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Generation of Streaming Potential by Liposomes
in Cylindrical Capillary. A Physical Model

Z. H. ZAWADA

Department of Physical Chemustry, Unwersity Medical School of Silesia,
41-200 Sosnowiec, Jagielloriska 4, Poland

Abstract. The streaming potential, U, of liposome solution during flow through a
capillary was determined and the physical model of this effect is presented. Equa-
tions describing correlations between streaming potential data and the electroki-
netic parameters of liposomes (mean surface charge density o, liposome radius, ry),
and the parameters of the capillary and the solvent are presented.
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Introduction

It has been found that electrokinetic properties of vesicles can be correlated with
their efficiency in carrying drugs. Measurements of changes in electrokinetic po-
tential allow to identify the bond constants for the various substances making up
the liposomal membrane (Mikes and Kovar 1981; Nalecz and Wojtczak 1982). Such
measurements usually involve probing with fluorescent, cation and anion or spin
markers (Fernandez 1981; Nakagaki et al. 1981; Lukac 1983) the properties of which
differ in polar and apolar membrane phase.

Some measurements of electrokinetic properties are based on the determination
of electrophoretic mobility and zeta-potential (Haydon 1961; Hattenbach et al.
1985; Zschoring et al. 1985; Woodle and Collins 1992).

It can be proven that zeta-potential is closely related to electrokinetic poten-
tial, ’([)0.

The effect of flow in vesicles coated with an electric diffuse layer of ions (EDL)
is recorded on the ends of a cylindrical capillary as the streaming potential, U or
current, [.

This effect has not been analysed yet. Recently, it has been shown experimen-
tally that added streaming potential can be registered during a flow of liposomes
across a cylindrical capillary. The potential depends upon the type of liposomes
and the conditions of their flow (Zawada 1990, 1991). An exact analysis of the
streaming potential generated by the flow of ion solution through a rectangular
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capillary has been performed by Babchin et al. (1976), Lyklema (1977), Gur and
Ravina (1979). It has been found that electrolyte solutions put near to phase are
characterised by special properties, and the structure of EDL has been described
(Gur 1979; Tang et al. 1992). Similarly the generation of streaming potential by
colloidal particles in a cylindrical capillary can be explained.

The streaming potential of liposome solution

Spherical liposomes with radius r¢g and surface charge density ¢ are coated with
electric double layer (EDL) with electrokinetic potential, ¥g. The liposome mem-
brane is unpenetrable to ions. Liposome solution is defined by a certain dielectric
constant, ¢ and viscosity 7, and these values hold for all bulk solutions. During the
flow through a capillary. the components of the velocity of liquid v,, according to
the capillary axis, in the surroundings of the liposome differ from the components
v,o of the liposome surface point. If the mean difference of velocities v, — vy, is
different from zero, electric charge flow is to be observed (EDL), i.e. the generating
of a definite streaming potential, U. The following expression defining the stream-
ing potential. U may he written for N liposomes flowing across a capillary per one

U:N~Q~//(no—um)-p-dS (1)
S

whete §) is the resistance of solution, p is the macroscopic density of electric charges
in EDL, and dS is the integral area of the capillary slide.

The value of U should be defined as a mean value since it depends on the
velocity of each point in the ion atmosphere of each liposome in the capillary and
their transitory position. The determination of the EDL structure and velocity
distributions around the liposomes in the capillary makes it necessary to find an
analytic solution to equation (1).

second:

Electric double layer of spherical particles

The techniques testing liposome EDL are based upon the Gouy and Chapman
model (G-C') (Scheludko 1969). The conditions of this model often meet the re-
quirements, but small liposomes are hetter described by the Debye- Hiickel model
of ion atmosphere (Libu$ and Libus 1987). We obtain the following expressions for
charge density. p and electrokinetic potential, ¥y for =, - z_ electiolyte. using the
D-Hi theory to describe the EDL the of small liposome keeping the formalism of
the G-C theory:

2,.2
aryo . ptTo l Lemw (2)
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where rg is liposome radius, r is the distance from the centre of the liposome to
the EDL point, ¢, is the i-ion concentration in the solution, o is the surface charge
density, ¢ is the dielectric constant, g is the permittivity of free space, and e, &k, T
have the usual meanings.

Hydrodynamics of liposome solution in a cylindrical capillary

The description of spherical particle motion in laminar stream is based upon the
Nevier-Stokes equation:

nAV = grad P (5)
divV =0 (6)

where 7 is the solution viscosity, V is the liquid velocity, P is the hydrostatic
pressure, and A is the Laplace’s operator.
For stationary flow, when AP = 0, the following condition is fulfilled (Einstein

1906):
P_aw )
n

where W is the liquid velocity potential.

The rigid, spherical particle of radius r¢ is at distance b from the capillary inlet,
at distance h from the capillary axis, of radius R and length L. The beginning of
the Cartesian coordinate system (d-+b+x, y, z+h) lies at (0,0, 0). The beginning
of the z, y, z, coordinate system lies at Q’(d+0,0, h), and the centre of the particle
lies at this point (Fig. 1):

d + b is the translation vector of coordinates system xz, y, z;

z axis has the same direction as the capillary axis;

z axis passes through the particle centre and the capillary axis.

The distance to any point of the capillary is:

F=(x+d+b+y* +(z+h)2
The distance to a point on the inner wall of the capillary is:

¢} =(x+d+b)*+R%



168 Zawada

Figure 1. Schematic repre-
sentation of a spherical par-
ticle in the capillary (for ex-
planation see the text).
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The distance to a point on the surface plane of liposome is:

B =(z+d+b)>+y*+ (s +h)?
where: r? + y? + 2% = r}. The liquid has a constant viscosity, n and a dielectric
permittivity ¢ - g¢ in all its volume.

The solutions to equation (7) can be fulfilled in many individual hydrodynamic
states, while the equation form depends upon the number of the boundary con-
ditions and the distribution of the assumed or known hydrodynamic pressure. In
order to make equation (1) solvable. despite the almost polar symmetry of flow in
the capillary, equation (7) has to be presented in coordinates meeting the condition
of spherical symmetry of distribution of EDL ions around the liposome. The form
of function 11" that describes the liquid velocity potential in a capillary is in accord
with that used by Eiustein (1906) with the exception of the term characterising
the pressure influence. It was assumed that the pressure vector takes a linear forin
and follows the capillary axis.

If the liquid velocity potential amounts to:

. (x+b+d)3 21 A s YR+ (z+h)?
W/ —_——e [ — . T
c 3 + 3I2g+2 (r+b+d) > (8)
the component liquid velocities V., V,, V. are given by:
ow ow ow
V.z‘ = —0;'— + u/ Vy = 3y— + U/ V: = az + uy, (ga,bﬁc)
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and
2

2 2 . 2
uI:C R?+(I+b+d)2_y_j__(~;h_)_

5 V=0 w=0 (10a,b,c)

where A, B, ¢ are constants determined from boundary conditions.
The pressure distribution in the capillary can be written as:

§= ~2c(x +b+d). (11)

If the hydrostatic pressure at the inlet to the capillary is P and that at the
outlet is Py, the experimental hydrostatic pressure is Fy = P, — P, and:
P,
0~ 9L (12)
n
Knowing the distribution of the hydrostatic pressure in the capillary, we can
solve equation (9 a,b,c) and the following expressions defining component velocities
Vi, V. V. can be obtained:

. , 9% 1
V= S [R* = = (24 h)’]| + Bo— =+ Ale + b+ d) (13)
9 0x3 ¢
g 0*1 A
Vy—Ba—yaE—z;—Ey (1)
0 81 A
V;—BEWE—E(th). (15)

The velocity of the liquid in a laminar flow takes a value of 0(*) at the capillary
wall, while a rigid particle, if positioned outside of the capillary axis, is rotating.

The velocity of the points indicated on the particle surface within the equato-
rial plane takes a constant value. (**)

In this case the boundary conditions assume the following form:

* — for points on the inner face of the capillary g = g1 and V,, V,, V. =0
** _ for points on a surface of the particle: ~ = 0 and r? + y* = 3,
av,
the V,, = constant and then 5 =9
x

Following the conditions mentioned above we obtain:

A=—6B.R. (2
— 6B <§>

-1
2d+b+r) —h 2(d+b)2—h2}
[(d+b+ro)2+h2>  [(d+b)2+h?]?

tal~1

BB'—‘C'T‘(Z)
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and taking into account lack of radial symmetry, the condition that normalises the
value of parameter d is given in the form of:

2(d+b+ )2 =R?

The component of velocity V, takes the following form:

+ B

R —y? — (24 h)? 9% 1
V,—c-[ . gaiy FAlEHb+) (16)

The streaming potential of liposome solutions in a single cylindrical
capillary

In order to introduce an expression defining the velocity in expression (1), rear-
rangement is needed into a form that is characteristics for the spherical coordinate
system:

x=r-sinv-cosyp y=r-sinv- siny T =z-Ccosv

dS=dy-dz=r-sinp-dr-dv

The term defining the mean value U (1)

// (Vo = Viegw) - p-7 - sinedrdy

considering parameter ¢, has the following solution:

U 4 wrio 4h a*rio . , mml
QN 3 4 3B.57r(d+b) 1+arg 2.1 (2n - 1)
/m [ - + i (17)
ro LIA+b)2+(h—r)2]2  [(d+b)2+ (h+7)2)%
7o To

— } e . As}‘eﬂ”dr‘f—"-
[(d+b)2+(ll—T0)2]3 {(d+b)2+(h+r0)2]§

Both terms (Eq 16):

2 2 1
[R—y*~(++h)?] and B@;

N O

give non-zero solutions for the streaming potential (Eq 17).
The first term of equation (17) describes the linear delay of the particle in
relation to the mean liquid velocity; the second one portrays the influence of the
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particle rotation. The analysis of the equation indicates that liposome rotation
depends linearly on the liposome distance from the capillary axis, i.e. the value of
h. This effect can be observed only for very small ionic forces of the order of 1075,
when Debay’s radius 1/a takes high values. Even in such conditions the contribution
of the rotation term to a whole effect is very small of the order of a 10 1° fraction of
the first term. The conditions are fulfilled for liposomes of diameters of 107° —10~7
m, when the capillary diameter R is 2.4-10~* m and length L = 0.25 m.

Taking into account the latter, the flow potential of the solution of liposomes
or other rigid, spherical particles of the colloidal dimensions has the following value:

. 2
v="-2.220.0% N.Q (18)
a

The model presented does not take into account the effects coming from the
inlet and the outlet of the liposomes in to and out of the capillary, i.e., those ac-
companying the changes of the system geometry. The Ohm resistance of a capillary
filled with an electrolyte solution is proportional to L/« - R?, where x means the
specific conductivity of the solution. At the same time, the number of particles
flowing through the capillary within a time unit is proportional to R*; therefore,
the flow potential U should be proportional to R?. Concentration together with
the type and the valence of the electrolyte ions have influence on the Debay’s ra-
dius 1/a and the conductivity of the electrolyte, thus strongly affecting the flow
potential U.

A flow of the bare electrolyte results in a flow potential that can be connected
with the electrolyte movement in relation to the capillary wall; therefore, the effect
can be a source of artifacts coming from the colloid adsorption on the glass surface
of the capillary taking place during the flow of liposome solution. It has been
found (Zawada 1991), that the adsorption effect can be eliminated by covering
the capillary inner surface with a phospholipid film composed so as to give the
capillary surface potential ¢ = 0. This cover is durable enough to take a series of
measurements, and can be easily removed by washing the capillary with organic
solvents. '

With the known the geometry of the capillary given by N and ry and using
Eq 18, the electrokinetic potential ¢y or surface charge density o can be calculated
for liposomes and other colloidal particles. This potential was determined by the
hydrodynamic method; therefore it has the physical meaning of the ¢ potential.
Depending on the size of the liposomes, we determine their mean radius by light
or electron microscopy, gel chromatography (Dusset at al. 1982), light scattering
or other methods.

The presented model of the generation of streaming potential can be used
to describe measurements of electrokinetic properties of colloidal particles. The
measurements of the electric properties of the particles surface allow to set the
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absolute sign of EDL on the basis of the sign of potential U, which is probably the
most important benefit of the method.

The measurements of the surface potential are performed to characterise the
adsorption of some drugs on the outer surface of liposomes.
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