeletonmay govern cell
responses in the low strain regime, its dominance is decreased for large strains due to the transition to non-affine
deformations resulting in a reduced elasticmodulus [90].Within the range of the used large strains, the
microtubulemeshworkmay still be probed in the affine regime and theirmechanical response increases with
larger deformations dominating the response of the entire system.Consequently, the ratio of contributions from
actin networks andmicrotubule structures are shiftedwhen probing cells with increasing strains yielding
cooperativity effects for the arisingmechanical properties.

5. Conclusion

Cells weremeasured in the suspended state and displayed differentmorphologies than in the adhered case.
Microtubules were shown to form apparent randomnetworks instead of pointing outwards radially from the
microtubule organizing centre and actin stressfibres were completely absent. In the suspended state, the
microtubule network forms a cortex-like shell in analogy to actin networks of suspended cells. Thus, the
mechanicalfingerprints of suspended cells have to be clearly distinguished from adhered cells.

By employing cytoskeletal drugs, we have been able to identify the distinct roles of actin filaments and
microtubules during deformation of suspended cells. In the case of small strains (�5%), the cell deformation is
mainly dominated by actin structures and the subsequent relaxation ismainly governed bymicrotubules due to
the initiation of an active cell behaviour. In contrast, at large strains (>5%), we found that actinfilaments and
microtubules cooperated inmaintaining cellular integrity.While the influence of actin filaments appeared
minor,microtubules became increasingly dominant uponTax stabilization. This stabilization yielded
concentration dependent, bipolar effects on cell deformation. Here, highTax concentrations refer to clinical
relevant dosage where cytotoxic effects dramatically change a cell’s structure andmechanics. A lower dose is
especially suitable to study and understand the specific roles of the cytoskeletal components.

In thefinal case, both actin andmicrotubules were shown to be responsible for cellular relaxation at large
strains.With the implication ofmicrotubules facilitating tumour cell attachment duringmetastasis by use of
microtentacles, the bipolar effect of Tax on cell deformation could help explain the increase in circulating
tumour cells in bloodwhen taxane treatment was applied before surgery [91]. To further elucidate the role of
these cytoskeletal components, including that of intermediate filaments on cellmechanics, the dynamic change
in thesefilaments during stretching has to be accounted for.
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