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Rheology at the micro-scale: new tools for bio-analysis
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Division of Biomedical Engineering, School of Engineering, University of Glasgow, Glasgow G12
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ABSTRACT

We present a simple and non-invasive experimental procedure to measure the linear viscoelastic properties of cells by
passive particle tracking microrheology. In order to do this, a generalised Langevin equation is adopted to relate the time-
dependent thermal fluctuations of a probe sensor, immobilised to the cell’s membrane, to the frequency-dependent vis-
coelastic moduli of the cell. The method has been validated by measuring the linear viscoelastic response of a soft solid
and then applied to cell physiology studies. It is shown that the viscoelastic moduli are related to the cell’s cytoskeletal
structure, which in this work is modulated either by inhibiting the actin/myosin-II interactions by means of blebbistatin
or by varying the solution osmolarity from iso- to hypo-osmotic conditions. The insights gained from this form of rhe-
ological analysis promises to be a valuable addition to physiological studies; e.g. cell physiology during pathology and
pharmacological response.

Keywords: Microrheology, Cell Physiology, Cell Mechanics.

1. INTRODUCTION

The study of physical and biological phenomena at very small scales has been made possible thanks to developments in
micro- and nano-scale science, coupled with the commercialisation of new instrumentation and equipment, available at
relatively low prices. These trends have also been seen in Lab-on-a-Chip1, where the rapid analysis of complex biological
solutions has enabled new technologies in medical diagnostics and drug delivery. Sitting between the two areas of instru-
mentation and microfluidics is the field of rheology, which is the study of materials viscoelastic properties, exploring the
interactions between macromolecules and their solvents. Microrheology is a branch of rheology, which is underpinned by
the same principles as conventional bulk rheology although experiments and information are obtained on micron length
scales. The development of techniques in microrheology has dramatically reduced the sample volume that can be analysed
(down to∼ 1µl) compared with the sample volume used for conventional rheology (more than 1ml); making it particularly
suitable for use with rare and expensive materials, including biological samples2,3. As a consequence of these small scales,
microrheology measurements have the potential to be performed in situ in an environment that can not be reached by bulk
experiments; e.g. inside a living cell4.

The mechanical properties of a cell’s cytoskeleton can influence factors such as growth, apoptosis, motility, signal
transduction and gene expression5. Related to this, there is a desire to be able to provide a rheological interpretation of the
cell’s viscoelastic properties that has the potential to yield quantitative information on the cell’s cytoskeletal structure and
dynamics6–11. Consequently, in this work, we have developed a means of using passive particle tracking microrheology
measurements to quantitatively measure changes in the viscoelastic properties of a cell as a consequence (in this case) of
simple changes in its external environment, i.e. subjecting a cell either to the addition of blebbistatin to the cell bath or to
a hypo-osmotic shock.

The interpretation of microrheology measurements performed on living systems such as cells is not trivial and repre-
sents a lively point of discussion in literature6–10. The debate is centred on the violation of the fluctuation-dissipation the-
orem (FDT) because of the existence of non-thermal forces, generated by protein-protein interactions (e.g. actin/myosin-II
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Figure 1. (Left) Top-view of a 5µm diameter silica bead bound to the surface of a Jurkat cell. (Centre) Schematic side-view of the left
image. (Right) The thermal fluctuations of a 5µm silica bead chemically bound to the surface of a Jurkat cell. Images were analysed in
real-time and the coordinates of the bead’s centre of mass were stored directly on the random-access memory (RAM) of the computer,
at frequency ' 1kHz, using our own suite of image analysis software written in LabVIEW21.

interactions), governing the probe motion at relatively low frequencies (i.e. . 1Hz). However, it is important to high-
light that, at high frequencies (i.e. & 1Hz), all the competing theories and the related experimental evidences addressed
to resolving the debate agree on the fact that in cells the thermal fluctuations dominate on those fluctuations induced by
protein-protein interactions (e.g. motor proteins); i.e. the cytosckeleton can be considered as if it were at thermal equilib-
rium, thus the applicability of the FDT.

The linear viscoelastic (LVE) properties of a material can be represented by the frequency-dependent dynamic com-
plex modulus G∗(ω), which provides information on both the viscous and the elastic nature of the material at different
frequencies ω; it is defined as the ratio between the Fourier transforms (denoted by the symbol “ ˆ”) of the applied stress
σ(t) and the resulting strain γ(t)12:

G∗(ω) =
σ̂(t)
γ̂(t)

= G′(ω)+ iG′′(ω) (1)

where the real and the imaginary parts of G∗(ω) are defined as the storage (elastic) G′(ω) and the loss (viscous) G′′(ω)
moduli, respectively; and i is the imaginary unit (i.e. i2 =−1).

In this work we present a straightforward procedure for measuring the in vivo linear viscoelastic properties of single
cells via passive particle tracking microrheology of single beads attached to the cells’ exterior. This method has advantages
over both complicated active microrheology techniques, where complex experimental set-ups are necessary to exert an
external force for performing stress-controlled measurements; and invasive passive video particle tracking of submicron-
probes embedded (either via endocytosis or micropipette injection) within the cell’s cytoskeleton13–20.

The procedure consists of measuring the thermal fluctuations of a bead chemically bound to the cell’s exterior (Fig-
ure 1), for a sufficiently long time. A generalised Langevin equation was adopted to relate the time-dependent bead
trajectory,~r(t), to the frequency-dependent moduli of the cell. Notably, the procedure presented here represents an alter-
native methodology that can be extended to many experimental formats and provides a simple addition to existing cellular
physiology studies; e.g. those monitoring cell pharmacological response. Indeed, when compared to single cell viscoelas-
ticity assays using techniques such as magnetic tweezers, atomic force microscopy and an optical stretcher, as employed
in13–20, our method has the advantage of revealing the changes of the cell’s viscoelastic properties over a wide range of
frequencies (here from ∼1 Hz up to ∼1 kHz), to a high level of accuracy.

2. METHODOLOGY

2.1 Optical trapping system

Optical trapping is achieved by means of a titanium-sapphire laser with a 5W pump (Verdi V5 laser; Coherent Inc.), which
provides up to 1W at 830 nm. The tweezers are based around an inverted microscope, where the same objective lens (100x,
1.3 numerical aperture, Zeiss, Plan-Neofluor) is used both to focus the trapping beam and to image the thermal fluctuations
of 5µm diameter silica bead. Samples are mounted on a motorised microscope stage (Prior Pro-Scan II). A complementary
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metal-oxide semiconductor camera (Dalsa Genie HM640 GigE) takes high-speed images of a reduced field of view. These
images are processed in real-time at ' 1kHz using our own LabVIEW (National Instruments) particle tracking software21

running on a standard personal computer.

2.2 Sample preparation

Two sets of chemically coated 5µm diameter silica beads were used to carry out different experiments. One set was made
by streptavidin-coated silica beads (Bangs Laboratories Inc) and the second set was prepared in our lab by attaching Anti-
CD4+ (Invitrogen) to 5µm carboxylate functionalised silica beads (Bangs Laboratories Inc) by following a protocol already
described in literature22. The Jurkat cells were obtained from ATCC (clone E6-1, TIB-152) and maintained in RPMI 1640
media containing L-Glutamine and 25mM HEPES [Gibco, Invitrogen]. Prior to the experiment they were suspended in
PBS [Gibco, Invitrogen] with an osmolarity of 275-304 mOsm, then mixed with the functionalised beads and allowed to
equilibrate for ∼10min. Beads were optically trapped and moved to the equatorial plane of the cell, where they were held
for a sufficient time (∼2 min) until the binding process was completed.

2.3 Analytical model

The equation describing the pseudo Brownian fluctuation of the randomly varying bead position~r(t)∀t can be derived by
means of a generalised Langevin equation:

m~a(t) = ~fR(t)−
∫ t

0
[ζc(t− τ)+ζs(t− τ)]~v(τ)dτ (2)

where m is the mass of the particle, ~a(t) is its acceleration,~v(t) is the bead velocity and ~fR(t) is the usual Gaussian white
noise term that models stochastic thermal forces acting on the particle. The integral term represents the total damping force
acting on the bead, which, based on the superposition principle, incorporates two generalised time-dependent memory
functions ζc(t) and ζs(t) that are representative of the viscoelastic nature of the cell and the solvent, respectively. These
memory functions are directly related to the materials’ complex modulus as shown hereafter.

In the case of the solvent, which in this work is the culture media surrounding the cell, the relationship between
memory function and complex modulus is straightforward. Indeed, to a first approximation, using the assumptions adopted
by Mason and Weitz23 when studying the motion of thermally excited free particles, at thermal equilibrium the complex
viscoelastic modulus of the solvent is related to the memory function ζs(t) by the expression: G∗s (ω) = iωζ̂s(ω)/6πR,
where R is the bead radius and ζ̂s(ω) is the Fourier transform of ζs(t). In the case of the cell, we assume a similar
relationship between G∗c(ω) and ζc(t) to that given above for the solvent, but with a different constant of proportionality
that we will call β ; i.e., G∗c(ω) = iωζ̂c(ω)/β . Note that, β may vary for different cells because it depends on (i) the cell
radius (Rc), (ii) the number of the chemical bonds between the bead and the cell, (iii) the contact area between the cell and
the glass coverslip, and (iv) the relative position of the bead with respect to both the cell’s equatorial plane and the glass
coverslip. In this study we focus only on the changes in cell dynamics due to either the addition of blebbistatin to the cell
bath or a hypo-osmotic shock. This can be achieved since all the above experimental parameters, with the exception of Rc
for the case of the hypo-osmotic shock, are (in good approximation) time-independent, and will not change significantly
during the course of a set of measurements. This is shown in Figure 3 later in the manuscript, for measurements performed
on cells in iso-osmotic condition.

In addition, it is important to highlight that in all cases the cells maintain a spherical shape well beyond the duration of
the experiments. Moreover, the cells adhered to the coverslip and no drift was observed during the experiments. Finally,
given that we measure an increase of the cell radius (Rc) of 6 5% for the hypo-osmotic shock experiments described below,
we also make the assumption that this small change does not affect the dynamics of the system appreciably.

We now describe how the thermal fluctuations of a bead, chemically bound to a cell, can be investigated to determine
the viscoelastic properties of the cell through the analysis of the time dependence of the bead’s mean-square displacement
(MSD)

〈
∆r2(τ)

〉
≡
〈
[~r(t + τ)−~r(t)]2

〉
t
, in the radial direction of the cell; where t is the absolute time and τ is the lag-time

(i.e. time interval). The average is taken over all initial times t. Under these circumstances, at thermal equilibrium, it is
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possible to show that Equation 2 can be reorganised to express the viscoelastic moduli of the cell as function of the Fourier
transform of the mean-square displacement:

G∗c(ω)

G′0
=

1
iωΠ̂(ω)

+
mω2

βG′0
− 6πRG∗s (ω)

βG′0
(3)

where G′0 is the limiting value, for vanishingly low frequencies, of the elastic modulus of the compound system (i.e. cell
plus solvent), which in this work is G′0 ≡ G∗c(ω) for ω → 0; and Π̂(ω) is the Fourier transform of the normalised mean-
square displacement Π(τ) = 0.5

〈
∆r2(τ)

〉
/
〈
r2
〉
, introduced by Tassieri et al.24 in the study of the thermal fluctuations of

an optically trapped bead suspended in a viscoelastic fluid. The term
〈
r2
〉

is the time-independent variance of~r(t) from its
mean value r̄≡ 0, which we impose to be equal to zero for simplicity. Moreover, it has been shown24 that for a constrained
bead (e.g. optically trapped or, as in this work, chemically bonded to the cell) Π(τ) = 1 at large time intervals. In addition,
it is important to highlight that, in analogy to an optically trapped bead, the term βG′0 can be determined by means of the
principle of equipartition of energy, which in one dimension is written as:

kBT = βG′0〈r2〉 (4)

Usefully, two further simplifications can be made to Equation 3 because (a) for micron-sized silica beads, the inertia
term mω2 is negligible up to frequencies on the order of MHz and (b) for solvents having frequency-independent viscosity
ηs (e.g. water), G∗s (ω) simplifies to iωηs and the last term in Equation 3 turns to be negligible for the range of frequencies
explored in this work. Thus, Equation 3 can be further simplified to:

G∗c(ω)

G′0
=

1
iωΠ̂(ω)

, (5)

which provides the viscoelastic properties of the cell (scaled by G′0) over a range of frequencies that is limited at
the top end by the acquisition rate of the bead position detector, and at the bottom end by a cutoff frequency given by
ωcuto f f = βG′0/η0, where η0 is the limiting value, for vanishing frequencies, of the viscosity of the compound system
(i.e. cell plus solvent). Notably, Equation 5 is similar to Equation A.6 derived by Tassieri et al.25 to describe the dynamic
response of a compound system formed by an optically trapped bead suspended into a generic fluid. Finally, in order to
evaluate the Fourier transform in Equation 5 we adopt the analytical method initially introduced by Evans et al.26 (i.e. Eq.
(10) of Ref.26) and then improved by Tassieri et al.25, which is applied directly to the experimental data points and has the
advantage of removing the need for Laplace and inverse-Laplace transformations of experimental data27.

3. RESULTS AND DISCUSSION

3.1 Bench Test of the method

In order to validate the proposed experimental procedure, we tested it by measuring the linear viscoelastic properties of
a soft solid, i.e. cross-linked polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning). In particular, we observed the
thermal fluctuations of single beads attached to the exterior of PDMS pillars (having dimensions of ∼ 30µm± 6µm in
height and ∼ 15µm±3µm in diameter; see inset of Figure 2, right), which were prepared using standard soft lithography
techniques. Briefly, PDMS was cast on an Su-8 mold using an elastomer to curing agent ratio of 50 : 1 (w/w) and thermally
cured for 2h at 70 oC. The PDMS structure was irreversibly bonded to a glass coverslip using plasma oxidation (30s,
50W). Figure 2 (left) shows the time evolution of the normalised mean-square displacement of a 5µm diameter silica
bead attached at the top-end of the PDMS pillar, as schematically shown from the inset of the same figure. For simple
geometries, like the pillar in this case, the product βG′0 is known28: i.e. βG′0 = (3πED4)/(64L3), where E is the Young’s
modulus, D and L are the diameter and the height of the pillar, respectively.

From Equation 4 it follows that, based on an observed value of the variance of
〈
r2
〉 ∼= 2x10−5µm2, we obtain a value

of the Young’s modulus to be of the order of E ≈ 2kPa, which is in good agreement with the values shown in literature29.
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Figure 2. (Left) The normalised mean-square displacement vs. lag-time of a 5 µm diameter streptavidin-coated silica bead attached to a
PDMS pillar; where

〈
r2〉∼= 2x10−5µm2. The inset is a schematic view of the PDMS device. (Right) The normalised complex modulus

vs. frequency evaluated via Equation (5) applied to the data shown in Figure 2. The lines are guides for the gradients. The inset shows a
scanning electron microscope image of the PDMS pillar.

Moreover, by applying Equation 5 to the data shown in Figure 2 (left) we obtain the (expected) frequency behaviour of
PDMS’ viscoelastic moduli; i.e. G′(ω)∼= constant and G′′(ω)� G′(ω) at low frequencies (see Figure 2, right).

Confident of the validity of our analytical model, we now investigate its applicability to cellular physiology studies
by focussing on changes in the cells’ microrheology due to either variations in osmolarity of the solution or addition of
blebbistatin in the cells’ bath.

3.2 Cells’ response to a hypotonic shock

Osmotic regulation and the transport of osmotically active molecules are fundamental to both metabolic processes and
homeostasis of cells and require precise regulation and maintenance of intracellular water30. The ability of many cells
to regulate their volume, via internal restructuring, in response to osmotic changes in their environment is an essential
component of normal cellular function. This regulatory volume change is known to be linked to a reorganisation of the
cytoskeletal actin networks31,32. Exposure to a hypotonic solution typically induces an initial rapid swelling followed by
a shrinkage of the cell that occurs over a slower timescale of several minutes. The modulation of the actin dynamics and
polymerisation that accompanies these regulatory volume changes has been shown in various cell types by methods such
as DNase I inhibition assay and fluorescence measurements of phalloidin-labelled actin31.

It is anticipated that there are two major physiological processes that accompany the changes in osmolarity of the
solution surrounding the Jurkat cell: (I) an actin cytoskeleton reorganisation and (II) an increase of the cell volume as the
solution becomes hypo-osmotic. In order to quantify the changes in cell volume, we assumed that the cells were spherical,
Figure 1. In particular, Figure 3 shows that the relative radius changes are < 6% when the surrounding media was made
hypo-osmotic by addition of 10% v/v distilled water. The data of Figure 3 also shows that, after an initial swelling, the cells
contract to a still swollen state that is ∼5% larger than when they were in isotonic media. Based on these observations,
which are in close agreement with those already existing in literature33, we assume that these small radius changes do not
affect the dynamics of the system appreciably, as discussed in the next section.

To study how the in vivo viscoelastic properties of Jurkat cells vary with the osmolarity of the solution, we have adopted
the model described earlier. In particular, analysis of different time regimes in the time dependent normalised mean-squared
displacement, Π(τ), has the potential to reveal information both on the pure elastic component of the cell (at long time
intervals or low frequencies) and on the fast dynamics occurring at small length scales (e.g. those related to the transverse
bending modes of single actin filaments in the cytoskeleton).
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Figure 3. Averaged relative cell radius changes vs. time as a consequence of the change in osmolarity of the cell solution; from iso-
osmotic conditions in PBS buffer towards a hypo-osmotic condition obtained by adding 10% v/v of distilled water to the initial solution.
The osmotic shock causes a rapid swelling of the cells, followed by a partial recovery of the cells’ volume. These results are in good
agreement with those reported in literature 33.

3.2.1 Elastic properties of the cell derived from Π(τ)

The first result that can be obtained through the analysis of the thermal fluctuations of the bound bead (Figure 1) is the
relative change of the cell’s low frequency elastic plateau modulus G′c(0), Figure 4. This can be evaluated from the
time-independent variance 〈r2〉 of the constrained bead in the radial direction of the cell, by adopting the principle of
equipartition of energy as in Equation 4. In particular, although the absolute value of G′c(0) can not be determined because
of the unknown factor β , the relative change between different values of βG′c(0), obtained from n sequential measurements
performed on the same cell, differ from each other only because of both the small increase of the cell radius (measured as
∼5%) and the variation of G′c(0). Thus, from Figure 4 it is clear that a change of 10% in osmolarity towards hypotonicity,
which occurs at t ∼9min as a result of adding distilled water to the iso-osmotic solution, induces a temporary increase of
βG′c(0) that lasts for approximately 15-30min. At its greatest, this change in the low frequency elastic modulus dependent
term, βG′c(0), is over 3 fold in magnitude.

Figure 4. The absolute value of βG′c(0) measured in isotonic (PBS) condition (circle symbols) and when the solution is made 10%
hypotonic (square symbols). The arrow indicates the time at which the isotonic solution is made hypotonic. The dotted line is a guide
for the eye, so that the later points in the graph can be compared to the first points measured in isotonic condition.
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responsible, it would be expected that βG′c(0) would remain significantly above its original value, as the cells do not regain
their original radius (as shown in Figure 3). Thus, since βG′c(0) does return to close to the original value (at t ∼25 min),
consideration should be given to the temporary increase in electrostatic intermolecular interactions within the cell due to the
reduction in ionic strength of the solution (i.e. a reduction in screening of the charges on cytoskeleton molecules by solution
based ions). This latter phenomenon would also alter the cell’s viscoelastic properties and any resulting actin cytoskeleton
rearrangement may be seen as part of an attempt of the cell to re-equilibrate the solution osmolarity, as discussed below.

3.2.2 Fast dynamics of the cell derived from Π(τ)

In order to study the high frequency behaviour of cells, we have used Equation 5, which directly relates the normalised
mean-square displacement, Π(τ), of the bead to the cell complex modulus, G∗c(ω). In particular, we have applied Equa-
tion 5 to the Π(τ) derived from measurements that were collected at fixed time intervals after the solution was made
hypotonic. In Figure 5, these are compared with the normalised MSD of the same cell in phosphate-buffered saline (PBS)
solution, prior to hypotonic exposure. Note that in order to more easily discern visually the changes in Π(τ), caused by the
hypotonicity, the normalised MSD for the cell in PBS is plotted in each of the panels.

The elastic (G′c(ω)) and viscous (G′′c (ω)) components of the complex modulus, G∗c(ω), derived from the measurements
shown in Figure 5 are shown in Figure 6 (scaled by the plateau modulus G′c(0)). It is clear that, in PBS (Figure 6A), the
high frequency behaviour of the cell’s elastic and viscous moduli both show a frequency dependence of ∝ ω3/4, which is
characteristic of isotropic in vitro reconstituted actin filament solutions34,35. As the solution is made hypo-osmotic, the cell
cytoskeleton starts to reorganise and the frequency behaviour of the moduli drastically change as (sequentially) shown in
Figure 6. In particular, after ∼10min in the hypo-osmotic solution both moduli tend to assume a high frequency behaviour
∝ ω1/2 (see Figures 6C). This change in the degree of elasticity may be explained by an increase in cytoskeletal tension as
response to a stretching force caused by the cell swelling.

Finally, it is important to highlight that the results that have been obtained here using a video particle tracking method
are in good agreement with those presented in the review written by Papakonstanti and Stournaras31, where a set of
assessments of actin cytoskeleton dynamics and actin architecture in cell volume regulation are summarised. However,
none of the techniques reviewed in that work31 are able to provide quantitative information on the cell viscoelasticity, as is
the case here.

The explanation for such a large increase may in part be due to the change in radius; however, if this were solely
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Figure 5. The normalised mean-square displacement vs. lag-time of a 5 µm diameter silica bead chemically bound to a Jurkat cell in iso-
osmotic (PBS) solution (square symbols) and in hypo-osmotic solution (circle symbols) after the addition of 10% v/v distilled water to
the PBS buffer and measured at time intervals (∆t) of (A) 2 min, (B) 7 min, (C) 12 min, (D) 18 min, (E) 23 min, (F) 28 min, respectively.
At short time intervals, the Π(τ) has the potential to reveal the dynamics occurring at molecular level (as shown in Figure 6); whereas,
at large lag-times it provides information on the stiffness of the whole cell (as shown in Figure 4).
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Figure 6. The real (storage, G′c(ω)) and the imaginary (loss, G′′c (ω)) parts of the complex modulus (G∗c(ω)) scaled by G′0 vs. frequency
of a Jurkat cell in iso-osmotic (PBS) solution (top-left) and in hypo-osmotic solution (A-F) after the addition of 10% v/v distilled water to
the PBS buffer and measured at time intervals (∆t) of (A) 2 min, (B) 7 min, (C) 12 min, (D) 18 min, (E) 23 min, (F) 28 min, respectively.
The moduli have been evaluated by using Equation 5 on the normalised mean-square displacement data shown in Figure 5. The lines
are guides for the gradients.
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3.3 Cells’ response to blebbistatin

Non-muscle myosin-II is an actin-binding protein that has actin cross-linking and contractile properties and is regulated
by the phosphorylation of its light and heavy chains. It is central in the control of cell adhesion, cell migration and tissue
architecture36. Blebbistatin is a small molecule that demonstrates high affinity and specificity towards myosin-II by binding
to the ADP/phosphate complex at the active site, which inhibits the release of the phosphate and prevents myosin from
entering into the cross-bridge cycle with actin37. This does not interfere with the binding of myosin to actin, but instead
blocks the myosin heads in a products complex with low actin affinity37. Moreover, from a rheological point of view, it
is yet to be resolved how transiently cross-linking proteins affect the frequency response of cross-linked actin networks
in the elasticity dominated intermediate frequency regime. It has been shown8, during in vitro studies, that transiently
cross-linking proteins can be characterised by an off rate ko f f that typically corresponds to frequencies in the intermediate
regime of several mHz up to a few Hz.

To study how the in vivo viscoelastic properties of Jurkat cells vary with the addition of blebbistatin to the cells’ bath,
we have proceeded in the same way as described for the case where the solution osmolarity was changed. In particular,
we have monitored the cells’ response to the addition of 25µM of blebbistatin by measuring the thermal fluctuations of
a bead chemically bound to the cell’s exterior (Figure 1) and analysed the different time regimes via the time-dependent
normalised mean-squared displacement, Π(τ); which has the potential of revealing the cells’ viscoelastic properties by
means of Equation 5.
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Figure 7. (Left) The normalised mean-square displacement vs. lag-time of a 5 µm diameter silica bead chemically bound to a Jurkat cell
in PBS (red symbols) and and after the addition of 1µM of blebbistatin to the cells’ bath and measured at time intervals 3 min (green
symbols) and 13 min (blue symbols), respectively. (Right) The storage (G′c(ω), filled symbols) and the loss (G′′c (ω), open symbols)
moduli scaled by G′0 vs. frequency of a Jurkat cell in PBS (red symbols) and after the addition of blebbistatin to the cells’ bath and
measured at time intervals 3 min (green symbols) and 13 min (blue symbols), respectively. The moduli have been evaluated by using
Equation 5 on the normalised mean-square displacement data shown on the left.

3.3.1 Low frequency response of the cell derived from Π(τ)

In contrast with the results presented here for the case of the hypotonic shock, where the cell’s low frequency elastic plateau
modulus G′c(0) was changing by over 3 fold in magnitude, we report that the addition of 1µM of blebbistatin to the cells’
bath does not change substantially the value of G′c(0). This result is in good agreement with those present in literature9.

3.3.2 Fast dynamics of the cell derived from Π(τ)

Figure 7 show a typical result obtained from the analysis of measurements performed on a single cell when blebbistatin
is added to the cell’s bath. In particular, in Figure 7 (left) are compared the normalised MSDs measured on a single cell
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initially in phosphate-buffered saline (PBS) solution and after the addition of 1µM of blebbistatin. The high frequency
response of the cell (see Figure 7, right) is evaluated via Equation 5, which relates Π(τ) to the cell’s complex modulus,
G∗c(ω). However, although the absolute value of the cells’ complex modulus is not yet achievable, the frequency behaviour
of the moduli can provide useful information, too. Indeed, when the results shown in Figure 7 (right) are compared with
those obtained from in vitro reconstituted actin–myosin-II networks8, the agreement between the frequency behaviour of
both the moduli is good. Moreover, by fitting the data shown in Figure 7 (right) with the model suggested by Lieleg et al.8,
we obtain a value of ko f f of two order of magnitude higher than the in vitro case; this is consistent with the fact that in our
experiments we actually add 1µM of blebbistatin, which enhances the off rate.

Conclusions

In summary, we have presented a straightforward and non-invasive experimental procedure, coupled with a new analytical
method to interpret the data, which leads to quantitative determination of the in vivo viscoelastic properties of cells in
the frequency domain. The method has the potential to monitor the internal dynamics and re-organisation of the actin
cytoskeleton up to frequencies on the order of kHz, representing a valuable addition to studies that address cellular physi-
ology and pharmacological response. Indeed, in this work we report, for the first time, the high frequencies (up to ∼ 1kHz)
changes of the Jurkat cells’ viscoelastic spectrum from ∝ ω3/4 to ∝ ω1/2, as response to a change in osmolarity of the
solution. The rheological interpretation of the results gives a direct insight of the cell cytoskeleton structure and its re-
organisation. In the future, it is envisaged that these interpretations could be coupled with advanced molecular biology
techniques to resolve the detailed interactions underlying these rheological changes and that faster dynamics could be
studied by means of a quadrant photo-diode based tracking system
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