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Abstract

The adhesion of osmotically swollen erythrocytes to glass substrates is studied. An experimental set up is used,
which allows one to carry out measurements with the same adherent cell at various compositions of the medium. The
reflection interference microscopy is combined with the generalized Laplace equation describing the shape of the cell
membrane. The latter equation, which accounts for the membrane bending elasticity, is solved numerically along with
appropriate boundary conditions; the necessary values of some geometrical parameters are extracted from the
interference data. The mathematical problem has a unique solution, which gives the values of the membrane tension,
the pressure drop across the membrane, and the energy of adhesion. To reveal the physical origin of the observed
cell-to-glass adhesion we carried out experiments with untreated (native) erythrocytes, as well as with trypsin-treated
and glycophorin-treated erythrocytes. The former and the latter treatment, respectively, decreases and increases the
outer surface electric charge of the cell. The comparison of the determined adhesion energies for untreated and
trypsin-treated erythrocytes indicates that the adhesion could be attributed to the short-range electrostatic attraction
due to the discreteness of the surface charge. The results for the glycophorin-treated erythrocytes show that at 20°C
there is no cell-to-glass adhesion at all, whereas at 37°C adhesion is observed, but it is weaker than for untreated cells;
this could be explained with the enhancement of the electrostatic double layer repulsion by the incorporation of
additional electrically charged glycophorin molecules in the cell membrane. The developed mathematical and
numerical procedure for solving the generalized Laplace equation can find application for interpreting the configura-
tions of biological and model membranes (vesicles), both free and attached, and can bring information about physical
parameters, such as membrane tension, difference in pressure or electric potential across the membrane, its bending
elasticity and spontaneous curvature, energy of adhesion, etc. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The circulation of the blood in vessels is accom-
panied with cell-cell and cell-wall collisions,
which could lead to adhesion. The blood cell
adhesion is influenced by various surface forces:
electrostatic, hydration, steric, van der Waals and
specific chemical bonding [1]; a number of theo-
retical models has been developed [2—4]. Their
applicability depends on the stage of adhesion
[2,5], the shape of the cell and the properties of
the cell membrane (including glycocalyx) [3,6], the
nature of the substrate [7,8]. Precise experimental
methods have been applied to study the cell adhe-
sion — reflection interference microscopy [5,8—
11], double-view microscopy [12], -electronic
microscopy [13] and total internal reflection mi-
croscopy [14-16].

It has been established that the treatment of
leaving erythrocytes with the enzyme trypsin
(which decreases the surface charge of the cells)
and the variation of the ionic strength of the
medium influences the adhesion ability of erythro-
cytes [17,18]. To quantify the adhesion, the cen-
trifugal force required for detachment of the
trypsin treated cells from the glass substrate has
been measured [17]. The results show that the
increase of the ionic strength makes the detach-
ment easier, but it is not clear whether the adhe-
sive energy per unit area actually decreases, or the
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Fig. 1. Sketch of a swollen erythrocyte attached to a glass
substrate; /i is the thickness of the adhesion film, r; is its
radius, 6, is contact angle, o, and ¢ are the tensions of the
adherent and non-adherent portions of the cell membrane.

area of the adhesion film shrinks, or both of them
take place.

The colloid chemistry provides an alternative
approach to determine the adhesion energy. As
shown by Derjaguin [19] and Princen and Mason
[20], the contact angle at the periphery of a liquid
film is determined by the interaction between its
surfaces. Hence, the adhesion energy can be deter-
mined by measuring the contact angle, say with
the help of the reflection interference microscopy.
As an illustration, Fig. 1 shows schematically the
adhesion film between a cell and a substrate. The
membrane tension of the cell in the zone of the
adhesive film, o, is somewhat smaller than the
membrane tension of the free cell membrane, o,
because of the interaction across the adhesion film
[21]:

ar=0—Ww, )

Here w, is the work (energy) of adhesion per unit
area of the film. Force balance considerations
(Fig. 1) yield a counterpart of the Young equation
for a thin film [21]:

or=0 cos 0, 2)

where @, is the contact angle of the film with
thickness /4. Combining Egs. (1) and (2) one
obtains

w,=0a(l —cos 8,) 3)

which is a form of the Dupré equation. Eq. (3)
allows one to calculate the adhesion energy, w,, if
the values of the membrane tension, o, and the
contact angle, 6,, are known.

In a previous study [5] we applied an interfero-
metric method to study the adhesion of live os-
motically swollen erythrocytes to glass substrates.
It was established that the variation of the total
solution osmolarity at constant ionic strength did
not affect the film thickness, but did change the
contact angle. Two major difficulties were en-
countered in [5]: (i) because of the differences
between the individual studied erythrocytes (in
size, age, membrane tension, etc.), it was not
possible to distinguish whether the observed vari-
ation of 6, is really due to the variation of solu-
tion osmolarity, or it is essentially affected by the
individual properties of the various cells used in
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the separate adhesion experiments, and (ii) the
interferometric method gave the values of 6, but
the membrane tension o, which increases with the
swelling of the erythrocyte, was not known; for
that reason w, was not calculated.

In the present work we overcome these two
difficulties in the following way: (i) we carry out
experiments at a single cell level in an experimen-
tal chamber, which enables one to make measure-
ments with the same cell at different osmolarities
of the solution, and (ii) a theoretical model is
applied, which allows to determine the membrane
tension ¢ from the interference data for various
osmolarities. Thus we can quantify w, and the
pressure difference AP across the cell membrane.

The experimental technique, combined with the
theoretical model, is applied to investigate the
adhesion to glass substrates of (a) native erythro-
cytes, (b) erythrocytes treated with the enzyme
trypsin, and (c) erythrocytes treated with
glycophorin.

The paper is structured as follows: Section 2
describes the preparation of the erythrocyte sus-
pensions, the used experimental chamber, the mi-
croscopic and interferometric measurements;
Section 3 outlines the procedures of data process-
ing by solving the generalized Laplace equation
and determining the membrane tension and adhe-
sion energy; Section 4 presents numerical results
and discussion; Appendix A gives details about
the used solutions; Appendix B describes the pro-
cedures for treatment of erythrocytes with gly-
cophorin; and finally, Appendix C presents the
mathematical and numerical procedures for solv-
ing the generalized Laplace equation.

2. Experiments on erythrocyte adhesion
2.1. Preparation of the erythrocyte suspensions

The composition of the solutions applied in our
experiments (such as the isotonic and hypotonic
Tris-buffer, trypsin solution, etc.) are described in
Appendix A. Human erythrocytes from blood
groups ‘A’ and ‘O’, factor Rh(+), were used.
They were isolated from venous blood samples
stabilized with heparin (product of Spofa, Prague)

by centrifugation at 1000 x g for 20 min and
triple washing with isotonic Tris-buffer solution,
applying a procedure described in [5]. After the
last centrifugation the buffer was removed by
aspiration and the erythrocytes remained at the
bottom of the test tube. Next, to prepare a stock
suspension, isotonic Tris-buffer solution was
added in such amount that the erythrocyte vol-
ume fraction was = 50%. The stock suspension
thus obtained was stored at 4°C and used within
2-3 days.

In our interferometric experiments (see below)
we investigated erythrocytes whose shape is close
to spherical. Such shape was achieved by re-sus-
pending the erythrocytes in hypotonic Tris-buffer
solution with osmolarity higher than the critical
one (that corresponding to cell lysis). At osmolar-
ity lower than the physiological one the osmotic
effect causes an increase in the erythrocyte volume
at almost constant area of the cell membrane.
This corresponds to a transformation of the ery-
throcyte shape from biconcave disk to sphere.
Further decrease of the osmolarity leads to an
additional swelling of the cell and to increase of
the membrane area and tension.

It is worthwhile noting that two regimes of
membrane expansion have been identified [22,23]:
(1) for small values of the relative dilatation, «,
(x=AA/A, A is the membrane area, A4 is the
increment of A) an apparent stretching of the
membrane takes place, which consists in a flatten-
ing of thermally-excited undulations; in this
regime In o oc o, and (ii) for larger values of o a
direct elastic stretch of the molecular surface area
happens; in this regime ooca. The erythrocyte
membrane cannot resist a direct elastic stretch
> 2-4% [24].

At osmolarity of 131 mOsm, determined as a
critical one, a cell lysis occurs [25]. In fact, the
occurrence of lysis depends on the cell age, the
individual properties of the membrane, the tem-
perature and the electrolyte concentration. For
the erythrocytes used in the present study at con-
centration of NaCl 4.5 x 10~2 M, at temperature
20°C, it has been found that the critical osmolar-
ity is 135 mOsm. We investigated erythrocytes of
various extent of swelling, which is obtained by
varying the osmolarity of the medium (hypotonic
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Fig. 2. Drawing of the used horizontal rectangular chamber of
volume 0.72 cm? for investigation of cell adhesion. The lower
part is a frame with a 24 x 60 mm cover glass to which the
erythrocytes adhere; the upper part has a circular cover glass
with a diameter of 18 mm. The aqueous medium inside the
chamber can be exchanged by injection of a new solution.

Tris-buffer solution +4.5 x 102 M NaCl) from
156 down to 143 mOsm by addition of sucrose.
The degree of swelling (as well as the membrane
area and tension) increases with the decrease of
osmolarity.

2.2. The experimental chamber

Fig. 2 presents the rectangular horizontal cham-
ber used by us, which is similar to the standard
perfusion chambers. It consists of two parts. The
lower one is a frame containing a cover glass
(24 x 60 mm) to which the erythrocytes adhere. In
the upper part of the chamber a circular cover
glass with a diameter of 18 mm is mounted. Both
cover glass plates are products of Fisher Scientific.
Parafilm flame gaskets were used to tight the two
parts of the chamber and the glass plates. This
small chamber of volume 0.72 cm? enables one to
easily exchange the medium around the cells at-
tached to the glass substrate and to investigate at
a single cell level how the erythrocyte adhesion
depends on the properties of the surrounding
medium.

In our experiments an erythrocyte suspension
of a given osmolarity (from 143 up to 153 mOsm)
were supplied to the experimental chamber by
means of an infusion pump with a rate of 90 ml/h.
Next, the chamber was kept quiescent for 2 h.
During that period erythrocytes sedimented at the
bottom of the chamber and some of them did
adhere at the rectangular glass substrate. Further,
the chamber was turned with the upper side down
and was kept in this position for another couple
of hours to allow the non-adhered erythrocytes to
detach from the substrate. Then the suspension
was gradually replaced by infusion of buffer solu-
tion at a rate of 20 ml/h.

In the experiments examining the effect of os-
molarity the interior of the chamber with the
adherent erythrocytes was exchanged with other
hypotonic buffer solution. The erythrocytes in the
chamber were adherent to the glass substrate, so
one could vary the osmolarity by gently ejecting
the previous medium and simultaneously injecting
solution with another desired osmolarity. Finally,
the chamber was restored in its initial position
and was carefully placed in a thermostat jacket on
the microscope stage.

2.3. Microscopic and interferometric
measurements

The erythrocytes adhered to the glass plate
were observed from below in reflected monochro-
matic light (wavelength [=551 nm). Metalo-
graphic microscope ‘Epitip 2’ (Carl Zeiss, Jena)
was used. Under these conditions Newton inter-
ference rings appear in the zone of contact of the
cell with the substrate (Fig. 3). The interference
pattern brings information about the shape of the
cell membrane, which is analyzed below. We
recorded the interference pattern by means of a
video camera (Kyocera K10-HI70, Japan). Sepa-
rate video-frames were stored in a computer by a
frame grabber (Micro-Computer Products AG)
and then they were processed by means of an
image-analysis program (Mocha 1.2, Jandel Scien-
tific). Thus the radii of the Newton interference
rings were determined.

Some cells showed interference fringes, which
deviated from the circular shape. We processed
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only the interference pattern of cells, which ex-
hibit circular fringes. The diameters of the rings of
maximum and minimum intensity have been de-
termined in independent measurements along four
different radial directions, and then the average
value of each diameter was taken.

As an example, Fig. 3(A) shows a photograph
of the interference patterns in the zone of contact
between untreated (native) erythrocytes and the
glass substrate. The medium is hypotonic Tris-
buffer solution of osmolarity 151 mOsm. The
dark circular spot in the middle is the area of the
adhesive film. The image analysis allows us to
distinguish whether there is, or is not, a real
adhesive film (Fig. 1). The latter appears as a spot
of, respectively, uniform or nonuniform darkness
(brightness) at the center of the interference pat-
tern. The cells in Fig. 3(A) have formed a real
adhesive film. The film diameter, 2r,=1.6 +0.2
um, is measured from the photograph for the cell
pointed by an arrow.

Fig. 3(B) shows a photograph of the interfer-
ence patterns from attached trypsin-treated ery-
throcytes (see Section 4.2 for details). The
diameter of the adhesive film (the dark spot in the
middle) of the arrow-pointed cell is 2r,= 1.4 + 0.2
pm.
Fig. 3(C) shows a photograph of the interfer-
ence patterns from adherent glycophorin-treated
erythrocytes (see Appendix B about their prepara-
tion). Note that in this case the scale is different
from Fig. 3(A, B). The spot in the middle of the
interference pattern of glycophorin-treated cells is

bright in contrast to those in Fig. 3(A, B), which
implies that the thickness of the adhesive film is
greater. The measured diameter of the adhesive
film for the cell pointed by an arrow is 2r,=1.0 +
0.2 um. The fact that the thickness is greater and
re is smaller for the glycophorin-treated erythro-
cytes can be attributed to the larger electrostatic
repulsion between the cell and the substrate, en-
hanced by the additionally incorporated charged
glycophorin molecules. More experimental data
are given in Section 4 below.

3. Data processing; determining the cell shape
3.1. Mean membrane curvature in the fringe zone

To obtain information about the erythrocyte
shape from the interference pattern, we first deter-
mine the mean curvature of the membrane in the
zone, in which the interference rings are observed.
In fact, each curved surface can be locally approx-
imated with a sphere. The radius, R, of this sphere
characterizes the local mean curvature of the sur-
face [26]. To determine R in the zone of the
fringes, we apply a theoretical approach from our
previous paper [3].

The interference rings of maximum intensity are
loci of points, for which the thickness, H,, of the
gap between the cell membrane and the glass
substrate (Fig. 4) satisfy the condition

A

H =k k=123,... 4)

Ea

Fig. 3. Photographs of the interference pattern in the zone of contact between cells and a glass substrate. (A) Untreated erythrocytes;
the medium is hypotonic solution of osmolarity 151 mOsm at 20°C. (B) Trypsin-treated erythrocytes at the same osmolarity and
temperature. (C) Glycophorin-treated erythrocytes at osmolarity 153 mOsm at 37°C.
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Fig. 4. Sketch of the zone of attachment of a swollen erythro-
cyte to a glass substrate; 0, is the contact angle, H, and r, are
running coordinates in the zone of the interference fringes; R
is the local curvature radius in this zone; /; and r. denote the
thickness and the radius of the adhesion film.

Here 7 is the wavelength of light, n is the refrac-
tive index of the aqueous medium, k is odd for the
bright fringes and even for the dark ones. In fact
H, represents the local distance between the lipid
bilayer of the cell membrane and the glass surface.
In other words, in this treatment the outer glyco-
calyx of the erythrocyte belongs to the aqueous
gap (film) between the cell and the glass surface.
We fitted the data about the interference rings
with the equation of a sphere with radius R. The
radius r, of the kth interference ring is assumed to
obey the equation

(R—h,— H,)* +ri=R? (©)

Here A, is a geometrical parameter representing
the distance between the apex of the extrapolated
sphere and the glass surface (Fig. 4); R and A, are
to be determined from the best fit of the data
(Fig. 5). Eq. (5) can be transformed to read

Hi+r;=2(R—hy)H,+ (2R — hy)h, (6)

As already mentioned, the values of H, and r, are
obtained experimentally from the interference pat-
tern. Then in view of Eq. (6) R and %, can be
determined from the slope and intercept of the
plot of H% + ri versus H, [5].

As an illustration, Fig. 5 shows plots of experi-
mental data for H? 4 r? versus H, obtained with
a native erythrocyte for three different values of
the osmolarity; the straight lines are the best fits
drawn in accordance with Eq. (6). From the slope
and the intercept one calculates R =3.9, 3.4, 2.9
(+0.15) pm and A, =11.2, 17.8, 47.8 nm, respec-
tively, for osmolarities 143, 153 and 156 mOsm.
Hence, it turns out that the local mean curvature
radius, R, decreases with the rise of osmolarity.
Moreover, the positive values of %, confirm that
there is really a flat adhesion film in the zone of
contact (if /2, were negative, this would mean that
the extrapolated membrane surface does not inter-
sect the surface of the substrate, i.e. film is not
formed; Fig. 4).

(H + ), pm?
[\

o 143 mOsm
A 153 mOsm
X 156 mOsm

0 0.1 0.2

0.3 0.4 0.5

Hk, um

Fig. 5. Plots of H} + r7 vs. H, for the same native erythrocyte at three values of the solution osmolarity. The straight lines are drawn

in accordance with Eq. (6).
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In principle, knowing R, /., and the film radius
re, from Eq. (5) one can estimate the film thickness
he (Fig. 4). Unfortunately, a relatively small exper-
imental error in the value of r; leads to a large
error in the calculated /. For that reason we do
not use this approach to calculate /.. On the other
hand, the measured film radius r; allows one to
calculate the contact angle 0,,:

sin 0, = % 7
The good agreement between the interferomet-
ric data and the straight lines drawn in accor-
dance with Eq. (6) in Fig. 5 means that in the
relatively narrow zone of the interference fringes
the membrane shape can be locally approximated
with a sphere. However, the shape of the erythro-
cyte as a whole can exhibit some deviation from
sphere. The shape of the cell membrane is de-
scribed by the generalized Laplace equation,
which in this case (axisymmetric shape) is a
fourth-order ordinary differential equation (Sec-
tion 3.2). We will utilize the value of R, deter-
mined as explained above, in one of the boundary
conditions necessary for solving this equation.

3.2. Differential equation describing the cell shape

To calculate the adhesion energy, w,= (1 —
cos 0,,), see Eq. (3), we need to determine not only
the contact angle, 6,, but also the membrane
tension, . As demonstrated below, the value of ¢
for a given state of a cell can be found with the
help of the generalized Laplace equation.

The shape of biological and model membranes
is usually determined by minimization of an ap-
propriate expression for the free energy of the
system [24,27-34]. For example, the elastic energy
of tension-free membranes is given by the energy
of bending [27]

Wy = J\[ékc(cl +c— Co)2 + Ecclc2]dA 3

In Eq. (8) the integration is carried out over the
surface of the membrane; ¢, and ¢, are the two
principal curvatures of the membrane which vary
from point to point; ¢,, k., and k, are constant
parameters of the mechanical model termed, re-

spectively, spontaneous curvature, bending and
Gaussian curvature elasticity. Other mechanical
models of erythrocyte membranes involve other
parameters such as stretching and shearing elastic-
ity [24,30].

A potentially powerful approach is based on a
differential equation describing the shape of mem-
branes, which represents a generalization of the
Laplace equation of capillarity [35-39]. In gen-
eral, it is a complicated partial differential equa-
tion, but for axisymmetric shapes (like our
adherent cells) it reduces to a set of two ordinary
differential equations [38]:

dsinf sind dsinf sin0
o + +n -
dr r dr r

1
=AP+gc0s 0i I COS HE fg(r sin 0)
r dr rdr

dr
©)

4 tano (10)

dr
where 0 is the running slope angle. Egs. (9) and
(10) determine the generatrix of the membrane
profile in a parametric form: r=r(0), z=z(0),
where r and z are the common cylindrical coordi-
nates (Fig. 1). In the generalized Laplace equa-
tion, Eq. (9), 5 is the shearing tension and AP is
the pressure difference across the membrane. For
n=0 and k., =0 Eq. (9) reduces to the common
Laplace equation of capillarity, which describes
the various shapes of fluid interfaces [40]. The
approach based on Eq. (9) is equivalent to the
approach based on the expression for the free
energy, insofar as the generalized Laplace equa-
tion is derived by minimization of the free energy,
see, e.g. [39].

The form of Eq. (9) calls for discussion. The
expression for Wy, Eq. (8), which is involved in
the derivation of Eq. (9), contains the parameters
spontaneous curvature, ¢,, and Gaussian elastic-
ity, k., while the latter two parameters are missing
in Eq. (9). It has been rigorously proven that ¢,
and k., must not enter the generalized Laplace
equation [38]; on the other hand, ¢, and k. can
enter the solution through the boundary condi-
tions [39]. For example, Deuling and Helfrich [29]
described the myelin forms of an erythrocyte
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membrane assuming tension-free state of the
membrane, that is ¢ =#=0 and AP =0; then
they calculated the shape of the membrane as a
solution of the equation

1d
fd—(r sin #) = ¢, = constant (11)
rdr

It is obvious that for ¢ =# =0 and AP =0 every
solution of Eq. (11) satisfies Eq. (9), and that ¢,
appears as a constant of integration.

Coming back to the swollen adherent erythro-
cytes, we should note that in our case we must not
set ¢=0 and AP =0, since the membrane is
expected to have some tension, even a very low
one. On the other hand, to simplify our treatment
we will set # =0 in Eq. (9), i.e. we will neglect the
effect of the shearing tension. Setting # = 0 means
that the stresses in the membrane are assumed to
be tangentially isotropic, that is the membrane
behaves as a two-dimensional fluid. In fact, there
are some experimental indications that n<«a
[24,41]. Thus we will seek the membrane profile as
a solution of the equation

(d sin @  sin 0>
o +
dr r
1

k. d d{l1d, .
=AP+ - cos dr{r cos 0 dr[r a(r sin 8)}}
(12)

To find the solution of Eq. (12), along with Eq.
(10), one needs four boundary conditions. More-
over, Eq. (12) contains two material parameters:
k.o and AP/o. The six unknown parameters
(four integration constants +two  material
parameters) can be determined from the following
six conditions: (i—ii)) z=0 and # =0 at r =0, i.e.
at the apex of the membrane (the point where the
membrane intersects the z-axis, point O in Fig. 1);
(iii) the membrane curvature varies smoothly in a
vicinity of the membrane apex; (iv) 8 =40, for
r=r; (Fig. 1); (v) the total area of the membrane,
A, 1s known (see Section 4 for details); and (vi)
AP is determined from the experimental value of
R (Section 3.1) and the common Laplace
equation:

AP =20/R (13)

The usage of Eq. (13) is justified because in the
zone of the interference fringes the membrane
profile can be approximated well by a sphere of
radius R (see Fig. 5 and Section 3.1).

Alternatively, instead of using the condition (vi)
and the procedure from Section 3.1, one can
directly fit the interference data with Eq. (12).
Such an approach leads to a numerical minimiza-
tion procedure with three variable parameters (cf.
Eq. (33) below), which are to be determined from
the best fit. We preferred to obtain, in advance,
(Section 3.1) the value of one of the three parame-
ters (viz. R) and thus to facilitate the minimiza-
tion procedure.

We integrated numerically Eq. (12), along with
Eq. (10), determining the six unknown parameters
from the conditions (i)—(vi). The mathematical
and numerical procedure, which is not trivial, is
described in detail in Appendix C. From the
viewpoint of our specific task it is important that
the described procedure gives the value of the
material parameter

A=oalk, (14)

With the value of 4 thus obtained, and with
k.=18x 10~ J [42], we calculate the mem-
brane tension ¢ from Eq. (14) and the adhesion
energy per unit area from the expression

w, = k(1 —cos 0,) (15)

cf. Eq. (3). Finally, the total adhesion energy of
the cell is computed:

W, = nriw, (16)

In this way the goal of our study is, in principle,
achieved. The results are reported in the next
section.

It should be noted that the predictions of Eq.
(12), concerning the possible shapes of a free
(non-adherent) closed membrane, characterized
with tension ¢ and bending elasticity k., are not
examined. Our preliminary numerical calcula-
tions, based on the procedure from Appendix C,
show that Eq. (12) predicts a transition in the
shape of the membrane from a ‘spherocyte’ to a
biconcave ‘discocyte’ with the increase of osmo-
larity; the latter is characterized by the pressure
difference AP. In other words, it turns out that a
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Fig. 6. Shape of a closed membrane calculated by means of
Eq. (12) for k,=1.8 x 10~ J and for fixed membrane area
Ar =188 pm?. (a) spherocyte; (b) discocyte corresponding to
o=1.8x10"*mN/m and AP = 0.036 Pa; (c) discocyte corre-
sponding to ¢ =3.6 x 10 ~* mN/m and AP =0.072 Pa.

membrane with non-zero bending elasticity, k.,
can acquire ‘discocyte’ shape even with zero shear
elasticity. In our computations we fixed the values
of the total membrane area A and the bending
elasticity k., whereas AP and o were varied. As an
illustration Fig. 6 shows two ‘discocyte’ profiles,
corresponding to some specific values of ¢ and AP
given in the figure caption, compared with the
spherical shape of the same ‘cell’. A complete
survey demands a phase diagram of all possible
cell configurations in the (o, AP)-plane to be built
up. However, this task is beyond the scope of the
present paper and could be a subject of a separate
study.

Table 1

Average data for two similar untreated erythrocytes attached to a glass surface at 20°C for various osmolarities, C,

4. Results and discussion

4.1. Results for native erythrocytes

First we processed the interference pattern pro-
duced by two adherent native (untreated) erythro-
cytes at four different values of the solution
osmolarity: 143, 151, 153 and 156 mOsm. Hypo-
tonic Tris-buffer solutions are used, which contain
4.5 x 1072 M NaCl at four different concentra-
tions of sucrose. The results obtained for the two
cells turned out to be very similar. In Table 1 we
give the mean values of 2R, 2r; and 0, for these
two cells. The values of R are obtained from the
best fits of H7 + r7 vs. H,, as explained in Section
3.1 (Fig. 5). We recall that the radii of the inter-
ference rings, r,, are determined by averaging over
the measurements along four different radial sec-
tions of the interference pattern from the cell (cf.
Fig. 3). The values of 6, are computed with the
help of Eq. (7). The standard error of R (in
average AR ~ 0.3 um) is obtained from the error
of the slopes and the intercepts of the linear
regressions, like those in Fig. 5. The standard
error of the directly measured diameter, 2r,
(2Ar;~ 0.2 pm) in fact is determined by the limit
of the microscope resolution ability; the standard
error of 6, is calculated from AR and Ar,.

The data in Table 1 show that 2r,~ 1.7 um is
practically constant irrespective of the variation of
osmolarity. This means that the area of adhesive
contact, initially formed at osmolarity 143 mOsm,
remains practically constant when the osmolarity
is increased up to 156 mOsm. The degree of
erythrocyte swelling decreases with the increase of
osmolarity, which makes the membrane more
flaccid and leads to decrease of the membrane

osm

Coon MOsm) 2R+03 (um) 2r,+02 (um) 6,+1.7 (deg) 2 (1/um?) w, 1078 J/m> ¢*10=* AP* (Pa) W,*
mN/m kT
143 7.8 1.7 12.5 - - 4.9 0.25 6.4
151 6.7 1.6 13.9 2.2 1.16 4.0 0.24 5.7
153 6.8 1.7 14.3 2.1 1.17 3.7 0.22 6.4
156 5.8 1.7 17.4 1.4 1.15 2.5 0.17 6.4

2 The quantity is calculated using the average value w, = 1.16 x 10~8 J/m>.
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Vertical coordinate (um)

Horizontal coordinate (um)

Fig. 7. Shape of an erythrocyte adherent to a glass substrate;
the zone of the flat adhesion film is in the lower part of the
graph. (a) For C,,,, = 143 mOsm the non-adherent membrane
is assumed to be spherical; the shape for (b) C,,,, = 153 mOsm
and (¢) C,, =156 mOsm is reconstructed from the data in
Table 1 by solving Eq. (12); k. and Ay are the same as in Fig.
6.

tension, ¢. As noted in Section 2.1, there are two
regimes of membrane dilatation: (i) apparent
stretching (flattening of the thermally-excited un-
dulations of a flaccid membrane) and (ii) direct
elastic stretch. Since the lysis occurs at C,g,, = 135
mOsm, one can estimate that the regime of direct
elastic stretch takes place at 135 < C,, <139
mOsm, whereas the regime of apparent stretching
takes place for C,, > 139 mOsm. Therefore, all
data in Table 1 correspond to the regime of
apparent stretching (flaccid membrane). In this
regime the values of the relative membrane dilata-
tion o« and the membrane tension ¢ are expected
to be rather low [23].

If the shape of an adherent cell was truncated
sphere, then the total area of the cell membrane

could be calculated from the equation
Ar=2nR*(1 +cos 0,) + nr} (17)

Using Eq. (17) and the parameters values in Table
1 one calculates that the membrane area varies
from Ay =188 pm? for C,,, =143 mOsm down

osm

to Ay =107 uym? for C,,,= 156 mOsm. Such a
large calculated variation of the membrane area
(with 31%) could be attributed neither to elastic
shrinking, nor to thermal surface undulations.
The only acceptable explanation of the latter find-
ing is that the shape of the flaccid membrane
deviates from sphere. In fact, thanks to this devia-
tion from sphericity we can determine the mem-
brane tension, o, and the energy of cell adhesion,
w,, with the help of the generalized Laplace Eq.
(12), as explained in Section 3.2 and Appendix C.
In this aspect, our approach to the calculation of
the membrane tension ¢ resembles the pendant
drop method for measuring static interfacial ten-
sion, which employs the common Laplace equa-
tion of capillarity (see, e.g. [43,44]).

To specify the value of the total membrane area
Ay, needed in the boundary condition (v) in Sec-
tion 3.2, we assume that at osmolarity C, , = 143
mOsm the erythrocyte is spherical and then its
area is A = 188 pm?, as calculated from Eq. (17)
with the values of R and r; for 143 mOsm in Table
1. Then it is accepted that the area is (approxi-
mately) the same, Ar~ 188 pm?, for the other
osmolarities (151, 153 and 156 mOsm), insofar as
the membrane dilatation is expected to be rather
low, o « 1. Next, Eq. (12), along with Eq. (10), is
integrated numerically. The solution, correspond-
ing to a set of values of the geometrical parame-
ters R, r, 0,, and Ar, is uniquely determined. As
a result of integration we obtain the respective
values of the parameter 4 (Eq. (14)) which are
listed in Table 1.

The profiles of the adherent erythrocyte, calcu-
lated by means of the numerical integration (Ap-
pendix C) are depicted in Fig. 7 for C,,, = 143,
153 and 156 mOsm; the deviation from the
sphericity increases with the rise of osmolarity.
The profile for C,,, =151 mOsm (not shown in
Fig. 7) is very close to that for C,,,, = 153 mOsm.
The shape of the attached non-spherical erythro-
cytes somewhat resembles a prolate ellipsoid of
revolution. It should be noted, that the calculated
shape in the lower part of the adherent erythro-
cytes (in the zone where the interference fringes
appear) turns out to be really close to spherical,
i.e. the local values of the two principal curvatures
are almost equal, ¢, ~ ¢,. This finding is conso-
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nant with our procedure of determination of R, r,
and 0, by a local fit of the data from the interfer-
ence fringes with a spherical profile, Eq. (6); this
procedure is also justified by the good agreement
of the data in Fig. 5 with the theoretical lines.
Next, from the values of 6, and A, listed in
Table 1, we compute w, using Eq. (15) with
k.=1.8 x 10~ '° J [42]. The obtained values of w,
for the three solution osmolarities, C,g, = 151,
153 and 156 mOsm, are very close to each other
(Table 1). Hence, the increase of osmolarity by
addition of sucrose practically does not affect the
forces, which are responsible for the erythrocyte
adhesion to the substrate. Then the variation of
the contact angle @, can be attributed entirely to
the variation of the membrane tension ¢ with
osmolarity at fixed w, (Eq. (3)). Indeed, the rise of
osmolarity decreases the swelling of the erythro-
cyte, makes its membrane more flaccid and de-
creases its tension o. To quantify the Ilatter
tendency we took the average value of w, (Table

1),
w,=1.16 x 10~8 J/m?,
(untreated erythrocytes) (18)

and then calculated the membrane tension from
the expression ¢ = w,/(1 — cos 0,). The computed
o’s are listed in Table 1. One sees that membrane
tension ¢ is really very low (of the order of 10~
mN/m) and decreases with the rise of osmolarity,
as it should be expected.

Further, from the values of R and ¢ in Table 1
we calculate the pressure difference across the
erythrocyte membrane, AP =2¢/R; the values of
AP thus obtained are listed in the table. We recall
that the usage of Eq. (13) is justified because in
the zone of the interference fringes the membrane
profile can be locally approximated with a sphere
of radius R (Fig. 5 and Eq. (6)). As it could be
expected, AP decreases with the increase of osmo-
larity, despite the decrease of the curvature radius
R (Table 1).

Finally, by means of Egs. (16) and (18) we
estimate the total adhesion energy, W,, which is
about 6.4kT (Table 1), where k is the Boltzmann
constant and T is the temperature. This value of
W, is larger than the thermal energy, k7, and is

consonant with the fact that the Brownian motion
does not detach the adherent erythrocytes from
the glass substrate. Dolowy [6] has estimated a
somewhat larger erythrocyte adhesion energy:
W, ~ 30kT; the difference could be attributed to
the fact that in our case the cells are swollen and
the contact area is smaller.

The value W, ~ 6.4kT is rather low to be due to
some specific interactions, such as chemical bonds
(which, by the way, are not expected for erythro-
cyte—glass contact). There are at least two possi-
ble explanations about the physical origin of the
adhesion energy. (i) It can be attributed to the van
der Waals attraction across the aqueous film in
the multilayered system glass/water/cell-mem-
brane/cell-interior. Estimations based on the
known Hamaker formula [45] show that the van
der Waals attraction could explain the observed
adhesion if the electrostatic repulsion is com-
pletely disregarded. (i) The adhesive energy can
also be attributed to the short-range electrostatic
attraction due to the discreteness of the surface
charge. The theory of the latter effect, developed
by Richmond [46,47], brings into agreement the
measured and the calculated adhesion energies in
black Newtonian films [48]. The experiments with
trypsin treated cells described in the next subsec-
tion helps to discriminate between the above two
possible explanations of the origin of cell-to-glass
adhesion.

4.2. Erythrocytes treated with trypsin

The treatment of erythrocyte membrane with
trypsin leads to a detachment of some hydrophilic
fragments from the membrane glycoproteins [17].
This leads to a decrease of the surface charge
density up to three times as established by means
of electrophoretic measurements [18,49]. We fol-
lowed the procedure for trypsin-treatment de-
scribed by Wolf and Gingell [17]. Erythrocytes,
washed after centrifugation, were resuspended in
isotonic trypsin solution (Appendix A) and incu-
bated within 1 h at 37°C. Then the erythrocytes
were separated by centrifugation and washed
twice with isotonic buffer solution. For the adhe-
sion experiments a stock erythrocyte suspension
of cell volume fraction 50% was obtained by
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resuspending of trypsin treated erythrocytes in
hypotonic buffer with osmolarity of 143 mOsm.

To reveal whether the reduction of the erythro-
cyte surface charge by the trypsin has some im-
pact on the adhesion properties, we carried out
experiments analogous to those with the untreated
(native) cells. The results for three examined ery-
throcytes at osmolarities C,,, = 143, 151 and 153
mOsm at 20°C are listed in Table 2. The values of
the measured parameters are given separately for
each cell, without averaging. Thus the data
demonstrate the individual differences between
the cells. The geometrical parameters R, r; and 6,
are determined from the interference pattern as
described in Section 3.1.

The membrane tension, ¢, and W, of the
trypsin treated erythrocytes have been estimated
in the following way. It is reasonable to accept
that the trypsin modifies only the outer surface of
the cell membrane, but it does not alter the cell
interior. In such a case the difference in AP, must
be the same for native and trypsin treated ery-
throcytes if only the temperature and the osmolar-
ity of the outer medium are the same. Then we
can use the values of AP from Table 1 to calculate
o in Table 2 for the respective values of R and
osmolarities by using Eq. (13). One sees that the
results for ¢ thus obtained (Table 2) are close to
the respective values in Table 1, although there
are differences between the individual cells. Next,
we calculate w, and W, by means of Egs. (3) and

(16) using the values of r, 8, and ¢ from Table 2.
The average value of the adhesion energy for the
trypsin-treated cells, W, ~ 4.5kT is lower than the
average value 6.2kT obtained for the native cells
(cf. Tables 1 and 2). The calculated average adhe-
sion energy per unit area,

w,=0.98 x 10~ % J/m?,
(trypsin-treated erythrocytes) (19)

is also smaller than the respective value for un-
treated cells (cf. Egs. (18) and (19)). Similar indi-
cations about a lower adhesion ability of trypsin
treated erythrocytes have been obtained by Wolf
and Gingel [17]. This difference between treated
and untreated cells cannot be explained by the
van der Waals attractive forces, which are not
sensitive to the surface charge density. Moreover,
at a first glance the decrease of adhesion with the
reduction of the surface charge (by the trypsin
treatment) could seem surprising, because the de-
crease of the electrostatic repulsion allows the
adhesive surface forces (such as the van der Waals
interaction) to show up. In contrast, the short-
range electrostatic attraction, due to the discrete-
ness of the surface charge, decreases with the
decrease of the surface charge density
[46,47,50,51], which is consonant with the ob-
served weakening of erythrocyte adhesion owing
to the trypsin treatment. Consequently, the estab-
lished effect of trypsin on the adhesion energy
indicates that in this case the adhesion could

Table 2

Data for the attachment of trypsin-treated erythrocytes to a glass surface at 20°C for various osmolarities, C,g,

C,n (mOsm) 2R+ 0.3 (um) 2r¢+0.2 (um) 0,+ 1.7 (deg) g 10~* mN/m w,
kT

143

Cell 1 7.0 1.4 11.5 4.4 33

Cell 2 7.8 1.6 11.8 4.9 5.1

151

Cell 1 6.8 1.4 12.3 4.1 35

Cell 2 7.9 1.7 124 4.7 6.1

Cell 3 6.4 1.5 13.9 3.8 4.8

153

Cell 1 7.1 1.5 12.2 3.9 3.8

Cell 2 8.4 1.6 11.1 4.6 4.2

Cell 3 7.0 1.6 13.5 3.8 5.1
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Table 3
Data for the adhesion of untreated and glycophorin-treated erythrocytes to a glass substrate at 37°C and osmolarity C,,, = 153
mOsm
Erythrocyte Cell number 2R (um) 2r¢ (nm) 0, (deg)
Untreated with glycophorin 1 9.6 1.4 8.6
2 8.3 1.3 9.0
3 7.6 1.2 9.3
Treated with glycophorin 1 6.0 0.3 2.3
2 7.7 1.0 7.0
3 5.7 0.8 7.9

originate from this short-range electrostatic
attraction. The latter, in combination with the van
der Waals interaction, can prevail over the
double-layer repulsion.

4.3. Erythrocytes treated with glycophorin

In contrast with the trypsin treatment, the
treatment with glycophorin increases the surface
charge density of erythrocytes (see Appendix B
for details about the experimental procedure). The
glycophorin is an integral membrane protein,
which is naturally contained in the erythrocyte
membrane (c.a. 500 000 molecules per cell), and
which bears a negative electric charge. We incor-
porated additional amount of glycophorin in the
cell membrane following the procedure developed
by Arvinte et al. [52]. Fluorescence measurements
(Appendix B) show that in this way we have
achieved a 5.5 times increase of the glycophorin
contents in the membrane, which is expected to
cause a considerable rise of the surface electric
charge.

Preliminary experiments [53] indicated that the
additional amount of glycophorin in the cell
membrane makes the erythrocyte-to-glass adhe-
sion more difficult. It was found that the adhesion
is favored by the rise of both temperature and
osmolarity [54]. For that reason, to achieve adhe-
sion of glycophorin-treated erythrocytes to the
substrate, we worked at a higher temperature,
37°C, and at a not-too-low osmolarity, 153
mOsm. The observations showed that under these
experimental conditions erythrocytes without ad-
ditionally incorporated glycophorin in their mem-

brane give interference patterns with a dark
central spot, but very often without completely
circular symmetry. This means that the adhesive
films are relatively thin, the membrane is rather
flaccid, and the erythrocyte shape is not spherical.
In contrast, the attached erythrocytes with addi-
tionally incorporated glycophorin give interfer-
ence pattern with circular symmetry and with a
significantly brighter central spot. This is evidence
of a higher membrane tension and lower adhesion
energy of the glycophorin-treated erythrocytes.
The above qualitative observations were confi-
rmed by the quantitative results from the reflec-
tion interference microscopy. Table 3 contains
results for three native and three glycophorin-
treated erythrocytes at temperature 37°C. The
values of 2R, 2r, and 0, are determined in the
same way as described in Section 3.1. The values
of 2r. and 6, in Table 3 for the treated cells are
markedly smaller than these for the untreated
cells. The latter fact clearly indicates weaker adhe-
sion of the glycophorin treated cells.
Unfortunately, we do not have data for the
area of the glycophorin-treated erythrocytes; this
would allow us to calculate their membrane ten-
sion and adhesion area, just like we did in Section
4.1 above. We cannot use the values of AP in
Table 1, because they are determined at a lower
temperature (20 rather than 37°C) and the Don-
nan equilibrium is sensitive to variations in tem-
perature. In future experiments we plan to
determine the area of glycophorin treated cells by
decreasing the osmolarity and measuring the di-
ameter of the obtained spherocytes. This would
enable us to extract the full information from the
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interference fringes, as we did for the untreated
cells (Table 1).

5. Concluding remarks

In the present work we studied the adhesion of
osmotically swollen erythrocytes to glass sub-
strates. An experimental chamber was used (Fig.
2), which allowed us to observe the cell adhesion
and to vary the osmolarity of the medium around
the adherent erythrocytes. We carried out mea-
surements with the same cell at various composi-
tions of the medium thus detecting the influence of
individual cell properties (age, size, charge, etc.). In
our experiments the osmolarity was varied be-
tween 143 and 156 mOsm; the erythrocytes looked
spherical in the bulk of these hypotonic solutions.
The swelling of the cells and their ¢ increase with
the decrease of osmolarity. In this osmolarity
range the membrane stretching (due to swelling)
happens in the regime of flaccid membrane,
through flattening (suppression) of thermally ex-
cited undulations (Section 4.1).

The cells attached to a glass substrate in the
experimental chamber produce interference pat-
tern (Newton rings) when observed in reflected
light, see Fig. 3. The interference pattern has been
recorded by means of a video camera and then
processed by computer to obtain information
about the profile of the cell in the zone of adhesive
contact with the substrate (Fig. 4, Tables 1-3).
The area of an attached cell can be determined by
measuring the curvature radius of the swollen cell
at lower osmolarity, at which the non-adherent
part of the cell membrane is spherical.

At higher osmolarities the non-adherent part of
the cell membrane acquires a slightly elongated
shape (Fig. 7). This deviation from sphericity
enables one to determine the membrane tension o
with the help of a method, proposed in Section 3.2,
which somewhat resembles the pendant-drop
method in interfacial tensiometry. The generalized
Laplace equation, which accounts for the bending
elasticity of the membrane, k., is solved numeri-
cally along with appropriate boundary conditions;
the necessary values of some geometrical parame-
ters are extracted from the interference data. The

mathematical problem has a unique solution,
which gives the value of the membrane tension o
for each given axisymmetric configuration of an
adherent cell, supposedly the membrane bending
elasticity k. is known. From the determined value
of ¢ we calculate the pressure drop across the
membrane of the swollen cell and the energy of
adhesion between the cell and the glass substrate
(Tables 1 and 2).

To reveal the physical origin of the observed
cell-to-glass adhesion we carried out experiments
with (i) untreated (native) erythrocytes, with (ii)
trypsin-treated erythrocytes having lower surface
electric charge and (iii) with glycophorin-treated
erythrocytes having higher surface electric charge.
The comparison of the determined adhesion ener-
gies for untreated and trypsin-treated erythrocytes
indicates that the adhesion could be attributed to
the action of the short-range electrostatic attrac-
tion due to the discreteness of the surface charge
(Section 4.2).

The experiments with the glycophorin-treated
erythrocytes show that at 20°C there is no cell-to-
glass adhesion at all, whereas at 37°C adhesion is
observed, but it is weaker than for untreated cells
(Section 4.3). The latter findings can be explained
with the electrostatic double layer repulsion, which
is enhanced by the incorporation of additional
electrically charged glycophorin molecules in the
cell membrane.

We hope that the developed mathematical and
numerical procedure for solving the generalized
Laplace equation (Appendix C) can find applica-
tion for interpreting the configurations of closed
biological and model membranes (vesicles) and
can bring information about the physical parame-
ters of the system, such as membrane tension,
difference in pressure or electric potential across
the membrane, its bending elasticity and sponta-
neous curvature, adhesion energy, etc. As a side
result we established that the generalized Laplace
equation (without shear elasticity) predicts a tran-
sition in the shape of a closed membrane from a
‘spherocyte’ to a biconcave ‘discocyte’ with the
increase of osmolarity (Fig. 6). A phase diagram of
all possible cell configurations predicted by this
equation could be a subject of a subsequent study.



K.D. Tachev et al. / Colloids and Surfaces B: Biointerfaces 19 (2000) 61-80 75

Acknowledgements

The support from the Franco-Bulgarian Labo-
ratory ‘Vesicles and Membranes’ is gratefully
acknowledged.

Appendix A. Solutions used in the experiments

Isotonic Tris-buffer solution with pH = 7.4 was
prepared at 20°C from 0.145 M NaCl (p.a. grade,
from Fluka), 0.0147 M Trizma HCI and 0.0023 M
Trizma base (products of Sigma, St Louis, MO).

Hypotonic Tris-buffer solutions: the value of
pH affects the physiological state and the lysis of
erythrocytes. Our experiments are carried out at
pH = 7.4 and at two different temperatures, 20 or
37°C. As known, the pH of Tris-buffers depends
strongly on temperature. For this reason two
types of hypotonic Tris-buffered solutions with
4.5x 1072 M NaCl were prepared in order to
obtain the same pH =74 at the respective
temperatures:

1. Solutions of various osmolarities, 143, 151,
153 and 156 mOsm, (1 mOsm =1 mM total
concentration of dissolved ions and non-disso-
ciated species) were used. This was achieved by
varying the concentration of sucrose (from
Merck). pH=7.4 at 20°C in these solutions
was obtained by using 0.0147 M Trizma HCl
and 0.0023 M Trizma base.

2. Solution of pH = 7.4 at 37°C was prepared by
dissolving 0.0123 M Trizma HCI and 0.00466
M Trizma base. Solution with osmolarity 153
mOsm was obtained by adding 0.0236 g
sucrose.

Sodium acetate buffer solutions with various
pH: 3.75, 4.05, 4.27, 4.60, 4.80 and 4.99, at con-
stant osmolarity, 290 mOsm, were used in the
procedure of glycophorin incorporation into the
erythrocyte membrane (Appendix B). These solu-
tions were prepared by mixing 0.02 M CH;COOH
and 0.02 M CH;COONa in various volume ra-
tios. The pH of all solutions was measured by a
pH-meter (HI9314000, Hanna Instruments).

Sodium carbonate buffer solution with pH =
9.5 and osmolarity of 290 mOsm was used in the
experiments for labeling of glycophorin molecules

with the dye fluorescein isothiocyanate (FITC),
see below. This buffer was prepared by mixing of
50 ml of 0.05 M Na,CO; 5.0 ml of 0.05 M HCl
and an amount of NaCl needed to achieve the
physiological osmolarity.

Trypsin solution: it was prepared by solving of
10 pg of the enzyme trypsin in 1 ml isotonic
buffer with pH = 7.4. The used trypsin was from
bovine pancreas-type 3 (Sigma).

FITC solution: a stock solution of 4.0 mg
FITC-isomer 1 (Sigma) in 1 ml sodium carbonate
buffer was prepared. The solution was stored in a
dark container. It was used for labeling of gly-
cophorin and for preparing of diluted solutions of
FITC with the following concentrations: 6.5 X
106, 3.27 x 107°, 1.64 x 10=¢ and 6.55 x 10~7
M. Based on the measured absorption spectra of
these solutions at 4 =280 and 490 nm calibration
curves of FITC were obtained. From the slopes of
these curves we determined the FITC absorban-
cies, d,go =40.62 cm?/mg and aye, = 205.30 cm?/
mg, at the respective wavelengths. The latter two
parameters were used for calculating the concen-
tration of the labeled glycophorin.

Glycophorin solution: we used glycophorin
from human blood-type MM (predominantly gly-
cophorin A), product of Sigma. A stock isotonic
solution of glycophorin with concentration 0.5
mg/ml was prepared; 0.9 ml of this solution was
labeled with FITC. The rest of the stock solution
was used for preparing of isotonic diluted gly-
cophorin solutions with the following concentra-
tions: 0.007 mg/ml, 0.014 mg/ml and 0.028 mg/ml.
Their absorption spectra were recorded at A = 280
nm. Thus a calibration curve was obtained and
from its slope the absorbancy of glycophorin was
determined to be a,g, = 1.23 cm?/mg.

All solutions were prepared with triply distilled
water.

Appendix B. Glycophorin treatment

Our purpose is to incorporate an additional
amount of the membrane protein glycophorin
into the membrane of erythrocytes. For that pur-
pose we utilize and extend the procedure devel-
oped by Arvinte et al. [52].
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(1) Labeling of the glycophorin with a fluores-
cence marker. FITC was used for this purpose.
FITC bounds covalently to the terminal amino-
group of the lysine fragment in the protein
molecule. To satisfy the requirements for optimal
conditions (temperature and pH), the labeling was
carried out in alkaline medium at room tempera-
ture (25°C) within 1.5 h in a mixture of 0.9 ml
isotonic solution of glycophorin and 0.1 ml FITC
solution (pH =9.5) (see Appendix A about the
composition of the respective solutions).

(i1) Chromatographic separation of the labeled
glycophorin. The complex FITC-glycophorin
was separated from the non-reacted FITC in the
solution by a molecular sieve chromatography.
The column used by us had dimensions 24 x 1
cm. Sephadex G-25 (product of Pharmacia Fine
Chemicals, Sweden) was used as a stationary
phase and isotonic Tris-buffer (pH=7.4) as a
mobile phase. The column had been filled up with
gel (2.7 g Sephadex and 50 ml isotonic buffer) and
equilibrated with 100 ml isotonic Tris-buffer solu-
tion (passed through the column with a flow rate
of 30 ml/h). Then 400 pl of the FITC-gly-
cophorin mixture were carefully delivered by a
pipette. The elution phase was collected as frac-
tions with a volume of 2 ml. Because of the high
molecular weight of the glycophorin, the complex
FITC—glycophorin was running out of the
column with the so called ‘void’ volume, while the
remaining unbound FITC was eluted with the
‘bed’” volume. The elution rate was 40 ml/h. In
this way the whole amount of the FITC-gly-
cophorin complex has been collected in a small
volume (4 ml) in the very beginning of the elution
process. On the other hand, the free FITC left the
column slower, after 15 ml of the elution liquid
had been already collected.

(ili)) Determining the concentration of the
FITC-glycophorin complex. The concentration
of the complex, Cg,, and that of the bound FITC,
Cerre, Were determined in the following way [52].
We measured the absorptions, A,g, and A,ee, Of
the FITC-glycophorin complex at A =280 and
496 nm respectively. From independent measure-
ments we knew the absorbancies, a,g,=40.62
cm?/mg and a,9, = 205.30 cm?/mg, of pure FITC
in solution determined from calibration plots (Ap-

pendix A). Then we calculated Cs and Crgire
using the following equations [52]:

C. — Asgo — (0.36 X Ayo6)
Gl =

(20)

rg0

Crrre = Ay90 % 0.75 @D
Because of simultaneous manifestation of ba-
tochromic and hypochromic effects the long-wave
absorption maximum of bound FITC is at 496
nm. Its absorbancy is 0.75 from the absorbancy of
unbound FITC [55]. The ratio of the FITC ab-
sorptions at 280 and 496 nm is in the range
between 0.35 and 0.38 [55]. The multiplier 0.36 in
Eq. (20) is a correction that accounts for the
FITC absorption at 280 nm. The concentrations
of labeled protein and the bound FITC thus
calculated are Cg=9.68 x 107 M and Cgipc =
3.33 x 10~7 M. Since Cgi/Crire =2.9, one can
conclude that (approximately) each third gly-
cophorin molecule is labeled by one FITC
molecule.

(iv) Incorporation of the FITC-glycophorin
complex in the erythrocyte membrane. To do that
we used the low-pH method [52]. As experimen-
tally established, when erythrocytes are put in a
medium with pH < 5.4, point defects appear in
their membranes. These defects can further grow
and form channels. If a protein, inherent for the
cell, is present in the medium, it can incorporate
in these channels thus protecting the cell from
lysis. The extent of the defect growth depends on
pH and the temperature of the medium. We ex-
perimentally found out that the lysis of the used
erythrocytes is the fastest when the cells are resus-
pended in a medium with pH = 3.6 or 4.0. If pH
is > 4.6 the process of lysis is slowed down and
takes about a couple of hours.

In the present study the incorporation of gly-
cophorin is performed in isotonic sodium acetate
buffer with pH =4.0 at 37°C. The procedure is
the following. We add 0.028 ml isotonic erythro-
cyte suspension, containing 2.8 x 107 cells, to a
mixture of 2.69 ml isotonic acetate buffer and
0.318 ml solution of the FITC-glycophorin com-
plex with concentration 9.68 x 10 ~7 M. The ob-
tained mixture is incubated for 2 min. Then the
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erythrocytes are separated by centrifugation,
washed with isotonic buffer and stored for the
adhesion experiments. The percentage of the in-
corporated glycophorin is determined spectro-
fluorimetrically based on the fluorescence
emission intensity at wavelength A., =514 nm,
the excitation wavelength being /., = 470 nm. The
changes in the fluorescence intensity are recorded
by a Perkin—Elmer LS-3 fluorescence spectrome-
ter. Fig. 8A presents the fluorescence emission
spectra of the FITC—glycophorin complex before
(curve 1) and after (curve 2) the mixing with the
erythrocytes at pH = 4.0. At the end of this exper-
iment we added to the erythrocyte suspension a
solution of the nonionic surfactant Triton X-100
(product of Fluka) with final concentration 1%.
This surfactant solubilizes all proteins and lipids
into micelles, offering to FITC-labeled proteins a
hydrophobic environment similar to that of the
membrane, which leads to a strong reducing of
the emission peak at /.,, = 514 nm (curve 3 in Fig.
8A).

490 550 610nm

hex =470 nm

min 1

(A) (B)

Fig. 8. (A) Emission spectrum of the FITC-glycophorin com-
plex before (curve 1) and after (curve 2) the addition of
erythrocytes at pH = 4.0; curve 3 shows the spectrum after the
addition of Triton X-100. (B) Time dependence of the fluores-
cence intensity at A, =514 nm: F, and F, are the intensities
before, and immediately after, the addition of erythrocytes; Fr
is the intensity after the equilibration of erythrocytes and
glycophorin.

Fig. 8(B) shows the experimental time-depen-
dence of the fluorescence intensity at A, =514
nm. One observes a sharp drop of the intensity at
the moment, when the erythrocyte suspension is
added to the solution of the FITC-glycophorin
complex. This observation can be explained with
the filter effect of the added concentrated cell
suspension. Next, the fluorescence intensity grad-
ually decreases, beginning from an initial value,
F,, down to an equilibrium value Fy (Fig. 8B).
The latter process evidences for the incorporation
of the FITC-glycophorin complex into the ery-
throcyte membranes, which is completed within 5
min. Using the measured values of the fluores-
cence intensities the percentage of the incorpo-
rated glycophorin was calculated by means of the
following equation:

Fi—Fy
o, = 100 (% 22
C (FI_ FT>X %) 22)

Here Fy is the fluorescence from the sample at
Aem = 514 nm after treatment with Triton X-100.
Thus from the data in Fig. 8 one obtains C,, =
41%. Knowing the concentrations of glycophorin
and erythrocytes we estimated that the procedure
described above leads to the incorporation of
2.7 x 10° glycophorin molecules in every erythro-
cyte. This amount is almost 5.5 times greater than
the amount of the native glycophorin in the ery-
throcyte membrane.

Appendix C. Solution of the generalized Laplace
equation

It is convenient to introduce the auxiliary
function

dsinf sinf 2 20

+ -, b=—

dr r b AP

where b is constant if the effect of gravity on the

erythrocyte shape is negligible. Then the general-
ized Laplace equation, Eq. (12), acquires the form

cos@d(

F= (23)

r dr dr

where /A is defined by Eq. (14). We will use as an
independent variable the length of the generatrix

r cos 0 dF> =IF (24)
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of the membrane profile, s, whose differential is
related to the differentials of the cylindrical coor-
dinates (r, z) as follows:

dr=cos @ ds, dz=sin 0 ds (25)

The introduction of s as a variable of integration
helps to avoid divergence in the procedure of
numerical integration at the ‘equator’ of the ery-
throcyte, where cos @ = 0. The differential of the
membrane area, 4, is simply related to ds:

dA =2nrds (26)
Combining Egs. (23) and (25) one obtains

dd 2 siné

a = 5 — + F(s) 27)
Likewise, from Eqgs. (24) and (25) one derives
d’F lcos 0| dF

—=F——— 28
az " o ds (28)

Egs. (25)—-(28) form a set of five equations for
determining the five unknown functions r(s), z(s),
0(s), F(s) and A(s). In particular, the functions
r(s) and z(s) determine the profile of the axisym-
metric membrane in a parametric form.

Let us now apply the set of Egs. (25)-(28) to
determine the profile of the adherent erythrocyte
from the data in Table 1. We start the numerical
integration from the apex of the membrane sur-
face, i.e. from the upper point of the profiles in
Fig. 7, where the generatrix intersects the axis of
revolution. We set s =0 at this point. Egs. (25)-
(27) are ordinary differential equations. There-
fore, each of them needs one boundary condition;
in our case these are:

r(s=0)=0;  z(s=0)=0;
0(s=0)=0 and A(s=0)=0 (29)

It is an experimental finding that the membrane
profile in the zone of the interference fringes can
be approximated with a sphere of radius R (Sec-
tion 3.1). Then in Eq. (27) one can set b = R; the
values of R are listed in Table 1 for various
osmolarities. Finally, the two boundary condi-
tions for Eq. (28) are:

F
F(s=0)=¢ and CCIT—O for s=0 (30)

S

The latter boundary condition removes a diver-
gence in Eq. (27) for s=0 (r=0). On the other
hand, ¢ is an unknown parameter, which is to be
determined, together with the other unknown
parameter /, from the area of the free (non-adher-
ent) portion of the membrane:

Ap = Ay — 112 31)

where Ay (in this case 188 um?) is the total area of
the membrane, assumed constant; the experimen-
tal values of r; are given in Table 1. Then the two
unknown parameters, ¢ and A, are to be deter-
mined from the following two conditions:

r=r. and 0=0, for A=A (32)

The experimental values of 6, are also given in
Table 1.

To obtain the profiles of adherent cells shown
in Fig. 7 we started the integration from the
membrane apex, s = 0, with tentative values of the
unknown parameters, ¢ and A. Further, the inte-
gration continues until we reach the point with
A= Ap. Then we check whether Eq. (32) is sa-
tisfied. If not, we assign new values of ¢ and 4 and
start the integration again from the apex s=0.
This continues until we find such values of ¢ and
A, which lead to fulfilment of Eq. (32). These
values can be automatically determined by numer-
ical minimization of the function

dj(q’;") = [r(AF’q’;") - rf]2 + [H(AF»q»)“) - 0/1]2
(33)

with respect of ¢ and 4. Thus we determined the
values of /, which are listed in Table 1.

The curves in Fig. 6 illustrate what would be
the shape of the same erythrocyte (of the same
area A = 188 um?) if it were not attached to the
substrate. In other words, Fig. 6 shows the shape
of a free (non-attached) erythrocyte of area A+ =
188 pm? at various values of the membrane ten-
sion ¢ and the transmembrane pressure difference
AP, specified in the figure caption. The curves in
Fig. 6 are also obtained by numerical integration
of Egs. (25)—(28). As before, the integration starts
from the apex of the profile, i.e. from the intersec-
tion point of the generatrix with the axis of revo-
lution, where we set s =0. The values of 4 and b
are known, since the values of o, AP and k_ are
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given, see Eqs. (14) and (23). The numerical inte-
gration starts with a tentative value of ¢ in Eq.
(30). The value of ¢ is determined from the condi-
tion that when the integration reaches the mem-
brane ‘equator’, where cos # =0, the membrane
area must be 4 = A/2.

Since the membrane profile is symmetric with
respect to the ‘equatorial’ plane, we carry out the
numerical integration above the equator, and then
we obtain the profile below the equator as a
mirror image. Of course, one can continue the
numerical integration after crossing the equator
and the same profile will be obtained; however,
due to accumulation of error from the numerical
procedure this could decrease the accuracy of the
calculated profile for the higher values of s (below
the equator).

Our calculations indicated that the generalized
Laplace equation, Eq. (12), or the equivalent set
of Egs. (25)—(28), has at least two types of solu-
tions for a free (non-adherent) erythrocyte of
fixed area and given membrane tension ¢. The
first type is a discocyte like those in Fig. 6. The
second type looks like an oblong ellipsoid of
revolution, which resembles the shape of a red
blood cell penetrating along a narrow capillary.
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