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Abstract. The time dependence of small elastic extension- 
al RBC deformation by micropipette aspiration has been 
analyzed. This process shows two-phases which are char- 
acterized by time constants of the order of some tenths of 
seconds and about ten seconds, respectively. The equilib- 
rium tongue length is reached after about 30 s. For the 
first, fast step we assume that the membrane model of 
immobilized boundaries holds, i.e., the skeleton is tightly 
associated with the lipid bilayer and no redistribution of 
the skeleton with respect to the lipid bilayer is allowed. 
This lipid-spectrin interaction or anchorage is character- 
ized by some association force density. It has been shown 
that at a given tongue length the force generated owing to 
the membrane deformation and acting to redistribute the 
spectrin, overcomes (in some membrane area) the associ- 
ation force density and results in an additional increase of 
the sucked membrane length. Equations have been 
derived to describe this process. From the experimental 
conditions of an RBC aspiration and the determined 
tongue length corresponding to the second slow aspira- 
tion step, the association force density between the lipid 
bilayer and the spectrin network may be determined. 
From literature data and our own results a force density 
of between 40 and 50 Pa has been estimated. 
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Introduction 

Extensive biochemical investigations have resulted in a 
detailed knowledge of RBC membrane composition 
(Cohen 1983; Lutz et al. 1986; Low 1987; Yeagle 1987). 
Nowadays, attention is centered much more on the 
molecular organization and its functional manifestations. 
With regard to mechanical membrane properties, bio- 
physical experiments testing the viscoelastic behaviour of 
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the erythrocyte membrane for different modes of defor- 
mation (Evans and Skalak 1980; Dormandy 1985; Hoch- 
muth 1987; Lerche et al. •988) are an adequate tool for 
gaining functional information. In addition to basic inter- 
est, these mechanical membrane properties are of special 
interest owing to the important role they play in influenc- 
ing blood flow in healthy and diseased people (Cokelet 
et al. •980; Mohandas et al. 1983; Chien et al. 1986; Ernst 
•986). 

In this paper we focus our attention on the small elas- 
tic extensional RBC deformation by mieropipette aspira- 
tion (originally proposed by Rand (•964)) and the corre- 
sponding time behaviour. In brief, by applying a negative 
pressure difference individual RBC are partly sucked into 
a cylindrical glass micropipette with an inner diameter of 
about 1 gin. The length of the cell tongue in the micro- 
pipette is measured under TV control (for details see: 
Chien et al. 1978; Evans and Skalak 1980; Hochmuth 
1987; Meier 1988). From the final length of the tongue, 
the diameter of the pipette and the pressure difference an 
apparent elastic shear modulus for a normal RBC of 
4 taN/m to 7 gN/m (cf. Hochmuth 1987; Meier 1988) can 
be calculated according to an algorithm previously de- 
scribed (Chien et al. •978; Evans and Skalak 1980). 

The important problem in this topic is the relation- 
ship between the equilibrium conformation of lipid and 
protein molecules, the structure of the membrane and its 
mechanical properties. In a previous paper (Lerche et al. 
•988) on a mechanical three-layer model we discussed 
evidence that the glycocalyx, the membrane bilayer and 
the membrane skeleton are quite differently involved in 
membrane compressibility, elastic membrane shear and 
bending rigidity as well as membrane spontaneous curva- 
ture. With respect to a small elastic extensional RBC de- 
formation, there is no doubt that the main structural basis 
for the elastic shear modulus is attributed to the cyto- 
skeleton (Mohandas etal. 1983; Stokke etal. 1986a; 
Kozlov and Markin •987; Meier •988). It is formed by a 
slow association between spectrin heterodimers (spectrin 
dimer consists of two polypeptides with molecular 
weights of about 220 000 and 240 000 Daltons) forming 
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heterotetramers (spectrin dimers associated head-to-head 
to form 200 nm long flexible units). The entire membrane 
skeleton is build by "elementary unit meshes" each con- 
taining an actin protofilament with several heterodimers 
(Scheven and Stibenz 1983; Sheetz 1983; Stokke et al. 
1986 a; Kozlov and Markin 1987). The loose ends of such 
a unit mesh can interact as described above with dimers 
belonging to adjacent meshes and in such a way an 
integrated meshwork (network) is formed via heterote- 
tramers. 

Despite detailed investigations (Sheetz 1983; Lutz 
etal. 1986; Meier etal. 1989; Nakao etal. 1989), the 
nature of the interaction between the spectrin network 
and the lipid bilayer is not fully understood. It has been 
shown that there is a specific binding site on each spectrin 
dimer by which it interacts with integral proteins (band III) 
via ankyrin. The nature of the direct interaction of 
spectrin with the internal lipid monolayer is not yet 
clear, but this interaction does define the freedom of 
motion of lipid molecules in the monolayer with respect 
to a unit spectrin mesh. Two mechanical models have 
been proposed (Markin and Kozlov 1986): the model of 
free boundaries (MFB) and the model of immobilized 
boundaries (MIB). Within the framework of the MIB, the 
membrane skeleton unit mesh cannot redistribute with 
respect to the cytoplasmic surface of the lipid bilayer. This 
model assumes an interaction of each spectrin dimer over 
the entire length with the lipids of the bilayer and this 
means that the lipid molecules are inside a "corral" 
formed by spectrin molecules. Owing to the "liquid" like 
properties of this lipid membrane bilayer, the high com- 
pressibility modulus prevents any area change due to 
forced deformation both of the lipid area as well as the 
spectrin mesh. In the MIB the spectrin network resists 
any shear deformation and this can be quantified by the 
apparent elastic shear modulus /~ (Stokke et al. 1986a; 
Kozlov and Markin 1987). In fact, the MIB is based on 
the shell theory of mechanical membrane properties in- 
troduced by Evans and Skalak (1980). 

In the MFB the skeleton is assumed to be attached to 
the lipid bilayer only at a finite number of points (e.g. 
spectrin-ankyrin-band III). Under these conditions the 
attachment points can move in the plane of the lipid 
bilayer and this results in a redistribution of the mem- 
brane skeleton. Therefore, a spectrin unit mesh and the 
corresponding area fragment of the lipid membrane are in 
some way independent of each other. In the MFB we have 
to analyze separately the lateral equilibrium for the spec- 
trin network and the lipid bilayer to describe the mechan- 
ical equilibrium due to the deformation force (Markin 
and Kozlov 1986). In contrast, in the case of the MIB, the 
equation of the mechanical lateral equilibrium is solved 
once for the whole membrane fragment. 

Both models, applied to the RBC aspiration technique, 
should result in different tongue length with the same 
suction pressure (Markin and Kozlov 1986; Stokke et al. 
1986b). Whereas in the framework of the MIB length of 
the membrane tongue Lp is nearly proportional to the 
suction pressure even at small values, in the MFB we find 
that a critical tongue length is already obtained at very 
low aspiration pressure drops (necessary to overcome the 

elastic energy due to membrane bending). As for the MIB, 
further RBC aspiration demands increasingly higher suc- 
tion pressure. Quantitatively this means that with the 
same suction pressure applied we get a longer tongue for 
the MFB in comparison to the MIB, 

There have only been a few investigations designed to 
obtain quantitative data on the time course of RBC defor- 
mation during its aspirational entry into a micropipette 
(Chien et al. 1978; Chabanel et al. 1985; Meier 1988). It 
was shown that the deformational entry of RBC into a 
micropipette in response to a step aspiration pressure 
exhibits a two-phase behaviour (Fig. 1). After an initial 
rapid phase of deformation of less than i s, one can obtain 
a continued, slower phase of deformation. The steady 
state tongue length was attained within a 30 s period with 
an applied pressure step for normal RBC (Meier 1988). 
This steady state length is the experimental basis for the 
determination of the elastic shear modulus #, which we 
propose to call the apparent elastic shear modulus to 
direct attention to the fact that the corresponding al- 
gorithm for calculation is used, but the underlying consti- 
tutive material equation for this deformation process has 
to be worked out. On the basis of the two relaxation times 
(Zl, ~2) and assuming the membrane to be a visco-elastic 
body, two "membrane viscosities" can be estimated 
(t/m1 = # '  zl; t/m2=/~ " %). Obtained viscosities are of the 
order of 1 gNs/m and 20 gNs/m for q,,1 and q,,2, respec- 
tively. 

Apart from some qualitative hypotheses assuming 
molecular reorganization of the membrane material due 
to loading (Meier 1988), there is no biophysical treatment 
of this two-phase aspirational entry into a micropipette. 
The aim of this paper is, therefore, to discuss the physical 
nature of the two different time-dependent steps of the 
suction processes and to give a theoretical model based 
on the redistribution of the spectrin network and a force 
(loading) dependent interaction of spectrin unit meshes 
with the lipids of the bilayer. 
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Fig. 1. Characteristic time course of the aspiration process. Points 
represent the digitized values obtained by means of a line-TV-ana- 
lyzer (Meier 1988). The curve corresponds to the fitted regression 
based on two exponential terms. The insert shows the rapid phase 
with an enlarged time scale. Pipette radius was 0.62 gm and the 
pressure drop amounts 53.9 Pa. ~1 and z2 are the two relaxation 
times. L I and L~ are the tongue lengths related to the first phase and 
to the final equihbrium state, respectively 
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Statement of problem 

Let us consider a red cell membrane consisting of a mem- 
brane bilayer and an associated membrane skeleton. The 
membrane skeleton can be treated as a network consist- 
ing of "elementary unit meshes" (Cohen 1983). Let us 
further assume that the unit mesh is rectangular in shape 
with sides (lengths l~ and ly) parallel to the principal axes. 
The elastic energy of a mesh which exhibits elastomeric 
properties (Kozlov and Markin 1987) is equal to 

(1) E = 5  

where/~ is a structural parameter of the mesh and can be 
interpreted as the apparent elastic shear modulus of an 
RBC. According to Kozlov and Markin (1987) this 
modulus is given by # = k • T m/3 n .  62, where n - 62 is the 
mean square distance between the ends of the spectrin 
filaments, m the average number of associated hetero- 
dimers per unit mesh and k • T is the product  of Boltz- 
mann's constant and the absolute temperature. 

The tensions acting on an elementary unit mesh of the 
skeleton from the neighbouring meshes (due to mem- 
brane deformation into the micropipette) were analyzed 
in detail elsewhere (Markin and Kozlov 1986) and are 
given by: 

T x= (2) 

Let us assume that the MIB applies at the beginning of 
the deformation process. This means that association 
(interaction) of the whole spectrin dimer molecule with 
lipids and penetrating proteins (ankyrin-band III complex) 
prevents any redistribution of an elementary unit mesh 
with respect to the corresponding lipid area. We shall 
characterize this spectrin-lipid interaction by an associa- 
tion force F, belonging to one unit mesh. The membrane 
deformation leads to the appearance of a force Fs, acting 
on a spectrin unit mesh to move it with respect to the lipid 
bilayer. If this moving force F~ is greater than Fa, the 
spectrin-lipid-anchorage ruptures and such a unit mesh 
will be uncoupled from "its" lipid bilayer part and possi- 
bly translocated along the lipid bilayer. In this case, the 
mechanics have to be analyzed within the framework of 
the MFB. 

Furthermore,  let us assume that the membrane of the 
RBC may be characterized by two different viscosities. 
The first one t/b described the energy dissipation due to 
the redistribution (flow) of lipid molecules in the two- 
dimensional lipid bilayer itself. The second viscosity ~s 
characterizes those dissipation processes which are asso- 
ciated with a displacement (slip) or the spectrin network 
relative to the lipid bilayer. We point out here that exper- 
iments have shown that t/b ~t/~ (Chien et al. 1978; Meier 
1988). Within the framework of our membrane model this 
means that any flow in the plane of the lipid bilayer is 
quicker than the redistribution of the spectrin network 
relative to the lipid bilayer. 

The aspiration process of a small part of an RBC into 
a micropipette may be subdivided into the following 

events: Before pressure application all elementary unit 
meshes have a symmetrical shape with area a and charac- 
teristic length lo = x/a. The first, fast process of aspiration 
is governed by the MIB. Because of the characteristic 
times, z s ~ t/~/# >> ~b ~ t/b/Y, there is no redistribution of the 
spectrin network even if there are free boundary condi- 
tions (F a-~ 0) and the tongue length in the micropipette is 
determined as the MIB predicts (Markin and Kozlov 
1986). Examination of tensions acting on an elementary 
unit mesh of the skeleton from the neighbouring unit 
meshes and arising because of their deformation accord- 
ing to (2) reveals that the resulting moving force F~ acting 
on such a unit mesh may be expressed by the tension of 
the membrane skeleton as follows: 

F s = } T~ dl. (3) 

Integration has to be done over the whole contour of such 
a unit mesh. T~ equals the tension vector of the skeleton. 

Within the framework of the MFB the equilibrium 
state of the membrane skeleton corresponds to F~= 0. For  
the problem under analysis, i.e. the deformation during 
the first phase of aspiration, the MIB has to be applied. In 
this case the moving force F~ acting on the unit mesh is not 
equal to zero. In an equilibrium this force is compensated 
for by the force of interaction between spectrin molecules 
and the lipid bilayer F~. If it is true, despite the membrane 
deformation, that F~ < F~ at all points on the membrane, 
then no redistribution of the skeleton occurs and the aspi- 
ration process stops after the first fast step. If, however, 
there exists (owing to the RBC suction) an area of the 
membrane where F a <Fs, then this part of the skeleton 
redistributes with respect to the lipid bilayer. In this case 
one observes the second, much slower step of the aspira- 
tion process (Fig. 1). 

The aim of this paper is, therefore, to analyze the con- 
ditions of a two-phase process for micropipette aspiration 
and to deduce the equilibrium RBC tongue length. In 
order to do this we have to calculate the distribution of 
the force of skeleton reorganization F s over the membrane 
at the end of the first aspiration phase. If there is a mem- 
brane region where a skeleton redistribution is possible, 
then, in a second step we have to analyze the reorganiza- 
tion of the skeleton and to determine the additional mem- 
brane tongue length, which is reached during the second 
phase of such an aspiration process. 

Conditions of redistribution of the membrane skeleton 

In the following we consider the mechanics of the RBC 
membrane at the end of the first, fast aspiration process. 
Under this condition, there is no redistribution of the 
membrane skeleton and the mechanical description of 
this situation has to follow that usually employed (Evans 
and Skalak 1980); in our terminology this is the approach 
of the MIB. Therefore, the tongue length Lip of an RBC in 
the micropipette (Fig. 2) depends on the aspiration pres- 
sure drop Ap and the apparent membrane shear modulus 
~. It may be expressed (Chien et al. 1978; Evans and 
Skalak 1980) as 

Ap . Rp _ ( 2 L I  / R p ) _  1 + ln  ( 2 L I  / R p ) .  (4) 
,u 
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Assuming that Ap. Rp/# >> 1 one gets an approximate but 
simple equation: 

1 A p ' R  2 (5) 
L ~ - 2  # 

In the above situation each aspirated elementary unit 
mesh deforms with respect to its initial shape in such a 
way that each mesh is elongated in its meridional direc- 
tion. It can be shown that the meridional length of such 
a deformed mesh at the position z inside the micropipette 
equals 

l = x/-dX/2(L~- Z) + l . (6) 

For  the perpendicular direction the corresponding length 
is 

x/a (7) 
Ip= ~ t - 1  

Equations (6) and (7) describe the situation for unit mesh- 
es sucked into the cylindrical part of the pipette, i.e. for 
z-values of 0 < z < Lip- R~. Furthermore,  (6) and (7) were 
derived without taking into consideration the deforma- 
tion of unit meshes at the hemisphere of the aspirated 
membrane projection. 

For  the plane part of the RBC membrane (i.e., the part 
not sucked in) we use the polar coordinate r, with the 
centre of the micropipette as the origin (Fig. 2). It is easy 
to show that the length I ,  directed parallel to r, of such a 
mesh is equal to 

/a(2LIpRp ) 

and the perpendicular width 1~ is 

a 

X / \  r z 

From (2), the tension (due to cell deformation) acting on 
the unit mesh boundary from the neighbouring meshes is 
(in the micropipette): 

[2(L~-z) ] 
<=: ~' k Rp I , T~ : #Z/T,=. (10) 

For  the plane part of the membrane one gets: 

<'=#k <° (11) 

The total force in the meridional direction, acting on an 
elementary unit mesh from neighbouring ones and at- 
tempting to redistribute the unit mesh with respect to the 
lipid bilayer, is (inside the micropipette): 

OT~_ 2 # a  (12) 
Fs = a ~z Rp 

IZ 

-L E 
P 
I Lp 

- 0 

l I = 
0 Rp r 

Fig. 2. Schematic illustration of an aspirated RBC membrane pro- 
jection in its equilibrium state (L~). The projection length Lip after 
the first, fast suction process is marked by the dashed line. Beside the 
coordinate z directed parallel to the pipette, the polar coordinate r 
for the plane membrane part and the meridian distance s are shown 
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Fig. 3. Maximum force F s .... generated by RBC pipette aspiration 
and acting to redistribute the skeleton with respect to the lipid 
bilayer as a function of deformation ratio L~/Rp for different pipette 
radii and membrane shear elasticity moduli in accord with (13). 
(a=0.03 gm 2, dashed lines: /~=4 pN/m (Meier 1988; Chicn et al. 
1978), full lines: /~=9 gN/m (Hochmuth and Waugh 1987) 

and correspondingly, in the plane part of the membrane: 

a[~T~ T~, ~ ~ 4a . [  LJ2R 2 ] 
rs= L er  + r r J o  = -  .Lr3(2g +rz)j. (13) 

Equation (12) shows that the force Fs is directed from the 
hemispherical end of the membrane projection to the tip 
of the pipette and that it does neither depend on the 
z-position or on the length of aspirated cell projection. In 
contrast, (13) shows that in the plane part of the mem- 
brane (i.e., outside the micropipette) there is a strong de- 
pendence of the generated force F~ on the radial position 
of the elementary unit mesh. The force of redistribution 
itself is also directed to the tip of the pipette (opposite to 
the r-coordinate). This force reaches its maximum value 
directly at the micropipette tip (r--Rp) and its value may 

# Lp/Rp, assuming be estimated from (13) as F s . . . .  = - 2 a 1 2 
L~ >> R v. It should be mentioned that, as Fig. 3 shows, 
even if the experimental extension ratios are chosen to be 
equal, the generated forces to redistribute elementary unit 
meshes are different and they depend on the radius (even 
though the membrane properties are the same). 
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Fig. 4. Force distribution with respect to the meridian distance s 
from the middle of the RBC projection hemisphere in accord with 
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forces, which oppose the generated force F~ acting to redistribute the 
spectrin with respect to the lipid bilayer. (a=0.03 I~m 2, #=4 laN/m, 
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schematically) 

The above results can be comprehensively illustrated 
(Fig. 4), if the absolute value of the force acting to redis- 
tribute the skeleton with respect to the lipid bilayer is 
plotted as a function of the meridional distance s, measur- 
ing from the top of the membrane projection inside the 
micropipette. In Fig. 4 the segment s < L g represents the 
independence of the acting force Fs on the position of the 
unit mesh inside the cylindrical pipette, but the segment 
s > L R illustrates the decline of the force with increasing 
distance from the capillary tip in the plane membrane 
outside the pipette. 

Analysis of the tongue length of the second aspiration phase 

In the following the increase of the RBC membrane pro- 
jection during the second phase of membrane aspiration 
is investigated. Let us analyze the events for the case 
where the generated force F s acting on an elementary unit 
mesh is of some intermediate value (F~,3<F,<F ~ . . . .  ). 
Then the redistribution process of the skeleton occurs in 
the aspirated part of the membrane and a limited region 
of the plane membrane (F ,<2  #a/Rp) or only within a 
plane part of the membrane outside the pipette (case F,. z 
in Fig. 4). As a consequence, with the same suction pres- 
sure (Ap) the cell projection in the micropipette lengthens 
further and part of the plane membrane region where the 
MFB works is sucked into the pipette. On the other hand, 

during this second phase .of aspiration, the area where 
redistribution occurs increases and the projection length- 
ens further and finally reaches an equilibrium projection 

I II I length L~ = Lp + Lp. Lp characterizes the length of cell 
projection due to the first step, but Ll~ is the additional 
length reached during the second phase. In the Appendix 
we derive the corresponding equations for the final equi- 
librium tongue length L~ and the value of U I. For  the 
additional projection length of the RBC membrane in the 
micropipette as a result of the second phase of aspiration 
this analysis yields 

Ap.  R~ (Ap.a'~ L I (Ap .a '~  
L ~ -  }l-~ In = in (14) 

and therefore the total equilibrium tongue length is 

L S -  2 tz  l + ~ l n  \ v o / j  

It is interesting to discuss the above equation with respect 
to the value of Fa, i.e. the interaction or association force 
between the spectrin heterodimers of one elementary unit 
mesh and the corresponding lipid bilayer as well as inte- 
gral proteins penetrating the bilayer. If this force is ap- 
plied to the area of one unit mesh Fa/a, we get the force 
density f~. The results obtained for different values of this 
force density may be summarized as follows: 

1. If the force per unit mesh (13), generated by the applied 
suction pressure Ap, acting to redistribute the cytoskele- 
ton, is smaller than the force density f~ no second aspira- 
tion process occurs. This means that, for 

I 2 fa > Ap = 2 ]1" Z p /Rp  = F s . . . .  /a 

it is true that 

Le,=-I~ .  

2. If there is only a very small force density (fa~0), the 
model of free boundaries has to be applied and any force 
per unit mesh Fs/a generated by the suction pressure Ap 
redistributes the membrane skeleton. Therefore, even for 
very small Ap it is true that 

0 , .~ fa<Ap  = 2 # g l p / i  2 = Fs/a. 

This means that the MFB has to be applied and accord- 
ing to Markin and Kozlov (1986) the equilibrium projec- 
tion length can be obtained from the following equation: 

{ [ ( K + 2 ) l  ~ ,~  ~- ~) 7r-2  2 (16) L ~ = R p ( K + I )  l + l n  1 .3 -772S~j  j 

where 

K = Ap . Rp/2 !~ . 

3. If  for a given Ap it holds that 

2 #L~ 
2 # / R v < f , < A p -  ~ = F~ . . . .  /a 

Rp 
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Fig. 5. Dependence of the equilibrium projection length L~ of part 
of an aspirated RBC membrane on the suction pressure difference 
Ap. Calculations are done for the MFB (16), for the MIB (4) and for 
a membrane, where a partial redistribution of the skeleton results in 
a second phase of aspiration (17). Parameters used:'Rp=0.50 gm, 
#=4 I.tN/m, £1 =20 Pa, fa2 =40 Pa, £3 =70 Pa 

then the membrane skeleton redistributes in some part of 
the membrane and the equilibrium projection length is: 

LeP = Lip + 4 ~  " 

Figure 5 summarizes the equilibrium projection lengths 
as a function of the applied aspiration pressure calculated 
for the cases discussed above. 

D i s c u s s i o n  

From the biophysical viewpoint, currently available in- 
formation on RBC membrane structure (Cohen 1983; 
Mohandas et al. 1983; Stokke et al. 1986a; Low 1987; 
Lutz et al. 1986) favours a three-layer membrane model 
(Schmid-Sch6nbein et al. 1983; Lerche et al. 1987; Lerche 
et al. 1988). These layers are: the glycocalyx, the con- 
ventional lipid bilayer membrane including penetrating 
proteins and the spectrin-actin skeleton. Different kinds 
of membrane deformation involve different layers of this 
three-layer membrane model (Lerche et al. 1988). 

In an analysis of the extensional deformation of RBC 
membranes by means of micropipette aspiration, the 
membrane properties are usually treated as a summation 
of the mechanical contributions of the laminar lipid bi- 
layer and the skeleton network (Evans and Hochmuth 
1977; Evans and Skalak 1980). The underlying theory 
results from the deformation of strongly interacting 
shells. This approach was criticized as not being applica- 
ble to the real biological membrane (Schmid-Sch6nbein 
et al. 1983). 

Recently, Markin and Kozlov (1986) investigated the 
mechanics of membrane deformations for strongly inter- 
calated shells (MIB) and for freely sliding layers (MFB). 
This approach was not, however, able to describe the 
experimentally demonstrated two-phase deformation de- 
picted in Fig. 1 and also obtained by other authors (Chien 
etal. 1978; Sung et al. 1985; Hochmuth and Waugh 
1987). Usually, qualitative explanations such as "the ma- 

terial properties of the erythrocyte membrane are altered 
during the 20 s period of deformation in the micro- 
pipette" have been offered (Chien et al. 1978). 

For the first time the approach described in this paper 
allows one to analyze the two-phase process of membrane 
aspiration and to move towards some molecular under- 
standing. The most significant proposal is that we suggest 
a force density for the association (interaction, anchorage) 
of the spectrin molecules forming an elementary unit 
mesh with the lipid bilayer and that at a given membrane 
deformation (projection length in the pipette) the generat- 
ed force per unit mesh of the skeleton becomes critical 
and a redistribution of such a mesh with respect to the 
lipid bilayer may occur. 

The force generated near the tip (the maximal one) 
depends proportionally on the apparent membrane shear 
modulus/~ but also on the pipette radius. Therefore, even 
if the extension ratios L~p/Rp are chosen experimentally to 
be equal, a different force is generated for a different pi- 
pette radius. If this force is in excess of the force of inter- 
action (anchorage) between the spectrin molecules and 
the lipid bilayer F,, then the aspiration process follows the 
two step kinetics described by (17). If we know the equilib- 
rium length L~ and the first plateau-value L~ an inter- 
action force density f~ may be estimated (from (17)). From 
(17) we get: 

f a  = Ap .exp ( 4 I~.(L~--L~)'~ 
- ) 

Referring to work of Chien and co-workers (Chien et al. 
1978, Fig. 7 9) we find the following data (not necessarily 
for the same experiment) #=4.2 gN/m, Rp=0.68 gm, 
LIp= 1.40 ~tm, L~= 1.60 gm and Ap=50 Pa. These data 
results in an interaction force density of about 43.2 Pa. 
From our data (Fig. 1), which are representative for 
normal RBC, we get (with #=4.3 gN/m, Rp=0.62 gm, 
L~= 1.73 ~tm, L~=2.13 gm and Ap=53.8 Pa) a value of 
some 44.2 Pa. This is a remarkable coincidence for two 
experiments in different laboratories. 

Unfortunately, no other detailed investigations have 
been reported. Nevertheless, from this analysis it may be 
predicted that the smaller the pipette radius the higher the 
generated force and the larger that region where the an- 
chorage between spectrin and the lipid bilayer breaks, 
and consequently the second phase of the aspiration pro- 
cess takes place. On the other hand, for small extensional 
ratios L~/Rp, the generated force per unit mesh F s . . . .  /a 
may be less than f, and therefore no second phase will be 
obtained (cf. Fig. 5). 

The above analysis also raises the question of what the 
apparent membrane shear modulus means when it is 

E computed on the basis ofLp (Chien et al. 1978; Evans and 
Skalak 1980; Hochmuth and Waugh 1987; Meier 1988). 
If we want to probe the elastic properties of the resting 
(unloaded) membrane, we should compute the value of # 
on the basis of Lip. Otherwise, we get the material charac- 
teristic of a membrane, where the spectrin-lipid bilayer 
intercalation is, at least in some region, broken and the 
two layers may more or less slide freely with respect to 
each other. Meier (1988) showed that a cyclic aspiration 
and release of the RBC membrane into a micropipette 



307 

does indeed result in continuously increasing tongue 
length for small suction pressures (about 45 Pa). The first 
loading process already results in some disruption of the 
anchorage between the spectrin layer and lipid bilayer 
and, therefore, the second loading cycle already works 
over a membrane to which the model of free boundary 
has to be applied. Correspondingly we get a larger defor- 
mation (tongue length) with the same pressure drop. This 
result also has to be taken into account if the apparent 
shear modulus is determined by increasing the pressure 
drop consecutively, as is usually done (Chien et al. 1978; 
Evans and Skalak 1980). 

The origin of the proposed interaction or anchorage 
force f~ is not specified as yet, but very recent data show 
that beside the spectrin-ankyrin-band III interaction, 
fatty acid acylation of peripheral (cytoskeletal) proteins 
could condition and/or regulate the association of these 
proteins with the membrane (Marinetti and Cattieu 1982; 
Lutz et al. 1986; Maretzki et al. 1990). Within this frame- 
work, the "shear thinning" behaviour of the RBC mem- 
brane (Chien et al. 1978; Hochmuth and Waugh 1987), i.e. 
the decrease of the relaxation time with increasing strain 
rate, can be discussed. In the case of micropipette aspira- 
tion high strain rates also imply high extensional rates 
Lp/Rp. But this also means that F~ . . . .  increases in the 
same manner and therefore, as Fig. 4 shows, in a large 
region of the plane part of the sucked in membrane the 
disruption of the anchorage also takes place immediately. 
This gives the membrane additional freedom to dissipate 
the strain and may result in an apparent decrease of the 
relaxation time. 

In conclusion, it can be stated that for the experimen- 
tally obtained two-phase aspiration process a mechanical 
membrane model is proposed which derives from the 
conventional model of the strongly intercalated spectrin 
"shell" and lipid bilayer "shell". It has to be applied to 
small deformations. For large membrane deformations 
due to micropipette aspiration the anchorage of these two 
"shells" is loose or completely disrupted and the deforma- 
tion process has to be described by a membrane model 
with freely sliding "shells", the so-called model of free 
boundaries. 
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A p p e n d i x  

Equilibrium length of RBC projection 
in the case of membrane skeleton redistribution 

Consider the situation where a projection of the RBC 
membrane is sucked into the pipette of radius Rp by the 
pressure difference Ap. The system reaches its equilibrium 
(Fig. 2). Let us further assume that the spectrin-lipid asso- 
ciation force per elementary unit mesh fa is larger than 
2 #/Rp (cf. Fig. 4). Then the system may be divided me- 
chanically into four regions. In the first region, where 
L~p>z>_L I, we have to apply the MIB. For the second 
region, where L~ > z > 0, the MFB is applied. The same is 
true for the third region, i.e. the plane part of the mere- 

brane outside the pipette characterized by R v < r < r , .  
The RBC membrane outside this circle (r>rc,) will not 
undergo any restructuring with respect to the skeleton 
and the bilayer and has therefore to be described within 
the framework of the MIB. 

Let us analyze the tension T and the deformation of an 
elementary unit mesh of the membrane skeleton for all 
four membrane regions. The total membrane tension is 
characterized by Tz, T~, T o. In contrast, as in the main 
paper, T~, and T~o describes the tension acting on an ele- 
mentary unit mesh from the neighbouring unit meshes. 
The value of the tension T~ and T o has to be summed from 
the skeleton tension T~, and T~o as well as the tension of 
the lipid bilayer T b. Referring to Kozlov and Markin 
(1987) for detailed information, we obtain the following 
results: 

Region I." 

T~ = Ap Rp (A1) 

I ~ = ~ a ~ ( L p - z ) + l  

~ ~ p  a l¢ = 2 ( L p -  z) + 1 

where a is the area of a unit mesh (a = I o - 1,). 

(A2) 

(A 3) 

Region H: 

= Ap R v (A 1) 

l l~ = A 2 exp Rp(Apep_Tb ) (A4) 

_ # A 2 # z (A 5) 
lo (ApRp_Tb) eXP Rp(ApRp-Tb) 

where # is equal to the apparent shear elastic modulus 
and A 2 is an integration constant. It should be stressed 
that the tension of the bilayer T b does not vary in the 
membrane regions II and III because the lipid bilayer 
may be treated as a two-dimensional fluid. 

Region III." 

; = u  1+r2 +L,  

L - - - + ~ ,  
l+)5- 

A 3 + r  2 
t 

l~ = Aa r + ~ r  2 

r 
1 o = A; 

r + Ax/~3 + r 2 

k/ (A 6) 
A 

T~r=/~ 1-~ r2 ,3 

(A 7) 

(A 8) 

(A9) 

As above, A 3 and A 3 are some constants of integration. 
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Region IV." 

#Aa # 
T~- # in 

r2 A 4 ~ 7 ~  ' 

/ 2A,  r 2 ) 
T~ = T~--#LI+ ~- Aa+r 2- , 

(A 1 O) 

(Al l )  

)a 
to = A 4  , 

(A 12) 

(A 13) 

A~ (A 14) r .=u 1+#, 

T~ - ]2 (A 15) 

where A4 is another constant of integration. 
The force generated due to the aspiration of the mem- 

brane projection into the micropipette outside the pipette 
is given by (11) of the main paper and is for regions III 
and IV 

# . a  A 2 
F - (A 16) 

r 3 (A 4 +r2) " 

To solve (A 1 - A  16) we have to apply the corresponding 
boundary conditions. For regions I and II for z = L ~, the 
/-values should be the same. One gets therefore: 

~ R ~  a -- ]2A 2 
(Lp--L~)+ 1 (ApRp-Tb) 

x e x p ~  ]2 LIpI 1 
LR. (A p Rv-- T b) j '  (A 17) 

At the border of region II and III, i.e. at the coordinate 
z = 0, there should be a continuous value of l, and 19. The 
corresponding equation is: 

A x / ~ 3  + R2 = A2,  (A18) 
A'3Rp+~33+R2 

Rp _ ]A A 2 (A 19) 
A; Rp+.fy  +R  ApRp-  " 

Between region III and IV (r = Q) this also holds for the 
boundary for T~ and l~. We obtain 

]2 N ~ " ~  02 "~ - Tb = ]2 A~ --ln A--~+ 02 , (A20) 

A~ 0 - ff ~ (A21) 
Q.-[-N~3-}-Q 2 A4+Q 2 

At this boundary i f=0)  the generated force acting to 
redistribute the skeleton according to (A 16) is 

]2.a A4 z 
Fs- q9 (A4--}-q~ 2) (A22) 

Finally, we have to take into account that for the contimt- 
ity of the skeleton network the overall quantity of elemen- 
tary unit meshes in the zone (area) between region II and 
III is to be preserved. After corresponding integration we 
find: 

R~(Ap R v -- T b)2 f l -  exp 1-- 2#  L~ 1l 
]22A22 1 L R, (2p- ~-p- Tbi[J 

1 
+ A~' (Q+x/~ +e:):-(R"+x/~3 +R~): 

II 2 2 = (2 R,  L v + (O - Rp ))/x//~. (A 23) 

By means of(A 17-A23) we are able to evaluate the con- 
stants of integration, the radius Q of the boundary be- 
tween region III and IV, the tension of the lipid bilayer Tb 
in zone II and III and the equilibrium length of the cell 
projection L~, as well as the additional projection length 
L~ of the second aspiration phase. Analytical solution of 
these equations may be obtained if one assumes that 
Ap. Rv/#> 1. Doing so we obtain: 

o=Rpxf2AP!  a 
"q a 

In ?P L~= 4# \ F a J  

ln\ 2--a /l" 

(A24) 

(A25) 

(A26) 
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