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Abstract

The time dependent uptake of 1-anilino-8-naphthalene sulphonate (ANS) by bovine erythrocytes was studied. Experimental results
were compared with theoretical predictions in order to determine the inner erythrocyte membrane surface potential. The value of the inner
membrane surface potential under physiological conditions was estimated as —35 mV. In addition, the number of ANS binding sites on
the outer surface of the single bovine erythrocyte membrane was determined as 2.2 X 105. © 1997 Elsevier Science S.A.
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1. Introduction

Some of the constituents of the biological membranes
are ionized and therefore these membranes are electrically
charged. The membrane charge, its spatial distribution and
the spatial distribution of ions in the solution in the close
proximity of both membrane surfaces determine the profile
of electric potential across the membrane [1-5]. For the
sake of simplicity the electric properties of the membrane
are usually described in terms of the values of the electric
potential at some characteristic points and the electric
potential differences such as the membrane surface poten-
tials at both membrane—solution interfaces, the membrane
internal potential and the transmembrane potential [6—10).

The membrane surface potential is defined as the poten-
tial difference between the membrane—solution interface
and the bulk-solution phase. It results from the charged
groups at the membrane—solution interface. The inner and
outer membrane surface potentials are important functional
properties of the membrane. Among others they determine
the partition of some biologically important charged mem-
brane ligands between the bulk-solution and the mem-
brane—solution interfaces and thus affect their binding to
the membrane [3,11]. They also influence the transport of
ions across the membrane [2,12].
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The outer membrane surface potential can be estimated
by different experimental methods such as electrophoresis
[12-14], NMR methods [14], EPR methods [15,16] or
fluorescence methods [12,14,17].

The inner membrane surface potential can not be mea-
sured directly. To estimate its value inside-out membrane
vesicles must be prepared [16,18]. The inner membrane
surface potential can also be estimated indirectly by study-
ing the transmembrane transport of ions, where the neces-
sary information is provided by the relaxation data
[15,19,20]. For the erythrocyte membrane, preliminary such
measurements suggest that cytoplasmic membrane leaflet
has negative surface potential [16,21]. This is in accor-
dance with the known asymmetric structure of the erythro-
cyte membrane. Namely, head-groups of aminophospho-
lipids which are predominantly situated in the inner bilayer
leaflet as well as the spectrin network attached to the
bilayer at the inner side carry negative charge [22,23].

A comprehensive study of an indirect determination of
the inner surface potential in the erythrocyte membrane is
given in this paper. The inner bovine erythrocyte mem-
brane surface potential is obtained by studying the time
dependent uptake of 1-anilino-8-naphthalene sulphonate
(ANS) by erythrocytes in the isotonic solution of sodium
chloride and saccharose. A mathematical model of ANS
uptake, including the dependence of influx of negatively
charged ANS molecules on the surface potential differ-
ence, is constructed. In the model, the binding of ANS to
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the outer surface of the membrane and to haemoglobin is
also taken into account. From the comparison of the
experimental results and the theoretical predictions the
value of the inner surface potential is estimated.

2. Model and basic assumptions
2.1. System

When erythrocytes free of ANS are suspended in the
isotonic solution with ANS added, a loss of ANS in the
outer medium occurs. This is partly due to the binding of
ANS to the erythrocyte membrane in the phospholipid
head region which is almost an instantaneous process
[24,25]. On the time scale of 1 h, a loss of ANS is a
consequence of diffusion of ANS into erythrocytes [24]
through the cell membrane which is permeable for ANS
molecules [12]. In erythrocytes ANS partially binds to
haemoglobin [26].

Our basic assumption is that the influx of negatively
charged ANS molecules in the interior of erythrocyte is
driven by the difference between the values of electro-
chemical potentials at the two membrane—solution inter-
faces. This difference arises due to the ANS concentration
difference as well as due to the electric potential difference
between the two membrane—solution interfaces, the later
reflecting the whole electric potential profile across the
membrane.

The electric potential profile at both membrane—solu-
tion interfaces is described in this work in the model of
two electric double layers, separated by the erythrocyte
membranes (Fig. 1). Indices i and o refer to the inner and
outer membrane surfaces and to the inner and outer solu-
tion of the erythrocyte suspension, respectively. Here, i,
and y, are the inner and outer electric potentials in the
bulk solution while ™ and " are the electric potentials
at the inner and outer membrane—solution interfaces. Po-
tential differences Ay = " — ¢, and Ay, = ¢ — ofs; are
defined as the inner and outer membrane surface potential,
respectively, while Ay = ¢, — ¢, is known as the trans-
membrane potential. The electric potential difference be-
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Fig. 1. Schematic presentation of electric potential profile on both sides
of erythrocyte membrane and the corresponding ANS concentrations in
erythrocyte suspension [2,4,7]. The meanings of the symbols are given in
the text.

tween the two interfaces Ay, = ™ — ¢, can then be
expressed as:

A‘ﬂmzAwi_Adfo_'-A{ﬁCl (1)

Symbols d; and d, in Fig. 1 denote the effective thickness
of erythrocyte membrane spectrin network and glycocalyx,
respectively, while d is the thickness of lipid bilayer part
of the membrane.

Charged solute molecules are distributed in the vicinity
of the membrane in accord with the electric potential
profile (Fig. 1). Thus, as each ANS molecule bears a single
negative unit charge, the molar ANS concentration at the
membrane-solution interface (c}') differs from that in the
bulk solution (c;):

o Ay, ..
¢jf =cjexp| — |, j=i.0

where k is the Boltzmann constant, e, unit charge and T
absolute temperature.

In the experimental and theoretical considerations pre-
sented in this work the ANS uptake by bovine erythrocytes
is studied in erythrocyte suspension where the outer solu-
tion is always isotonic solution of sodium chloride and
saccharose with ANS added. Changing the ratio of
NaCl /saccharose in the outer solution of erythrocyte sus-
pension at isotonic conditions would lead to different
transmembrane potential Ay,

Ay = (E)ln( ‘a. ) (3)

€9 Ccl0

(2)

and different outer surface potential Ay, [2,3], which
would exert an effect on ANS uptake by erythrocytes.
Here, ¢ ; and ¢, denote molar chloride concentration in
the inner and outer solution, respectively. The outer sur-
face potential Ay, at given external sodium chloride
concentration can be calculated according to the theory of
electric double layer from the Poisson—Boltzmann equa-
tion (see Appendix A), while the inner surface potential is
taken to be constant during the variation of the NaCl /sac-
charose ratio in the outer solution. Namely, it was shown
that the intracellular conditions are not affected signifi-
cantly by changing the extracellular NaCl /saccharose ratio
[27].

2.2. ANS binding

The magnitude of the negative inner surface potential is
expected to be much higher than the magnitude of the
negative outer surface potential [2,16,21] indicating a
weaker binding of ANS to the inner bilayer leaflet. It was
also demonstrated that phosphatidylethanolamine which is
mostly placed in the inner bilayer leaflet of the bovine
erythrocyte membrane [28,29] practically binds no ANS
molecules [30]. Therefore, it is taken in this work that
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negatively charged ANS molecules bind only to the outer
side of the membrane.

The binding of negatively charged ANS molecules to
the outer erythrocyte membrane surface is described here
by the Langmuir adsorption equation [7,31]:

NMA/NMTz(C«I)“/KA)/(l+C;n/KA) 4)

where Ny, is the number of bound ANS molecules, Nyt
is the total number of ANS binding sites on the single
erythrocyte membrane surface and K, is the dissociation
binding constant for ANS binding to the outer membrane
surface [17] in the absence of electrostatic interactions. It is
taken that the binding depends on the ANS concentration
at the membrane—solution interface.

The binding of ANS to haemoglobin is described by the
first order saturation kinetics as:

Nyva/Nuwr = (¢i/Kyp) /(1 + ¢;/K ) (5

where Ny, is the number of ANS molecules bound to
haemoglobin molecules in a single erythrocyte, Ny, r is
the total number of ANS binding sites on haemoglobin
molecules in a single erythrocyte, while Ky, is the disso-
ciation constant for the ANS binding to the haemoglobin.
The ANS binding to haemoglobin depends on the bulk
concentration of ANS. The dependence of Ky, on pH is
not taken into account. In the range of ANS used in this
work, the factor ¢,/Ky, can be neglected compared to
unity [26], therefore Eq. (5) can be written as

Nuva/Nupr = ¢i/Kyy (6)

The total number of ANS molecules in erythrocyte
suspension must be conserved

N=M+No+Ne(NMA+NHbA) (7)

where N is the total number of ANS molecules in the
system and it equals to the initial number of ANS molecules
introduced in the outer solution at time =0, N, and N,
are the numbers of free ANS molecules in the correspond-
ing solutions and they change with time due to redistribu-
tion across the membrane, while N, is the total number of
erythrocytes in the suspension. By taking into account Eq.
(6), the conservation equation Eq. (7) can be written as

ciVee + ¢V, = ¢,(0)V, (8)

where V,; is defined as the effective volume of the inner
solution in the erythrocyte suspension,

Vie = Vi(1 + N, Ny /Ky Ny V) %)

V, is the volume of the outer solution in erythrocyte
suspension, V, is the volume of the solution inside all
erythrocytes in suspension, i.e. the volume of erythrocytes
inner solution where the volume of haemoglobin is not
taken into account, N, is the Avogadro number, and c,(0)
is the molal ANS concentration in the outer solution

immediately after the rapid process of the ANS binding to

the outer membrane surface and before the ANS influx
occurs,

co(0) = c1 — N, Nua/N,Y, (10)

cr is the initial total molar concentration in the outer
solution before the fast process of ANS binding to the
outer erythrocyte membrane surfaces. In the derivation of
Eq. (8), it is taken into account that an amount of ANS
molecules in the close proximity to the membrane where
the concentration deviates from the bulk concentration is
insignificant for the total amount of ANS in suspension. In
addition, it is also neglected that the amount of ANS
molecules bound to the membranes is decreasing due to
the decrease of the outer ANS concentration with time.

2.3. ANS influx

The influx of ANS molecules (J) is described by the
modified Goldman equation [2],

PeyAy, [ e — o,
= 11
! kT l—a, ) (n
e A,
- — 12
an =0 - (12)

where P is the permeability of the erythrocyte membrane
for the ANS molecules. Since in this work all the ANS
concentrations are low it is taken [32] that the activity
coefficient of ANS is equal to one.

By taking into consideration the continuity equation

deo(1)
i (13)

the mass conservation equation (Eq. (8)) and the flux
equation (Egs. (11) and (12)), it is possible to derive the
exponential dependence of the outer ANS bulk concentra-
tion on time,

IN,A,=V,

c,(2) =aexp(—Bt) +b (14)
where

a=c,(0)(1- ) (15)
b=c,(0)8 (16)
F=1/(1+Vsa,/V,apa;) (17)
B=NA.Plna,(aya;/V+a,/V,)/(an—1) (18)
aj=exp( eOkATde), j=i,o (19)

The exponential decay on time of bulk ANS concentration
in the outer solution described by Eq. (14) has been
observed previously [24].

By taking into consideration Eq. (1) it can be concluded
from Eqs. (14)-(19) that influx of ANS in the interior of
erythrocyte can be viewed as being dependent on the
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transmembrane potential Ay, both membrane surface
potentials Ay, and Ay, and initial ANS concentration in
the outer solution after the rapid process of the ANS
binding ¢,(0), where the influence of the bound molecules
on the outer surface potential Ay, must also be taken into
account. In the derivation of Eqs. (14)—(19), the influence
of the release of the bound ANS on the magnitude of the
outer erythrocyte surface potential Ay, due to decrease of
the outer ANS concentration with time is not taken into
account.

3. Materials and methods
3.1. Drugs

Sodium chloride, potassium chloride, disodium phos-
phate, monosodium phosphate, calcium chloride, saccha-
rose and dextrose were obtained from Merck (Darmstadt,
Germany), while 1-anilino-8-naphthalene sulphonate
(ANS) and citrate—phosphate—dextrose solution (anti-
coagulant) were purchased from Sigma (St. Louis, USA).

3.2. Preparation of red blood cells

Erythrocytes were centrifuged from fresh bovine blood
anticoagulated with citrate—phosphate—dextrose solution.
The blood was resuspended in the medium, 150 mmol 17}
NaCl, 5 mmol 1! KCl, 5.5 mmol 17! Na,HPO,, 0.8
mmol 17! NaH,PO, X H,0, 0.5 mmol 1! CaCl, - 6H,0,
5 mmol 17! dextrose, pH ca. 7.4, and centrifuged. The
supernatant was removed. The washing procedure was
repeated three times. The final concentration of erythro-
cytes was about 80 vol% (determined by the haematocrit
measurements in Ultracentrifuge Janetzki TH12, Janetzki
Maschinbau, Leipzig, Germany). Erythrocytes were treated
at room temperature throughout the preparation and further
experiments.

3.3. The kinetics of ANS uptake by the erythrocyte

The time dependent uptake of ANS by the intact ery-
throcyte was experimentally determined by measuring the
free ANS concentration in the outer solution of erythrocyte
suspension (c,) as a function of time. Six equal samples of
the erythrocyte suspension with ANS added in the outer
solution of the suspension were prepared as follows. The
washed cells (1 ml 80 vol%) were resuspended in 5 ml of
isotonic ANS—NaCl-saccharose solution, therefore the fi-
nal volume of the outer solution V, was 5.2 ml. Knowing
the value of the mean bovine erythrocyte volume 58 pm?
[33], the total number of erythrocytes in the suspension
N,=1.38 X 10" was estimated. The initial concentration
of ANS in the outer solution before the ANS binding to
the outer erythrocyte membrane surfaces (c,) was varied

%‘ T <——-——cr
- s—¢(0)
‘=

time / b

Fig. 2. Time dependence of free ANS concentration c,(f) in the outer
isotonic NaCl /saccharose solution ([NaCl]=150 mmol 17!') of bovine
erythrocyte suspension. Initial total ANS concentration in outer solution
cr was 12.7X107% mol 17 1. Experimentally determined values of c,(z)
(points) were fitted utilizing Eq. (14), where the values of parameters
a=73%x10"% mol 17!, B=2.34x10"* s~ and b=4.57X10"3 mol
17! are obtained using the least squares method.

in different experiments around the value 1.2 X 10~* mol
1L

At selected time intervals the samples were centrifuged
in Centrifuge Janetzki T23 (Janetzki Maschinenbau,
Leipzig, Germany) in order to put down intact erythrocytes
and membrane fragments produced by partial haemolysis
[24]. The concentration of ANS in the supernatant (c,) was
determined from the optical density of supernatant at 370
nm in Shimadzu Multipurpose Recording Spectrophotome-
ter (Shimadzu Seisakusho, Kyoto, Japan). Corrections due
to the haemoglobin trace in the supernatant were deter-
mined from the optical density of the supernatant at 540
nm where the absorption in the supernatant is predomi-
nantly due to the presence of haemoglobin molecules. The
measured values of c, are plotted versus time and fitted by
Eq. (14) (Fig. 2), where the parameters a, B and b were
determined using the least squares method. The value of c,
at time zero was then determined as ¢,(0) =a + b.

4. Results
4.1. Determination of the number of ANS binding sites

The number of ANS molecules bound to the outer
surface of single erythrocyte membrane (N,,) before
ANS influx in erythrocytes was determined in order to
estimate the total number of ANS binding sites on the
outer surface of the single erythrocyte membrane ( Ny ).
Knowing the initial drop of ANS concentration in the outer
solution of the erythrocyte suspension (cp— c,(0)), the
number of bound ANS molecules before ANS influx, i.e.,
at time 7= 0, may be obtained from Eq. (10):

NMA(O) = NAVO(CT - Co(o))/lve (20)
In order to determine the value of ¢ (0) the outer bulk

ANS concentration ¢, in the intact bovine erythrocyte
suspension was measured as a function of time (Fig. 2).
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The value of ¢,(0) was then determined by extrapolation
to time zero as it is described in Section 3.3.

The experiment presented in Fig. 2 was repeated 48
times. The mean value of ¢,(0) was 11.28 X 1075 mol
17!, while the mean value of the (¢ — ¢,(0)) was 0.74 X
1073 mol 17!, where the sodium chloride concentration in
the outer isotonic solution was 150 mmol 17! in all cases.
The volume of the outer solution V, was 5.2 ml and the
total number of erythrocytes in the suspension was N, =
1.38 X 10! as it was mentioned before. Therefore by
using Eq. (20), the initial number of ANS bound to the
outer surface of single erythrocyte Ny,(0) = 1.67 X 10° at
[NaCl] = 150 mmol 1~! was determined.

Using the values Ny, = 1.67 X 10° and ¢, = 11.28 X
1075 mol 17! with ANS binding constant of K, =2.7 X
1075 [34] the total number of ANS binding sites on the
outer surface of the single erythrocyte membrane was
estimated from Eq. (4): Ny =2.18 X 10°, where it was
taken into account that ANS concentration at the outer
surface of the membrane c¢' depends on the outer surface
potential Ay, (Eq. (2)) which is influenced by the bound
ANS molecules. Therefore, while calculating Ny, the
equations of the electric double layer theory were also
considered (Appendix A).

4.2. Determination of the inner surface potential

The comparison of experimental results and theoretical
predictions in order to obtain the value of the inner surface
potential Ay, was carried out in terms of the dependence
of the parameter A:

A= (dc,/d1),_o/c,(0) =aB/(a+b) (1)

on the NaCl /saccharose ratio in the outer solution of the
erythrocyte suspension, where the values of parameters a,
b and B at given outer sodium chloride concentration can
be experimentally obtained from the measurements of free
ANS concentration in outer solution ¢ (#) (Fig. 2).

By inserting the expressions for a, b and 8 from Eqgs.
(15)-(19) in Eq. (21) the parameter A can also be ex-
pressed as

A N AP
R

o

[eo( Aty — Ay, + Ady) /KT Jexp( e, Aty /KT)
1- exp[_eo(All’i - Alllo + A!/JCI)/kT]

(22)

In order to theoretically determine the dependence of
parameter A on the outer sodium chloride concentration
from Eq. (22), the dependencies of the transmembrane
electric potential Ay, and the outer membrane surface
potential Ay, on outer sodium chloride concentration are
calculated while the inner membrane surface potential Ay,
is taken as a free model parameter. The value of Ay, as a

or—r—T— T 7 T

T T— T T T
[} 50 100 150

[NaCl] /mmet /t/mM

Fig. 3. Experimentally determined (points) and calculated (curves) depen-
dence of the ratio A /A, (Egs. (21) and (23)) as a function of the outer
sodium chloride concentration. The curves are calculated for the indicated
different values of the inner membrane surface potential As;.

function of outer sodium chloride concentration is calcu-
lated using Eq. (3) for the intracellular chloride concentra-
tion c¢,; = 128 mmol 17'. The dependence of Ay, on the
outer sodium chloride concentration is determined accord-
ing to the theory of electric double layer (Appendix A),
taking into account the equations of ANS binding (Eq. (2),
Eq. (4) and Eq. (10)) for Ny = 2.18 X 10°, determined in
the previous section, ¢y = 1.2 X 10™* mol 1", which is
the mean value of c; in all measurements given in Fig. 3,
K,=27x107%[34], V. =52 ml and N, = 1.38 X 10".

However, the value of membrane permeability P in Eq.
(22) can not be determined independently. Therefore in
this work the dependence of the ratio A/A;5, on the outer
sodium chloride concentration is used for determination of
Ay, where A5, is the value of A at sodium chloride
concentration of 150 mmol 17", The ratio A/A;5, can be
expressed (Eq. (21)) as

apB aB \7!
Vi (355 )| 255, “

In order to determine the value of the inner membrane
surface potential Ay, the experimentally obtained depen-
dence of the ratio A/A;5, on the outer sodium chloride
concentration (Fig. 3) was fitted using Eq. (22) where it is
taken that the values of V, and P are not changing as a
function of the outer sodium chloride concentration [27,35].
The pH dependence of the A/A5, is not taken into
account since the inner pH is not altered significantly with
the outer sodium chloride concentration [27,35]. The best
fit is achieved by an appropriate choice of the parameter
Ay, (Fig. 3). From comparison of the experimental and
theoretical values of A/As, given in Fig. 3 the value of
the inner membrane surface potential was estimated as
Ay, = —35mV.
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5. Discussion

The value of the inner membrane surface potential
Ay, = —35 mV determined in this work is smaller than
the theoretically predicted value of more than —60 mV
which was calculated on the basis of electrostatic model,
using the realistic data of electric charges of the
haemoglobin molecules, spectrin layer and inner phospho-
lipid molecules of human erythrocyte [2]. This discrepancy
may arise due to compositional and structural differences
between the human and bovine erythrocytes.

On the basis of different experimental and theoretical
results, it can be concluded that the magnitude of the outer
erythrocyte membrane surface potential Ay, is of the
order of 5 mV [2,16] which is much smaller than the
magnitude of the inner erythrocyte membrane surface po-
tential determined in this work. This may be explained
partly by the fact that acidic lipid molecules in erythrocyte
membrane are almost entirely localised in the inner half of
the erythrocyte lipid bilayer, while the outer half of the
erythrocyte lipid bilayer is practically neutral at physio-
logical pH [22,28,29,36,37]. The other reason is that the
negative charges of sialic acids in glycocalyx protrude into
the solution phase and therefore the outer erythrocyte
surface potential is smaller [13] in comparison to the
situation where the glycocalyx sialic acids would be dis-
tributed in the plane. In addition, the number of negative
elementary charges within the spectrin layer at the inner
membrane surface [23] is a few times larger than the
number of negative elementary charges within the glycoca-
lyx [38], while its thickness is smaller than the thickness of
glycocalyx [39,40].

The value of the inner surface potential of bovine
erythrocyte membrane Ay, estimated in this work depends
on the choice of the values of the model parameters as it is
the number of sialic acids in glycocalyx N, the effective
thickness of glycocalyx layer d, the dissociation constant
for ANS binding to the outer membrane surface X, and
the permittivity of the outer solution €. Namely, the
variation of the parameters of the system may influence
the calculated value Ay, and consequently also the esti-
mated value of Ay;,. However, it can be shown that the
variation of these parameters has no essential influence on
the estimated value of Ay;. This can be explained by the
fact that the value of Ay, is several times smaller than
A and Ay; [2,16,35] and has therefore minor effect on
the transmembrane transport of ANS and consequently
also on the estimated value of Ay,.
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Appendix A. Membrane electrostatics

The outer surface potential Ay, and the number of
ANS molecules bound to the outer surface of single ery-
throcyte membrane Ny, at given sodium chloride concen-
tration in outer solution of erythrocyte suspension ([NaCl])
are calculated by solving simultaneously the equations of
ANS binding to the outer bilayer surface (Section 2.2) and
the Poisson—Boltzmann equation describing the electrostat-
ics of the outer solution extending in the positive x
direction from the outer surface at x =0 [2]:

d’y(x)
dx?
-1 eo(¥(x) — ¥,)
= | pa- 2e0NA[NaCl]sh(—9-(—k}——)

(A1)

where € is the permittivity of the outer solution, €, is the
permittivity of the free space and

PoL = —Nyeo/d, A, (AZ)

is the constant space charge density of glycocalyx in the
domain of the outer solution from x =0 to x=d, [2,13],
where N, is the mean number of negatively charged sialic
acids in single erythrocyte membrane glycocalyx, d, is the
effective thickness of glycocalyx of single erythrocyte
membrane, while A, is the mean surface area of the single
erythrocyte [38,39]. The boundary condition
(dy(x)/dx),_,. =0 [41] and the choice Y(x =)=y,
(see Fig. 1) are already incorporated in Eq. (A1). While
solving the Eq. (A1) the outer membrane surface charge
density due to the bound ANS [7,17,42]:

Oans = ~Nyaeo/Ae (A3)
is considered by including the boundary condition
(dg/dx) .o = —Oans/ €€, (A4)

where it is taken into account that the contribution of
charged phospholipid head groups to the surface charge
density of the outer membrane surface can be neglected
[35]. Here, N, is the mean number of ANS molecules
bound to the outer surface of single erythrocyte membrane.
Additionally, the boundary conditions at x = d, (see Fig.
1) must also be taken into account [2]:

%)

8N, [NaCIJkT\'*  [e(w(x=4d,) — W)
_( ) Sh( 2kT

€€,

(AS)

Therefore in order to determine the values of Ay, and
Nya at given sodium chloride concentration in the outer
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solution the Poisson—-Boltzmann Eq. (Al), subject to the
boundary condition (Eq. (A4)), had to be numerically
integrated from x=d, to x=0 (see Fig. 1), taking into
account the equations of ANS binding to the outer mem-
brane surface (Section 2.2) and Eq. (A3) describing the
dependence of the outer membrane surface charge density
due to bound ANS (o) on the number of bound ANS
molecules Ny, . The Runge Kutta method of the 4th order
was applied. The initial values of y(x=d,) was deter-
mined by an iterative procedure according to the boundary
condition (Eq. (A4)), where the value of (d¢/d x),., was
determined from the Eq. (A5). The following values of
model parameters were used in the described calculations:
d,=5.5 nm [39], N, =1X107 [38], A, =95 pm? [33],
€=785and T=293 K.
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