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We study the mechanical relaxation behavior of human red blood cells by observing the time evolution

of shape change of cells flowing through microchannels with abrupt constrictions. We observe two

types of relaxation processes. In the first fast process (s1 � 200 ms) the initially parachute shaped cells

relax into cup-shaped cells (stomatocytes). These cells relax and reorient in a second relaxation process

with a response time of s1/2 � 10 s into the equilibrium discoid shapes. The values for the relaxation

times of single red blood cells in the population scatter significantly within the cell population between

0.11 s < s1 < 0.52 s and 9 s < s1/2 < 49 s, respectively. However, when plotting s1/2 against s1, we find a

linear relationship between the two timescales and are able to relate both to the elastic properties of the

spectrin cytoskeleton underlying the red cell’s plasma membrane. Adenosine Triphosphate (ATP)

enhances dissociation of spectrin filaments resulting in a reduced shear modulus. We modify the

cytoskeleton connectivity by depletion and repletion of ATP and study the effect on relaxation. Both

the linear relationship of timescales as well as the ATP dependence can be understood by theoretical

models.
1. Introduction

During their transport through the capillaries of blood vessels,

erythrocytes are repeatedly strongly deformed undergoing tran-

sitions from parachute to discoid shapes. A high degree of elastic

deformability of the cells is essential to enable them to move

during their lifetime of �120 days through the narrow capillaries

exhibiting diameters smaller than those of the red cells. The

astonishing softness of red blood cells in microcirculation and

the enormous reversible shape deformability are based on the

large surface to volume ratio and on the mechanical properties of

the lipid bilayer and the underlying cytoskeleton. While the fluid

lipid/protein bilayer of the composite cell envelope exhibits only

bending resistance (characterized by the bending modulus k), the

deformation of the cytoskeleton is controlled by shear elasticity

(characterized by the shear modulus m) and actively regulated

by ATP.1

Both moduli have been measured with different techniques

including deformation in high frequency electric fields,2,3

micropipette manipulation,4 optical tweezers, AFM2,4–7 and

analysis of membrane fluctuation.8,9 Some of these measure-

ments show the relaxation of the deformed red cell shape into its

equilibrium shape which occurs after switching off the external
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forces. The dissipating terms opposing the elastic restoring

stresses during the relaxation can be either determined by the

membrane viscosity hm of the cell envelope or the bulk viscosity

of the cytoplasm h. This balance yields characteristic time scales

of shape relaxation. Most authors report a fast relaxation

process characterized by relaxation times of 100–300 ms. Only

recently, a significantly longer time scale of several seconds was

reported by Fischer. He found a red cell rotational relaxation

with conserved outer cell shape and explained it in terms of a

shape memory.10 However, both types of relaxation have never

been observed together.

We have observed for the first time both modes of shape and

rotational relaxation simultaneously in one single continuous

experiment by analyzing the relaxation of parachute shaped red

cells. This allows us to consecutively measure both timescales of

individual cells and to establish a linear relationship between the

fast and the slow relaxation times. The rotational relaxation time

increases (decreases) with increasing (decreasing) relaxation time

of the shape deformation. We conclude that both relaxation

processes depend on the mechanical properties of the

cytoskeleton.

The cytoskeleton consists of semiflexible spectrin filaments

that form a nearly triangular network with the vertices inter-

connected by actin oligomers, and is locally coupled with integral

proteins at the cytoplasmic face of the lipid/protein bilayer. The

association is mediated by two types of linker molecules.

Ankyrin couples the interconnected head-to-tail connections of

the spectrin hetero-dimers to the intracellular domain of the

protein band III. The other linker protein is band IV.1 and
This journal is ª The Royal Society of Chemistry 2012
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couples the actin oligomer that connects the spectrin tetramer of

the network to the membrane spanning receptor glycophorin.

The mechanical properties of the cytoskeleton network are

controlled by the density of defects of the network and the lateral

density of cytoskeleton–membrane linkages and are the result of

a dynamical process of the cytoskeletal protein rearrangement by

dissociation and re-association.11 ATP promotes spectrin–actin

dissociation and induces transient cytoskeletal dissociations that

account for a reduced shear elasticity.12–15

By analyzing the effect of ATP depletion on the relaxation we

demonstrate that relaxation is affected by variations in cyto-

skeleton network shear elasticity. Depletion of ATP results in a

substantial decrease of the slow rotational relaxation time and

the effect is reversible after adding ATP again.

Evidence for regulation of red blood cell shape and mechanical

function by ATP-induced protein skeleton modification has been

reported by several other groups.8,13,16–19 In this process ATP-

consuming protein kinases regulate the phosphorylation state of

the membrane protein IV.1 and the dissociation of spectrin from

protein IV.1.12,20 Hence, depletion of ATP results in a reduced

enzyme activity and in the stiffening of the red cell envelope by

slowing down of the dissociation of the cytoskeleton–membrane

coupling. On the contrary, red blood cells release ATP upon

deformation which is known to help blood pressure regula-

tion.21–23 External shear forces induce spectrin tetramers to break

into dimers24 or unfolding of spectrin subdomains may occur25

both of which are accompanied by network softening.9,26,27 Only

recently it was shown by Forsyth et al. that ATP release corre-

lates also with bulk shear thinning of suspended red cells.21 This

delicate mechano-biomolecular interplay is essential for blood

function and regulation.

Several diseases are related to failure of cytoskeletal protein-

network connectivity and biochemical function.28–30 Decreased

RBC deformability and increased cell fragility in hereditary

spherocytosis are caused by a reduced number of vertical link-

ages between bilayer and skeleton whereas in hereditary ellip-

tocytosis horizontal linkages in the skeletal network are

defective.31,32 Plasmodium infected erythrocytes in malaria lose

their native deformability due to reduction in intracellular ATP

levels.1,33

We deform single red cells by hydrodynamic shear forces using

a microfluidic setup34 in which the cells are transiently deformed

into a parachute-like shape.35,36 They then enter an abrupt

widening of the channel in which the flow velocity is drastically

reduced and relax into the discoid equilibrium shape.
Fig. 1 Observation of both types of relaxations in one single experiment:

A red blood cell flowing out of a narrow micro-channel (width 2.5 mm,

height 8 mm). The cell adopts a parachute shape right after leaving the

constriction (top micrograph) and relaxes into a stomatocyte (subsequent

micrographs up to �1120 ms). In the last two micrographs the red blood

cell rotates on a much longer time scale while adopting its discoid equi-

librium shape (times between micrographs are as indicated in the images).
2. Preparation/setup

Blood was freshly drawn from healthy donors and anti-coagu-

lated with ethylendiaminetetraacetate (EDTA). Subsequently,

the whole blood was washed three times in isoosmotic phosphate

buffered saline (PBS) at pH 7.4. RBC with decreased ATP levels

were prepared by metabolic depletion in PBS at 4 �C for 48 h and

72 h.37 To replete red cells with ATP metabolically depleted cells

were incubated with PBS containing 2 mMATP (Sigma Aldrich)

for 1 hour.

For the experiment the cells were resuspended in PBS con-

taining 10 mg ml�1 bovine serum albumin (BSA) at a final

concentration of 0.1% hematocrit and transferred into a sterile
This journal is ª The Royal Society of Chemistry 2012
syringe that was connected to the microfluidic channel and

mounted on an inverted phase contrast microscope (Zeiss, Axi-

overt 200M). The cell flow rate was controlled by adjusting the

hydrostatic pressure between the inlet and outlet of the fluidic

device. Microchannels were fabricated using standard polydi-

methylsiloxane (PDMS) soft-lithography.38
3. Experimental

Freely suspended red blood cells are injected into a microfluidic

PDMS device and passed through a hyperbolically narrowing

constriction of the microchannel of 2.5 mm width at the orifice, a

constant height of 8 mm and with a total length of �500 mm.

Typical cell flow velocities are �300 mm s�1. After passing the

constriction, cells enter into a much wider reservoir with a

channel width of a factor �50 larger. Consequently, the red cell

motion rapidly slows down and stops after about 1 s. In some

incidents, flow stopped completely after the cell exited the

channel. This flow-stop was caused by subsequent spiculated red

cells (echinocytes) clogging the channel. After having slowed

down the cells start to relax into the equilibrium discoid shape.

Regarding the relaxation behavior of the cells no significant

difference could be found between both scenarios of rapid and

complete flow-stop. Cells that exit the orifice of the constriction

exhibit a parachute-like shape as shown in the top micrographs

in Fig. 1. Subsequently, two distinct types of relaxations were

observed. In the first step, the parachute shape relaxes and the

front and rear curvatures become less convex and concave,

respectively (compare image in Fig. 1 after 560 ms). In the end of
Soft Matter, 2012, 8, 11240–11248 | 11241
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this process the cell adopts the shape of a cup-shaped stomato-

cyte.39 This initial relaxation from a parachute to a stomatocyte

happens on a time scale s1 � 200 ms. However, this fast shape

transformation is followed by a much slower shape trans-

formation that is accompanied by a rotational relaxation of the

red blood cells. During this second phase the red cell transits

from the stomatocyte-shape into its discoid equilibrium shape

but concomitantly rotates as a whole as shown in the micro-

graphs and sketches of Fig. 2. The red cells have been observed to

rotate in both directions either clockwise or counterclockwise.

Both processes of initial fast shape and subsequent slower shape-

rotational relaxation are temporally clearly separated by

approximately one order of magnitude and can be detected

successively. The typical time scale s1/2 for the rotational relax-

ation is several seconds.

We analyze the two phases of relaxation, shape and orienta-

tion transformation, by fitting the contour of the red cells using

image processing software. For the parachute relaxation the

deformation index DI ¼ l/w defined as the ratio of red cell width

w to the length l is quantified. From an exponential fit to the

plot of the DI against time (see Fig. 3), we obtain the relaxation

time s1 for the parachute-shaped cells. We find a mean value of

s1 ¼ 0.30 � 0.20 s.

After this first fast process, a concave dimple at the rear of the

red cell can be observed. The dimple is assumed to be a remnant

of the concave rear of the parachute shape. Investigation of many

cells showed that the cup-shaped cell rotates in a face-on or edge-

on configuration while transforming into a discocyte as outlined

in Fig. 2. The tilt angle 4 of the red cell, that is the angle between

the plane of the cell and the bottom of the channel as indicated in

Fig. 2, decreases with time and eventually approaches a constant

value which generally deviates from 4N ¼ 0. A tilt angle

4 ¼ 0 implies that the red cell is in the face-on configuration with

one dimple pointing upwards (central sketch in Fig. 2a). This
Fig. 2 Close-up phase contrast micrographs show a top view of the slow rot

relaxation that depend on the direction of rotation are demonstrated: wit

accompanied by a shape transformation from the stomatocyte to the discocyt

micrographs below to visualize the transformation and the rotation. The tilt a

angle 4 changes its sign from a negative to a positive value.

11242 | Soft Matter, 2012, 8, 11240–11248
characteristic dependence was observed for all analyzed red

blood cells. The variation of the terminate angle 4N (saturation)

in the different experiments indicates that the tilt is not correlated

to the horizontal microchannel alignment, clearly excluding

gravitational as well as confinement effects as the cause for

rotation.

We parameterized the rotational relaxation by fitting the

contour of the cell and the relative position of the dimple. Here,

we determined the tilt angle 4 of the discocyte from the position

of the center R of the cell and the apparent position of the dimple

center d as depicted in Fig. 2. The tilt angle was derived from the

relation sin 4 ¼ d/R. A typical dependence of 4 on time is shown

in Fig. 3b. The plot displays an approximately linear decrease

of 4 with time as would be expected for constant angular velocity

u ¼ d4/dt. For longer times the angle approaches its saturation

value 4N. The difference D4 ¼ 40 � 4N of the initial angle 40 (at

t ¼ 0) and the saturation angle varies in the experiments as 0� <
D4 <p/2. The limitation of the tilt angle to values smaller thanp/

2 clearly excludes a tumbling motion40,41 of red cells because for

tumbling the tilt angle increases indefinitely. We define the

typical time scale of the rotation s1/2 ¼ p/4u as the time of a

rotation of 45�, that is half of the maximum rotation. The

experimental values for s1/2 vary in the interval of 9.6 s < s1/2 <
48.9 s for normal red blood cells and we find s1/2¼ 19.3 s� 12.2 s.

To gain further insight into the control of the relaxation times

by the structure of the spectrin–actin network and its coupling to

the lipid/protein bilayer, we studied the influence of ATP

depletion on the slow relaxation time s1/2. ATP is known to

soften the erythrocyte composite shell which is attributed to the

dynamic coupling and decoupling of the spectrin–actin network

to the integral proteins of the bilayer1,12,14 and to softening

(prevent stiffening) of the spectrin links42 and is therefore an ideal

candidate to control its elastic properties. We altered the cyto-

solic ATP level by metabolic depletion for up to 72 h and
ational process (rotational relaxation). The two alternatives of rotational

h face-on (a) and edge-on (b) rotations, respectively. The rotation is

e. The schematics above are side view and top view corresponding to the

ngle 4 of rotation is defined as indicated in the sketch. Note that in (a) the

This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 In (a) and (b) data for a typical single experiment are presented;

large error bars are due to resolution (pixel size) of images. (a) Shows the

time dependence of the red cell deformation index (DI ¼ cell length/cell

width) against time. The continuous line is an exponential fit of the dis-

playeddatawith decay time s1¼ 0.26 s� 0.07 s. The inset indicates how the

parachute DI ¼ l/w is obtained from the red blood cell micrographs. The

mean value for all experiments is s1¼ 0.30 s� 0.20 s. In (b) the tilt angle 4

of the discoid red blood cell as defined in Fig. 2 is plotted versus time.

Experimentally, the tilt angle 4was obtained from the relation sin 4¼ d/R

whereR is the radius of the cell and d is the apparent position of the dimple

center as depicted in the inset of (b). The plot in (b) exhibits two intervals.

In the first interval the tilt angle decreases approximately linearly. In the

second interval the tilt angle exhibits a stationary constant value. This type

of dependence is typical for all the analyzed experiments. From the slopeof

the first interval we deduce an angular velocity d4/dt. From the angular

velocity we derive the timescale for a typical mean rotation of p/4 by

s1=2 ¼ p

4

�
d4

dt

��1

: In plot (b) this scale yields s1/2 ¼ 6.80 s.

Fig. 4 Dependence of the rotational relaxation time s1/2 of red cells on

the ATP level. The ATP level was modified incubating the cell in starving

buffer at 4 �C for a depletion time as shown on the lower axis. ATP levels

decrease with time due to metabolic depletion of ATP, as no glucose (or

other source of energy) is offered. To test reversibility 2 mM ATP was

added after 48 h depletion time to replete cellular ATP levels. The

intracellular ATP concentration was estimated following the procedures

described in ref. 1 and 17. Large natural variation of cellular ATP levels17

as well as variation of kinase activity56 explain the large error bars at high

ATP levels (see Discussion).

View Article Online
measured the corresponding effect on rotational relaxation time

s1/2. After 48 h about 20% and after 72 h about 30% of RBCs

evolved into echinocytes. Echinocytes are crenate erythrocytes

with several dozens of spicules.39,43 The appearance of this

crenate shape corresponds to a 70–80% reduced ATP level

compared to fresh RBCs.17 The ATP level in healthy native

RBCs is known to be �1.3 mM.
This journal is ª The Royal Society of Chemistry 2012
Only discoid cells and echinocytes I (according to Bessis’

nomenclature43) are taken into account for relaxation measure-

ments. For ATP depleted cells the rotational relaxation time was

found to be s1/2 ¼ 7.3� 1.7 s after 48 hours and s1/2 ¼ 3.6� 2.7 s

after 72 hours after starting the depletion. It is thus significantly

smaller compared to native RBCs with s1/2 ¼ 19.3 � 12.2 s. The

ATP-depletion effects are reversible, since after addition of ATP

to depleted cells the reduction of the relaxation time was

completely reversed. Treating red cells after 48 h of ATP deple-

tion with 2 mMATP, which is about double the concentration of

native ATP level, yielded a significant recovery of the rotational

relaxation time to a value of s1/2 ¼ 13.4 � 5.4 s.

Owing to the large scattering of the measured relaxation times

s1 and s1/2 one would not expect to observe correlations between

the two timescales. However, there are different contributions for

the large variation in experimental values. Aside from the

measurement errors as indicated in Fig. 3 the large scattering is

caused by the natural variation of red cell properties within a cell

population (see also Fig. 4). To verify if the natural distribution

of these properties essentially accounts for the scattering and to

correlate the time scales we determined both relaxation times for

one and the same red cell consecutively in one experiment as

illustrated in Fig. 1. The correlation between s1 and s1/2 is shown
in the plot of Fig. 5 for both ATP depleted and fresh cells. It is

seen that a large deformational relaxation time s1 implies a larger

rotational relaxation time s1/2 and vice versa. In fact a linear fit of

the data yields a line almost through the origin s1 ¼ ks1/2, with a

constant of proportionality k¼ 38.5� 4.8 and a very small value

of the axis intersection point. This fact has strong implications

for the physical interpretation of the timescales and is discussed

in the following.
Soft Matter, 2012, 8, 11240–11248 | 11243
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Fig. 5 Plot of s1 against s1/2 reveals that both timescales are significantly

correlated. A linear fit yields s1/2 ¼ (38.5 � 4.8) � s1 + (0.3 � 0.7) s.

Obviously, the intersection point with the axis is very close to the origin

and suggests the ansatz of a proportionality of both timescales s1 ¼ ks1/2
with k ¼ 38.5 � 4.8. Data points were obtained from the analysis of

native as well as ATP depleted cells.

View Article Online
4. Discussion

The two experimentally observed types of fast shape and slow

orientational relaxation occur on clearly separated time scales.

Sackmann and coworkers were among the first reporting the

relaxation of red cells on two significantly different time scales.2

They deformed red cells in a high-frequency electric field and

observed the response curve for cell elongation obtained after a

field jump. A fit with two exponentials yields time constants of

0.1 s and 1 s, respectively. They explain their observation using a

linear Voigt–Maxwell model with two springs and two dissi-

pating dashpots which represent cell membrane and cytoskeleton

elasticity as well as the membrane and cytosol viscosity.

Several groups have observed relaxation of RBCs in micro-

pipette aspiration experiments.4,7,44 However, typical timescales

were of the order of several 100 ms. Because the timescale of the

shape relaxation in our experiments is of the same order of

magnitude we discuss it within the framework of these seminal

works.
Relaxation of shape s1

During the faster relaxation red cells transit from a parachute to

a cup-shaped stomatocyte. This means that the strongly bent

concave rear as well as the (less strongly bent) front dimple relax.

Two different contributions to the elastic energies as well as two

different dissipations must be considered.4

On the one hand, the relaxation reduces the bending energy

stored in the cell membrane. On the other hand, a change of the

Gaussian curvature in a region of the membrane induces a

change in the shear strain of the cytoskeleton. The elastic energy

is opposed by the viscous dissipation in both the membrane and

the adjacent aqueous phases (cytosol and external fluid). From

the balance of bending (with bending rigidity k) and membrane
11244 | Soft Matter, 2012, 8, 11240–11248
and bulk dissipation coefficients hm and h, respectively, Evans

derived a characteristic folding (bending) time of4

sb ¼ nþ hR=c2

k
(1)

where R is the typical radius of the red cell, c the curvature of the

fold at the rear and n a small and negligible coefficient repre-

senting membrane dissipation for bending. Using R z 1/c z
3.3 mm, k ¼ 2 � 10�19 J and h ¼ 10�3 Pa yields sb z 180 ms

which nicely fits to the measured range of the experimental

values. In micropipette expulsion experiments a typical folding

time of �0.3 s was measured.45 The characteristic time for shear

deformation is given by

ss ¼ hm þ hR

m
z
hm

m
: (2)

Again exploiting micropipette experiments it could be proven

that membrane viscosity dominates shear relaxation and the

contribution of bulk viscosity is two orders of magnitudes

smaller.4 Using m ¼ 6 � 10�6 N m�1 and hm ¼ 10�6 N s m�1

(ref. 7) yields ss ¼ 125 ms, again in the same range as our

experiments.

Since the estimation of shear and bending mechanisms yields

relaxation times of the same order of magnitude one might ask

which contribution is dominant for the elastic energy using a

simplified model. We may use the model of a plane circular

membrane that is deformed into a half-sphere and estimate the

shear strain energy by

E0 ¼ mShu2i
2

z 0:5� 10�16 J (3)

with the surface area of the sphere equal to the area of a red

blood cell S ¼ 1 � 10�10 m2 and a mean shear strain hu2i ¼ 0.17

(see also ref. 46). The bending energy of a half-sphere is

EB ¼ 4pk z 2.4 � 10�18 J (4)

which is much smaller than E0 and makes it plausible that s1 only
depends on the shear elastic and membrane dissipative properties

of the red blood cell membrane; therefore s1 z ss.
Relaxation of orientation s1/2

An orientational relaxation of red blood cells, first observed by

Fischer,10 has been associated by Skotheim and Secomb46 with

tank-treading motion in simple shear flow. For tank-treading,

the angular velocity is determined by the equilibrium of driving

force (external shear flow) and internal dissipation in the

membrane. They extended the Keller–Skalak model and

included the effect of an elastic membrane47 and assumed the

cytoskeleton to rotate while the orientation angle and overall

shape were virtually conserved in tank treading. According to the

relative position of the cytoskeleton with respect to the orienta-

tion of the shape the elastic energy of the cytoskeleton varies.

They therefore conclude that the elastic energy E of the cyto-

skeleton is a periodic function of the relative angle 4 between the

shape and the cytoskeleton with a periodicity of p, and suggest

the simple ansatz E ¼ E0sin
2 4. The maximal amplitude E0, that

is the maximum energy stored in the shear strained cell
This journal is ª The Royal Society of Chemistry 2012
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membrane, can be estimated by the maximum of the orienta-

tional rotation velocity umax and the viscosity h0 ¼ hm/R,

E0 ¼ Vh0f1umax (5)

with the red cell’s volume V ¼ 90 mm3 (ref. 48) and a geometry

factor f1 z 15/4 describing the degree of deformation.46

However, in the case of tank treading the driving force is the

external shear flow, while in our experiments rotation is driven by

the elastic energy stored in the cytoskeleton and umax denotes the

maximum of the angular rotation.

Our experiments suggest that there is a linear dependence of

the tilt angle 4 on time t as shown in Fig. 3b. Assuming the

dissipating forces to be constant at constant angular velocity u¼
d4/dt this implies a constant driving momentum to balance. Only

when the relative tilt angle vanishes (has reached its equilibrium

value) the moment abruptly becomes zero. Instead of the above

theoretically assumed smooth dependence E � sin2 4 our

experiments suggest a sharper triangular oscillation with the

same periodicity p.

A consequence of the periodic dependence of the elastic energy

of the cytoskeleton network on 4 is that the continuous tank

treading motion of red blood cells is affected. This leads to a

swinging motion superposed on top of the tank treading motion

and was first observed by Abkarian et al. for red blood cells.49

Their data show typical triangular characteristics (zigzag) of the

swinging angle with time which is in excellent agreement with the

sharp contour found in our experiments.

We may estimate the value for umax from eqn (5) using the

formula for shear elastic energy estimated in eqn (3), with a mean

shear strain u ¼ 0.2 as estimated by Skotheim and Secomb for

tank-treading RBCs.46 This results in a relaxation time

s1=2 ¼ h0

m

Vf1p

2S hu2iz 6:7 s (6)

which nicely corresponds to the value of our experiments. For

reasons of this consistency and the fact that the measurements by

Fischer10 yield values in the same range of 5–20 s, we infer that

the proposed mechanism explains our observations for red cell

rotation.
Fig. 6 Dependence of s1/2 mean values on ATP concentration (left

ordinate). Values are normalized by s1/2 of the fastest relaxing echinocyte
measured. The dotted line is a fit of our model of ATP-binding equilib-

rium, with the binding energy 3 as a single fit parameter (right ordinate:

number of non-occupied binding sites).
Correlation of the relaxation timescales s1 and s1/2

Furthermore, we have plotted the correlation of the two timescales

of single red blood cells as observed in the experiments and found

that with increasing or decreasing s1 the value of s1/2 increases or
decreases accordingly as shown inFig. 5. The plot suggests a linear

dependence of both relaxation times with a very small value of the

ordinate.Because s1�hm/mwemayconclude that the contribution

of bending to the relaxation time s1 is small and therefore s1 z ss.
Hence, assuming a line through the origin which is justified by

our experiments, both relaxation times are proportional: s1/2 ¼
(36.4� 4.7)s1. Using eqn (2) and eqn (6) allows us to relate the two

characteristic time scales theoretically by

s1=2
s1

¼ pVf1
2Rhu2iSz 40 (7)

which is in excellent agreement with the experimental value

obtained from Fig. 5.
This journal is ª The Royal Society of Chemistry 2012
Variation of RBC properties using ATP

ATP is known to bind to the cytoskeleton of the cell50 and modify

the elastic moduli of the cell. To study the effect of ATP, we

metabolically depleted the ATP concentration. According to our

model, the shear elasticity m is proportional to the inverse of the

rotational relaxation time s1/2. In Fig. 6, we plot 1/s1/2 versusATP

concentration in the RBC, normalized by the fastest relaxation

time se1/2¼ 0.29 s serving as an estimation of a RBC with very low

ATP level.

One can clearly see that shear elasticity decreases with

increasing ATP levels until it reaches a saturation level at an ATP

content of�0.4 mmol l�1, which is about 30%17 of the content of

fresh red cells. We therefore propose a simple ATP adsorption

model for red cell softening: the red cell cytoskeleton contains

ATP binding sites where ATP from the cell plasma can bind and

unbind, according to a chemical equilibrium equation:

[ATP] + [B] 4 [ATPB]

The occupation probability na can then be calculated from

ATP concentration in the cell plasma nATP and absorption

energy 3 (standard Gibbs energy change; in units of kBT)
1 by

standard thermodynamics:

na ¼ nATPe
3

1þ nATPe3

Assuming that bound ATP initiates a process that softens the

cytoskeleton, the shear elasticity is considered to depend on the

ratio of free binding sites, n0 ¼ (1 � na).

When we fit n0 to our normalized relaxation times 1/s1/2 with 3

as a single fit parameter as shown is Fig. 6, we find for the best fit

a value of 3 ¼ 10 in units of kBT, which is reasonable.1

To relate ATP concentration to the elastic moduli, several

models of ATP-induced cytoskeleton softening have been

proposed.
Soft Matter, 2012, 8, 11240–11248 | 11245
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Gov and Safran suggest that softening is caused by ATP-

induced phosphorylation of the protein-IV.1, which triggers the

disconnection of one spectrin filament from the actin node.1,42 In

ref. 1 the adsorption energy of ATP to the spectrin–actin site is

estimated by 3 � 9 (in units of kBT) and related to spectrin

connectivity and shear modulus, which is in good agreement with

our result 3 ¼ 10. They propose the shear elasticity to be

proportional to the ratio of free binding sites n0.

In a dynamic coarse grain model Zhang and Brown suggest

that ATP-induced changes may also soften each spectrin link and

therefore contribute to red cell softening. Hence, even when all

ATP binding sides are occupied, the network does not fully

dissolve and shape memory could be preserved.51 To account for

this observation, Yoon et al. proposed a model with two types of

bonds, ATP-influenced transient bonds and permanent bonds

which prevent total fluidization of the network.24,52

Recently, Manno et al.53 investigated the effects of glycation

(non-enzymatic glycosylation) of spectrin filaments in red blood

cells. They observed that glycation leads to a stiffening of the

membrane and provided evidence that phosphatidylserine, which

is actively transported to the inner membrane leaflet by ATP-

driven proteins, prevents glycation at physiological ATP

concentrations. This also nicely coincides with the observed

increase of softening mediated by ATP depletion in our

experiments.

Additionally, spectrin filaments can not only dissociate from

the actin node but also from their mid-point attachment to the

plasma membrane between the actin nodes. This dissociation on

the one hand increases the re-association time of spectrin–actin

dissociations and therefore further weakens the cytoskeleton

shear elasticity. On the other hand, it increases the elastic

modulus by increasing the degrees of freedom of the spectrin

which acts as an entropic spring. The net effect is a stiffening of

the membrane.1,54

ATP-induced breaking of cytoskeleton filaments as proposed

by Gov and Safran1 would facilitate loss of shape memory, by

long-scale rearrangement of the cytoskeleton structure.

In ref. 1 and 54 it was argued that network softening occurs if

the spectrin filaments are cut at both ends. ATP can induce such

doubly cut dissociations that cause a decrease in shear modulus.

However, a spectrin filament is most likely to reassociate at the

same node where it was dissociating, thus conserving shape

memory. For a reorganization or fluidization the spectrin fila-

ment has to reassociate at a different node and therefore needs to

overcome an energy barrier. External shear stress may provide

this additional energy.9,27 Fischer10 showed that at shear rates of

_g � 100 s�1 the shape memory was found to be stable for >80

min. Since in our experiments the red cells were subjected to

shear flow for less than 10 s in the microchannel, a loss of shape

memory was not to be expected, and indeed was not observed, as

all cells regained their biconcave discocyte shape after full

relaxation.

The energy barrier may also be overcome by the thermal

energy. We incubated the red blood cells for a maximal period

of 60 min in the repletion experiments, and metabolic depletion

was done for maximally 72 hours. Within this time span no

significant shape deviation from the resting discocyte was

found, again demonstrating that shape memory was not

affected.
11246 | Soft Matter, 2012, 8, 11240–11248
It is known that ATP levels as well as activity of ATP

dependent enzymes between cells of a single donor largely

scatter, probably due to cell ageing.55,56 The correlation of

relaxation time and ATP level gives a reasonable explanation for

the large scattering of the values for s1/2 and s1, which have been

also reported by other groups.5,10

The significantly enhanced scattering at higher ATP levels as

compared to a lower scattering for ATP depleted cells can be

understood by considering simple enzyme kinetics. At high ATP

levels enzyme activity is rate limiting and the comparatively large

natural variation of enzyme activity results in large variation of

network connectivity and thus variation of s1/2. At low ATP

levels the substrate (ATP) concentration is rate limiting and

because ATP concentrations vary to a lesser extent variation of

values measured is reduced.

However, clearly more experiments are necessary to reveal the

complex mechanisms of ATP dependent processes in red cell

deformation dynamics.
5. Conclusion

We developed a microfluidic device which opens new possibilities

for studying the relaxationof stronglydeformed erythrocytes (such

as parachute shaped cells) into the discoid ground state. This could

mimic physiological situations such as the passage of erythrocytes

fromnarrow capillaries into the large blood vessels. The relaxation

consists of a rapid transition from parachute-like into (often) dis-

torted stomatocyte-like shapes (in about 200ms) which is followed

by a slower relaxation of the stomatocyte-like shape into the

discoid ground state associated with a rotation of the cell.

Using ATP we were able to correlate the fast relaxation time s1
with the rotational relaxation time s1/2 and found a linear rela-

tionship that indicates that both time scales depend on the

cytoskeleton properties. Both the values of the relaxation times

as well as their linear relationship could be understood in terms

of a viscoelastic theoretical model.

During aging in vivo and in vitro RBCs undergo several

biochemical changes, such as ATP depletion, which strongly

affect the properties of the cytoskeleton.56,57 ATP-depletion

results in the shortening of the short and long relaxation times by

an order of magnitude, and the changes are completely reversible

after increasing the ATP content to the normal concentration,

suggesting that the transition from the parachute to the discocyte

shape is actively controlled by the ATP-mediated reorganisation

of the cytoskeleton.

While shape changes of giant vesicles are controlled solely by

the area to volume ratio and spontaneous curvature, those of

erythrocytes are controlled by the coupling of the spectrin–actin

network to the membrane. Important consequences of this

coupling between the two sub-shells are complex fluctuation

spectra58 and the generation of local gradients of lateral tension

for non-spherical shells.59 In order to maintain this coupling, any

deformation of the composite shell from its equilibrium shape is

associated with a local gradient of the lateral tension of the

cytoskeleton, causing a change in network density and network

elasticity.9,60 Such a gradient is compressive for concave deflec-

tion (that is if the shell is deformed in the direction of the cyto-

skeleton) since the cytoskeleton is expanded and tries to restore

the equilibrium.
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One consequence of the spatial variation of the tension and the

associated density of the spectrin network is the non-isotropic

distribution of band III proteins mediating the spectrin bilayer

coupling.61 In order to stabilize a cup-shape the mesh size and the

density of band III are increased at the convex and decreased at

the concave side. Therefore, any shape change induced by

external forces is associated with a restructuring of the cyto-

skeleton. The time of restructuring is determined by the

dynamics of the binding–unbinding equilibrium of the spectrin

and possibly the diffusion of the protein band III.

We can understand the reorganisation of the cytoskeleton in

terms of the concept of homeostasis. The transition from the

discocyte to the parachute enforced by the hydrodynamic shear

generates a large elastic stress. In order to minimize stress

induced damage of the composite shell, the cell responds actively

(that is under ATP consumption) by reorganisation of the

cytoskeleton in such a way that the elastic stress is reduced. The

restructuring during the relaxation of the cell into the ground

state (discocyte) can go over several intermediate metastable

states, such as stomatocyte-like shapes, and each transition

exhibits a different relaxation time.

Generally, ATP plays an important physiological role in the

cardiovascular system. For instance, ATP is released from

deformed red blood cells21,23 and upon increased workload of the

heart ATP is released from the myocardium.62 Besides the well

known vasodilating effect of ATP,63 our experiments suggest that

increased cardiac plasma ATP levels also enhance blood flow

efficiency due to the demonstrated ATP dependent regulation of

shear elasticity.36,64 Because different types of red blood cell

motion such as tank-treading, tumbling and swinging critically

depend on the elastic properties of the composed cell’s membrane,

regulation by ATP allows to regulate cell function as well.65–67

The presented results are also highly interesting in a more

general context, as the spectrin network is attached to most

cellular membrane systems such as Golgi membranes, intracel-

lular vesicles in cerebellar neurons and on plasma membranes.

Sensitivity of proteins to mechanical load is likely to play a key

role not only in regulation of deformability but also in various

mechano-signaling processes.68,69 Recently, it has been proposed

that shear induced unfolding of spectrin exposes hidden binding

sites which could act as mechano-sensors.25 Thus, ATP regulated

cytoskeleton connectivity and relaxation offers an alternative

smart way to regulate such mechano-signaling pathways.
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