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Abstract

We measure the dynamical mechanical properties of human red blood cells. A single cell
response is measured with optical tweezers. We investigate both the stress relaxation
following a fast deformation and the effect of varying the strain rate. We find a power-law
decay of the stress as a function of time, down to a plateau stress, and a power-law increase of
the cell’s elasticity as a function of the strain rate. Interestingly, the exponents of these
quantities violate the linear superposition principle, indicating a nonlinear response. We
propose that this is due to the breaking of a fraction of the crosslinks during the deformation
process. The soft glassy rheology model accounts for the relation between the exponents we
observe experimentally. This picture is consistent with recent models of bond remodeling in
the red blood cell’s molecular structure. Our results imply that the blood cell’s mechanical

behavior depends critically on the deformation process.

1. Introduction

The human red blood cell (RBC) is a biological structure
of relative simplicity: it lacks a nucleus and intramembrane
organelles. Its components are well characterized [1-3], and
they can be summarized as a bilayer membrane, coupled
to a thin tenuous cytoskeleton of spectrin filaments via
two complexes of few different proteins (ankyrin, band 3
and band 4.1). This outer membrane, held under tension
by the cortical cytoskeleton, encloses a solution of dense
hemoglobin. Despite its simplicity, the properties of this
structure have puzzled researchers for decades. Investigations
have focused on two related aspects of the physical structure:
(1) explaining the biconcave discocyte shape that is found
under physiological conditions (and a whole array of other
morphologies that are found under perturbation or disease)
and (2) measuring the mechanical properties of the cell and
relating these to the structure. Regarding the shape, significant
progress has been made recently showing how, by carefully
balancing the membrane bending elasticity with tension from
the underlying spectrin scaffold, the discocyte shape emerges
as the equilibrium solution; the cup-shaped stomatocyte is
the result of a perturbation that decreases the membrane
area relative to the underlying skeleton [3]. On the issue
of mechanical deformation, current experiments have mainly
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explored static deformations, despite the great importance of
dynamical deformations for this cell. Large and transient
deformations of the cell are involved in blood flow through
thin capillaries [4, 5]. More generally, it is known that
RBC:s in suspension strongly affect the rheology of peripheral
blood, with implications in several diseases [6]. The details
of RBC mechanics have puzzled researchers for a long time,
and complex rheological properties such as the existence of a
threshold for plastic deformation and the presence of processes
over very different timescales are already discussed in [5].
Historically, the RBC has variously been described as either a
liquid or solid [7].

In this paper, we investigate the dynamical mechanical
properties of the RBC by measuring its viscoelasticity over
a range of environmental conditions. We focus on the
deformation dynamics, looking at the correlation between the
cell modulus and its shape, and on the effect of incubation
leading to adenosine triphosphate (ATP) depletion. We
relate the findings to phenomenological models for flow in
kinetically arrested systems and to recent models describing
the metabolic activity of the RBC, where the consumption
of ATP controls the stiffness of the elastic network [8—10].
The normal biconcave human RBC has an approximately
25% more membrane surface area than the minimum required
to enclose its volume, allowing deformations without an
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Figure 1. Diagram of the experimental setup. A cross marks the positions of the laser trap and a star marks the center of the bead, obtained
via image analysis. (a)—(d) Decays of the measured time-dependent cell stiffness « (¢) as a function of time. Solid lines are power-law fits
described in the text; the dashed line in (d) is a single exponential fit to the data, showing very poor agreement. The plateau value has been
subtracted from the data and from all the fits. The time-relaxation data show power-law decays with exponents ~3 /4.

extension of the membrane [11]. Therefore the mechanical
response of the cell is related primarily to the bending and
shear elastic moduli of its membrane, and to the viscosities
of membrane and bulk. These quantities have been measured
with various techniques, in particular micropipette aspiration
[12], shape flickering [13-17], deformation in flow [16],
electric fields [18] and optical tweezers [19-22]. Existing
measurements give very different values. For example,
independent experiments using micropipette aspiration yield
a shear modulus of between 6 and 10 uN m~! [12], and
similar values are seen in shape relaxation following an
external deformation [18]. Optical tweezer measurements also
report a wide range of shear modulus, but the discrepancies
between these results are in part the result of applying different
geometrical models to extract the modulus from the measured
forces: 2.5 & 0.4 uN m~! assuming a flat disc geometry
[19], 200 uN m~! assuming a spherical initial shape [20, 23],
11-18 uN m~! comparing to a finite element simulation of the
deformation [22]. A satisfactory analytical approximation for
the geometry of a cell pulled by tweezers is still not available,
and is not the topic of this work. We instead choose to report
the directly measured mechanical properties, showing that
even the model-independent dynamical stiffness of the cell
is strongly dependent on the deformation protocol. Our key
result is that the RBCs’ response cannot be explained within
the framework of linear viscoelasticity.

2. Experimental methods

Fresh blood was drawn from a healthy volunteer donor and
diluted in phosphate-buffered saline (PBS) with acid citrate
dextrose (Sigma C3821) and 1 mg ml~! bovine serum albumin
(BSA) (Sigma A4503) at pH 7.4. For studying the effect of
aging time after drawing, cells were incubated with glucose-
free PBS in a hot bath plate either at 37° C for 24 h with
a 1072 penicillin—streptomycin solution (GIBCO, Invitrogen
15070063) to prevent microbial growth, or at 4° C for 24 h. A
control group was incubated with 100 mg d1~! glucose in PBS

buffer. These protocols provide samples that are a mixture of
discocyte and stomatocyte cells, with an increasing fraction of
discocytes after 1 day’s incubation.

The optical tweezers’ setup consists of a laser (IPG
Photonics, PYL-1-1064-LP, . = 1064 nm, P, = 1.1 W)
focused through a water immersion objective (Zeiss,
Achroplan IR 63x/0.90 W) trapping from below. The laser
beam is steered via a pair of acousto-optic deflectors (AA
Opto-Electronic, AA.DTS.XY-250@ 1064 nm) controlled by
custom-built electronics allowing multiple trap generation
with subnanometer position resolution. The trapping potential
is locally described by a harmonic spring, and the trap stiffness
was calibrated by measuring the thermal displacements of a
trapped bead. The trapping stiffness at maximum power when
trapping two beads (as in this work) is ky.p = 44 pN pm™!
on each bead. The sample is illuminated with a halogen lamp
and is observed in a bright field with a fast complementary
metal oxide semiconductor (CMOS) camera (Allied Vision
Technologies, Marlin F-131B).

Carboxylated silica beads of 5.0 um diameter (Bangs
Labs) were washed in Mes buffer (Sigma M1317). They
were then functionalized by resuspending in Mes buffer and
incubating for 8 h at 37° C with Lectin (0.25 mg ml~!) (Sigma
L.9640) and EDC (Sigma E1769) (4 mg ml~!). This made
them very sticky to the RBC, probably through binding to
glicoproteins or sugars on the outer side of the RBC membrane.
To prevent the RBCs from sticking on the glass surfaces of
the chamber, BSA was coated on the slide glass. Using
the tweezers, two beads are brought to an RBC and attached
diametrically across a cell. This construct is then maintained
floating well above the glass slide surface (at about ten times
the bead diameter) to minimize any hydrodynamic drag from
the solid surface. The cells are quite monodisperse in size,
with an initial cell length (the diameter) Ly ~ 8um. The area
of contact between the bead and the cell varies in the range
345 /un2, and we find no correlation of the patch area with
any of the experimental results. This arrangement is drawn in
figure 1. During all the deformation protocols, one laser trap
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is kept fixed at its initial position while the other trap is moved
away by a distance Alaser. We focus on tracking the bead in
the immobile trap, measuring the difference Ax between the
bead and the known laser position. Bead positions are obtained
using a custom image analysis code written in Matlab. From
the displacement Ax, the stretching force is calculated. The
cell is elongated by a distance AL = Alaser — 2Ax, and
we define the strain as y = AL/Ly. The resolution of the
bead position via image analysis on each frame is around
5 nm, which translates into +0.22 pN of force resolution.
This is significantly less than the random fluctuations caused
by thermal noise. The cell stretching is recorded at ~60 frames
per second, and having checked that we could not observe a
variation between measurements done at room temperature
and at 37° C, we report on measurements made at room
temperature. Temperature is known from previous studies
to have only a slight influence on the mechanics of RBCs
[14, 24].

3. Results and discussion

3.1. Stress relaxation

We perform stress-relaxation experiments by moving just one
trap (i.e. actively moving one bead) by Alaser = 3.5 um at
20 um s~! and monitoring the force acting on the bead in
the stationary trap. The force is observed to decay toward a
plateau value, which (crudely speaking) is reached within less
than half a minute. We define the time-dependent stiffness
of the RBC to be x(t) = F(t)/AL(t). The whole set of
experiments is fitted very well by the following 3-parameter
power-law function:

K(t) = Koo + Ak (1) = koo + Ak(t/t9) ™%, (1)

where we fix fp = 1 s to obtain a dimensionless time. We
use the first 20 s of the decay to fit the values of k, Akg
and « because in this range there is little noise in the data. It
can be seen that the power-law decay holds for longer times
as well. Our data extend to long enough times to clearly
show that a single exponential fails to describe the data. In
previous experiments of this type, the decay was observed
only at short times, and a single exponential was used to fit the
stress relaxation [19]. In [5], a single exponential decay, with
atimescale of around 0.1 s was used to fit the shape relaxation,
and it is apparent that the fit leads to very correlated residuals.
In other work, a double exponential was used to fit shape
relaxation data, obtaining a fast and a slow timescale of 0.1
and 0.9 s respectively [18]. If we fit an exponential to our data,
we obtain a value for the relaxation timescale of T >~ 0.6 s,
but it needs to be stressed that this value has no real meaning
and is simply the result of the time window chosen to fit the
data. In figure 1(d), which are data for a fresh discocyte,
we show that the single exponential fit is very poor indeed.
Even a stretched exponential function, which describes in
general relaxations with a discrete spectrum of relaxation times
(4-parameters, not shown), gives a poor fit to the data. Whilst
we have stressed that it is incorrect to assume that there is
a timescale for relaxation in this system, we wish to clarify

that over matching time windows our data are in agreement
with published experiments such as those of [18, 19]. We
therefore do not contradict in any way the value of the elastic
shear modulus or the timescales obtained in those previous
investigations, but rather make the point that they should be
taken only as effective properties. In section 3.4 we return to
the significance of the power-law decay, and how this is related
to the physical origin of the cell’s rheological behavior.

Figure 1 shows examples of the time relaxation of A« (z)
plotted separately for each of discocyte and cup-shaped
stomatocyte cells, fresh and after 1 day of incubation. In
all cases, the stiffness is fit over two decades in time by
the form of equation (1). The power-law exponents are the
same within experimental error; the mean of all the power-law
exponents measured is « = 0.75 £ 0.16 for fresh cells and
a = 0.82 £ 0.09 for cells incubated over 1 day. A total of
11 different cells were measured this way. These exponent
values are very close to the dependence found recently for the
shear dissipative modulus in [25] by magnetic bead cytometry
(under very small deformations compared to this work), where
the exponent is reported to be 0.64.

The value of the ratio AFy/F, i.e. the fraction of the
stress that decays over time, also appears independent of the
shape and cell age, and is between 0.55 and 0.75. At short
times, i.e. 0.1 s after deformation, more than half of the time-
dependent modulus is still not equilibrated. This is a very
significant fraction of the response, i.e. much more than half of
the stress decays over time. Physiological deformations occur
with a timescale of approximately 1 s. Here at 1 s the response
has already decayed by approximately one-third, but still in
some cases only a little more than one-half of the response
is elastic and the rest remains still time dependent. This
illustrates the importance of understanding the cell dynamics.

The fact that the data are described so well by
equation (1) implies that there are two components to the cell
elastic modulus: atime-dependent and a long-time equilibrium
modulus. Power-law relaxations are well known in systems
near the gelation point and in entangled polymer solutions
[26]; however, we anticipate here that we will discuss, how
for the RBC, the form of equation (1) does not originate from
polymer relaxation nor gel cluster dynamics.

3.2. Deformations varying the strain rate

To investigate further the dynamical modulus of the cell,
we perform a triangle wave deformation experiment using
speeds of 20, 5, 1 and 0.2 um s7!, and 3.5 um laser trap
displacement*. Figure 2(a) shows that the force measured over
time is approximately proportional to the applied strain. The
forces measured here are comparable to previous experiments
[19]. The slight mismatch between the applied strain and the
stress can be seen more clearly in figure 2(b) as a hysteresis
loop. There is a slight difference between the onset of the
first cycle and all the following ones. By observing many
instances of this protocol, we believe that this is due to the cell

4 For one speed and condition (data not shown), we looked for a dependence
on the deformation amplitude by applying triangle waves of amplitudes 1, 5
and 7 um and obtained the same stiffness as for 3.5 pm.
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Figure 2. (a) The dashed line is the elongation AL of the RBC
subject to a triangle wave trap displacement and the solid line is Ax
of the bead in the stationary trap. (b) Force versus elongation of the
cell AL, for the same data as in panel (a). The solid line is a linear
fit to the force during extension; the area inside the hysteresis loop is
the energy dissipated per cycle.

rearranging its position precisely along the axis of the strain
experiment. It is clear from this figure that there is no further
evolution of the stress—strain curves over the run, which last
typically tens of cycles. The cell’s response is predominantly
elastic, and the gradient of the force versus elongation data as
in figure 2(b), taken over the extension, gives the stiffness « of
the cell. This stiffness is an effective property of the cell, and
may be a valid modulus for describing the cell’s response in
physiological processes such as elongating to squeeze through
thin capillaries. The experimental speed of deformation can
be converted into an approximate strain rate y by dividing the
bead velocity by the initial cell length (L). The cell stiffness
is plotted in figure 3 against the strain rate. Our results show
that there can be a large (factor of 3) difference between the
stiffnesses in the dynamic range studied here, from 1072 to
1 s~!. This suggests that static stiffness, as measured for
example by a micropipette, may not give the correct results
for the physiological range of strain rates in circulation, which
may involve deformations of 10% occurring every second, i.e.
strain rates of the order of 0.1 s7!.

The cell stiffness is related to the strain rate through the
function

k(y) — ko~ 7F, 2)

with g =~ 1.

The uniaxial extension in our experiments is similar to the
uniaxial deformation induced by an optical stretcher, studied
in [21]. In that work the cell membrane was approximated
geometrically as a thin spherical shell, and a relation was
derived linking the elongation of the cell to the applied stress
and Young’s modulus E. Assuming that the cell has radius p
and that the bead is attached to the cell over an area of radius
Opatch, this relation is

2
1
AL=F-" 3)
nlopatch Eh

where £ is the thickness of the whole membrane which is of the
order of 7 >~ 40 nm. Taking p ~ 4um and the patch radius
to be of the order of 2um, this relation enables the values
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Figure 3. Strain rate dependence of the RBC stiffness « and the
energy dissipation. Markers indicate the different conditions studied
here: (V) fresh-discotic, (V) fresh-stomatocyte, () 1 day-discotic,
(o) 1 day-stomatocyte.

for the stiffness to be turned into Young’s and shear modulus
G = E/3 for a Poisson ratio of 0.5:

k ~ Eh = 3Gh. 4

The shear modulus values obtained in this way are Gh
between 3 and 6 x 107 N'm~!, which are in agreement with
[12, 19, 21, 22]. These measurements of the shear modulus
are very approximate due to the approximations involved in
obtaining relations, such as in equation (3). For this reason
the data in this paper are presented as a raw stiffness, which is
not subject to approximations. However, these considerations
are useful to clarify that the main contribution to the measured
stiffness comes from the membrane’s shear modulus. Bending
and stretching are negligible for this deformation.

The hysteresis in the stress—strain curves is a measure of
energy dissipation in the cell, and is shown in figure 3. In
order to compare the results from different strain amplitudes,
the dissipated energy is presented as the work per cycle,
normalized by the square of the strain amplitude yy.x. The
dissipated energy follows a power law as a function of the
strain rate, with an exponent that we assume is the same § as in
equation (2). In all the cells, the strain rate dependence is well
below the linear relation expected for a purely viscous system.
The exponents fitted here are 8 = 0.25 for fresh discocytes and
B = 0.33 for discocytes after 1 day’s incubation. These values
have higher precision than the stress-relaxation exponents
because the triangle wave cycle is repeated many times.
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3.3. Origin of energy dissipation

The dissipated energy per cycle in our experiments is of the
order of 4-12 x 107! J. To understand the origin of the
dissipation, it is important to consider various possible sources.
We first discuss the following three possibilities which can be
ruled out as the main source of dissipation in our experiments.
(1) Dissipation can arise from the phospholipid bilayer itself.
Its viscosity is around 0.3 Pa s [27]. Considering a simplified
geometry of deformation of two flat plates, the dissipated
energy from the bilayer is around 0.6 x 10~'% J per cycle
at y = 1072 s='. This is an order of magnitude below
our results but, since this ‘Newtonian liquid’ contribution to
the dissipation grows linearly with the strain rate it would
eventually dominate the response at higher deformation rates.
(2) Dissipation can arise from the drag of anchoring proteins
through the bilayer. The number of bonds in the spectrin mesh
has been estimated to be around 35000 [28]; so a number
of anchoring sites similar to the phospholipid bilayer can be
assumed. The drag arising from the motion of these sites as
they are dragged through the bilayer can be estimated using
the drag coefficient valid for objects of the order of a few
nanometers [29]. Assuming a 10% strain of the mesh elements
(length 200 nm) at a frequency between 1072 and 1 s~!, 2 nm
as the anchor radius and the bilayer viscosity quoted above,
this gives dissipation of between 3 x 107" Jand 3 x 1072 J
per anchor group per cycle, i.e. a total of between 107! J and
10~19 J for the whole cell. (3) Bulk hemoglobin has a viscosity
of around 46 Pa s [30]; therefore by again approximating the
problem by considering the cell as parallel plates of area L2,
being strained by y at a strain rate y, we obtain dissipation per
cycle in the range 2 x 1072°-2 x 10~'3 J for our experimental
conditions’. This rules out the dissipation due to shearing of
the interior of the cell as the source of the observed dissipation.
Having considered these three sources of dissipation, and
finding them to be a few orders of magnitude below the
experimentally observed values, we are left to consider the
membrane cytoskeleton (whether passively or actively) as the
source of dissipation. In previous work, it had been seen
that the viscosity of the phospholipid bilayer was insufficient
to explain the observed relaxation times for the cell shape
driven by the experimentally measured elastic shear modulus.
It was suggested [18] that the viscoelasticity of the cell was
determined by the parts of the cytoskeleton coupled to the
membrane. In this work we agree with this conclusion, but
we point out that the three sources of dissipation considered in
this section, aside from being negligible, also cannot explain
the nonlinearity of the response. We therefore concentrate
on a nonlinear model which can account for our data, keeping
in mind that the cytoskeleton is the element likely to dominate
the cell mechanics. In [5], the restructuring of the cytoskeleton
was mentioned as the mechanism underlying the very slow
(tens of minutes) creep response of RBCs.

3 In the work of [30] the cytoplasmic and solution viscosities were compared
directly using vibrational echo experiments, and were found to be the same.
These measurements clarified a long-standing issue of a possible much larger
viscosity inside the cell; see, for example, the discussion in [16].

3.4. Nonlinear rheology and modeling with soft glassy
rheology

In linear viscoelasticity, the dependence of the modulus on the
strain rate is related to the form of the stress relaxation via a
modified Laplace transform [26]. In the case of a power-law
decay with k() — ks ~ 7%, we expect k() — ko ~ y°.
This is very clearly not the case in the data of the present
experiments, in which the exponent 8 is much smaller than «.
This points to the fact that even though our strain amplitudes
are not very large, only of the order of 20%, our experiment
is in a nonlinear regime. The experimental finding can
be understood as follows: the power-law relaxation is the
manifestation of a system where at least a fraction of the
bonds can break under stress and quickly reform, essentially
remodeling the skeleton’s network. There is an analogy
between this molecular-scale picture and the more general
situation of the rheology of a system where the components
have to overcome potential barriers in order to flow. This
condition is addressed by the soft glassy rheology (SGR)
model which, assuming a distribution of energy wells of
different depths, provides a framework for calculating the
nonlinear response of the system [31]. The SGR model
contains one principal parameter, x, which is the ratio of the
available energy to the mean well depth. For x < 1, the model
is in a glassy phase. The shear modulus is predicted to decay
with time as G ~ ¢, and the stress under the constant strain
rate is 0 — o, ~ y!7*. The RBC power laws and exponents
appear to be well described by the SGR model with a value of
x ~3/4.

The SGR model has been used previously to discuss
cell mechanics. For example, Trepat et al in [32] reviewed
the model, arguing about its importance in cell mechanics,
and used it to describe the mechanics of muscle cells. In
complex cells, which include a bulk cytoskeleton of various
types of actively growing filaments, crosslinked and actuated
by molecular motors, it is difficult to pinpoint the structural
elements involved in giving an SGR type of response.
However the situation in the RBC is much simpler, and we
can speculate on the physical process which underlies the
SGR model phenomenology that we observe. In the RBC,
it is possible that the potential barriers to be overcome are
the energies for releasing a spectrin filament from a crosslink.
The filament would then re-bond in a configuration of lower
stress. The presence of a long-lived residual stress in the
stress relaxation implies the presence of either a fraction of
permanent bonds or of a kinetically arrested state with residual
stress, in both cases leading to a deviation from a purely
power-law scaling at low strain rates which is visible in the
stiffness data of figure 3. Computer simulations of the statical
properties of a network that mimics the RBC cytoskeleton and
has restructuring properties have been carried out in [33], but
we are not aware of simulations that extend to the study of a
dynamical response.

In the absence of external stresses it is known that ATP is
required to open the spectrin—actin linker, whose bond energy
is around 7 kg T, i.e. 3 x 10720 J [34, 35]. Using again the
estimate of 35000 linkers, this gives an energy of 1071 J
for opening all the linkers. Given that the dissipated energy
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per cycle is between 4 and 12 x 107! J, this implies that
either (a) only a small fraction of the bonds, around 1%, is
broken during a cycle, (b) the bond energies under stress are
reduced considerably, or (¢) ATP and not solely mechanical
energy is being used to break the bonds. Of these possibilities,
the agreement with the soft glassy rheology observed here
suggests a combination of (a) and (b), i.e. remodeling of the
linkers under stress does not involve the full cost of breaking
the spectrin—actin linker. The role of force in reducing the
dissociation energy between spectrin linkers was discussed
in [36]. The picture of a cytoskeleton proposed here that
partially breaks and rearranges under tension is a possible and,
in our view, a likely interpretation of why the SGR model
is successful for the RBC, but we must stress that from our
experiments there is no direct evidence for molecular-scale
processes.

The dependence of the cell modulus on the strain rate
measured in this work can also be compared to recent
data obtained by monitoring the deformation induced via
magnetic twisting cytometry (MTC). This is essentially a creep
experiment performed on a pivoting magnetic bead bound to
the outside of a RBC [25]. In MTC there is almost certainly
a large influence of the membrane-bending elasticity, and
the elastic component of the response in the data of [25] is
dominated by a source of elasticity that is not found in our
measurements with optical tweezers, most likely membrane
curvature.

In the context of the SGR model, a system in the glassy
phase will slowly ‘age’, falling into the deeper minima in
the free energy landscape. A strongly imposed deformation
applied in the glassy phase can then bring back the system
to a configuration with a random distribution of energy wells.
In an aged glassy system a large strain can therefore bring
about a reduction in the mechanical modulus, an effect
known as ‘fluidization’. This has been reported very clearly
in experiments on cells [32] and also for colloidal glasses
[37]. In simulations of networks with bonds that can fail
[33], fluidization is taken as a state with lower modulus that
occurs after large strain; it is unclear if this is the same SGR
phenomenology. We have performed experiments by keeping
cells strained for several minutes and then relaxing to natural
length. Within error, the mechanics is found to be the same
as a cell that has not been stretched. We therefore do not
find evidence of fluidization in our experiments, which could
indicate that the distribution of energy minima in this system is
rather narrow. This would also be consistent with the absence
of significant aging in this system, compared to experiments
on colloidal glasses [37].

3.5. ATP concentration

While the features of the dynamical response of all the cells
are the same, we observe differences in the magnitude of the
response depending on the shape of cell and the incubation
protocol. The strongest influence, leading to a decrease of the
cell modulus by almost a factor of 2 after 1 day of incubation,
is the time from when the cells are drawn. Secondary to this
effect of incubation time, we observe a correlation between

the stiffness of the cell and its shape. The cup-shaped
stomatocytes are almost twice as stiff as the discotic cells.
The models recently proposed describe the active remodeling
of the RBC’s cytoskeletal network [35, 10]. ATP is expected to
be strongly related to this activity, at least under the absence of
an external force [10]. It is of interest that flickering of RBC
ghost membranes at low frequencies was shown to depend
on the intracellular MgATP [38], and the flickering has also
been shown to decrease with cell aging [14]. Through the
1 day incubation protocol the ATP concentration inside the
cell is depleted, and according to these references this would
lead to stiffer cells. In contrast, in recent work, the ATP
concentration was found not to play a role in the fluctuation
spectrum of the cell [17]. Our results showing softening seem
to imply an opposite effect, one possibility for this being that
under reduction of ATP the cell loses some of its ability to
reform the bonds that break under deformation. We find
no appreciable difference between the cells incubated in the
absence of glucose and in physiological glucose concentrations
(datanot shown). Itis quite likely that the fluctuation spectrum,
which corresponds to very small deformations close to the
equilibrium shape, does not probe the same physical nonlinear
process as larger scale deformations. The role of ATP would
be important in those deformations that require dissociation of
cytoskeletal or anchoring elements.

4. Outlook and conclusion

Our time-relaxation data confirm that the dynamics in the RBC,
as also pointed out recently by Suresh and collaborators [25],
is intrinsically free of a characteristic timescale. Our findings
here are in contrast to many previous investigations of the
RBC [18, 19, 22, 39], where limited datasets led to simplistic
conclusions regarding the dynamics.

Our main experimental contributions are (1) the study of
the cell modulus at varying strain rates, showing a large (factor
of 3) increase in the cell stiffness as the cell is deformed at
higher strain rates, (2) the measurement of energy dissipation
as cells are deformed, (3) the comparison of constant strain rate
measurements with stress-relaxation measurements. Together,
these data have allowed us to show that the mechanics is not
linear, and therefore depends on the deformation protocol,
even for small deformations. The experiments reported here
are well described by the soft glassy rheology (SGR) model,
which predicts exactly the relation between the constant strain
and stress-relaxation data observed. The soft glassy rheology
framework is the only model we know that correctly predicts
the very non-trivial relation between the power-law exponents
in stress relaxation and as a function of the strain rate. This
is the first investigation where this relation is tested by doing
both experiments on the same system. It is interesting to find
this complex behavior on such a simple structure as the RBC,
as this may lead to a better understanding of the origin of SGR
in other cell types.

As far as the dynamics in erythrocytes is concerned, there
remains a range of strains to be explored to bridge between the
infinitesimal deformations seen in spontaneous fluctuations
[17] and the small deformations of magnetic bead cytometry
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[25], up to the larger deformations explored in this work.
It is possible that the nonlinearities described here might
not be present at much smaller strains. With our current
experimental setup and protocols it is not possible to perform
‘active’ pulling of the cells at displacements comparable to
spontaneous fluctuations, where one might indeed expect to
recover linearity. This is because at very small amplitudes,
the beads spend most of the time at almost negligible force
induced by the cell. This can lead to complications in the
cell/bead coupling, since the cell has much more freedom to
move than in our experiments. As mentioned, we did test
1 um trap movements, as well as larger displacements, but we
cannot bridge down to the level of fluctuations. The question
of whether a linear regime exists at all for soft glassy materials
is a very active one [31]. Within the framework of the soft
glassy rheology model, which we find to hold very well for
the RBC experiments, there could be no truly linear region for
any value of external stress, however small. In other words, an
external force would modify the state of the system in a way
that is irreversible under thermal forces.

A final point of outlook relates to the area of synthetic
systems that model and mimic cells. The RBC, being one
of the simplest cell types, is an obvious model. A currently
widely used model system is the unilamellar giant vesicle
(GUV), which is a closed membrane bilayer of a size similar
to the RBC [40]. It is possible to perform the same elongation
experiments on GUVs, but unfortunately they do not help with
comparison to the RBC, because even when large unilamellar
vesicles are produced with an excess area, they are still quasi-
spherical in shape, and as they are deformed by the tweezers
they become taught at very small strains. However, there is
a significant current activity in making GUVs with coupled
synthetic cytoskeletons. By tuning the bilayer/cytoskeleton
moduli to a similar ratio as in the RBC it should be possible to
recreate the discotic shape with a large excess area, and it will
be very interesting to study these systems under deformation.
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Glossary

Optical tweezers. A micromanipulation technique based on
a focused laser beam. As a result of transfer of the photons’
momentum, the beam can exert a force on objects that have a
different refractive index to their surrounding. They are
widely used to trap and manipulate cells and colloidal
particles.

Viscoelasticity. The mechanical response following a
deformation in simple materials is either purely elastic or

purely viscous. In contrast, biological materials are very
often ‘complex liquids’, exhibiting elastic and viscous
properties at the same time. This type of response is called
viscoelasticity.

Erythrocyte. Red blood cell (RBC). It is not a cell in the
usual eukaryotic sense, as it cannot reproduce. In mammals it
has no nucleus, and has a particularly simple and easily
deformable structure that makes it appealing as a model
system to study cell mechanics.

Nonlinear response. Any deformation can be broken down
into a set of infinitesimal deformations. A mechanical
response is nonlinear when it is not true that the observed
response to a deformation is a straightforward integral of the
responses that correspond to the infinitesimal deformations.

Soft glassy rheology model.  Also known as SGR, this is a
model which describes several features of cell mechanics. It
was originally developed in the context of packed colloidal
systems (pastes), where particles lose the freedom to
rearrange under thermal forces, but may still flow under the
action of an external force. The model predicts power-law
force relaxations as a function of time and power-law
dependences on the frequency of deformation. The observed
response is a function of a single parameter which is the ratio
of the available energy to the average depth of the free energy
landscape.
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