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solutions of potassium chloride. The zeta potential as a fl-nctlon of ionic strength deviates significantly from the
predictions of the double-layer theory in the 10~°-5-10 % M range. Tllis might be due to changtes in pH in the

course of the experiment and / or to the il i

bility of the iuch

at low ionic strengths. Taking

into account the relaxation effect results in theoretical curves, calculated for vanous pnmcle sizes at low ionic

strength, which are in better with the i

However, for i with

tal data, further investigations are necessary.

Introduction

Ion interaction with lipid membranes results in po-
tential changes at membrane /solution interfaces (sec,
for example, Ref. 1). As was pointed out by Mclaughlin
[1] and later by Cherny and co-workers [2) and Abidor
and co-workers [3], the Gouy-Chapman theory of the
electrical double layer predicts, that for high surface
charges and low ionic strengths in 1: 1 electrolvtes, the
surface potential (4,) plotted as a function of ionic
strength represents a straight line with a slope about 60
mV per decade. There is some evidence showing that
experimental values of surface potentials or those of
surface potential changes (4¢,) do not agree with
these double-layer theory dicti Abidor and co-
workers [3] used the potentiodynamic method [2,4] for

clectrolytes (chlorides and nitraies:of =
ammonium chloride and potassium perchlorate). Ex-
cept for LiCl, in every case the slope was less then 60
mV per decade; in most cases 4y, plotted vs. log ¢
showed almost no changes (platcau or smali slope)
between 0.001 and 0.01 M. Lakhdar-Ghazal and co-
workers [S] di d the ial jump ch:
(A(4V)) on air/water interface for PG monolayers. In
LiCl, NaCi and CsCl solutions below 10°¢ M A(4V)
remained constant; for € > 107% M A(4V) increased
with a slope 53 mV per decade. A slope less then 60
mV per decade was obtained also by Lau and co-
workers [6] in *P-NMR studics of PG liposomes in
NaCl.
We measured clectrophoretic mobilities of lipo-
somes from anionic lipids in 0.001-1 M KCl. Zeta
ial values, calculated from the Smoluch

measurcnent of Ay, vs. log C * curves on blldyer
lipid b {BLMs) from lectin in

iations: PG, ph PS, i ine: P1.
phosphatidylinositol; CL, cardiolipin.
* This paper d ith monovalent clecirolytes: hence the

fonic strength is considered to be identical to the salt concentra-
tion C.
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were found to be less then those predicted by
the Gouy-Chapman theory for 0.001-0.05 M; the zeta
potential plotted vs. log C was found to have the same
characteristic features (two regions with different
slopes, both less then 60 mV per decade), as those
described above for monolayers [5] and planar lipid
membranes [3].

The question arises, whether these discrepancies
may be interpreted as giving svidence against the valid-
ity of the Gouy-Chapraan theery or alternatively, as
showing some inaccuracy in experimental data? In the




latter case we mean just the probability of unsuspected
distortions resulting from the peculiarities of either a
given model system or experimental procedure applied.

The purpose of liie present work was to check the
two possible sources of experimental error in zeta
potential measurements: first, the pH changes accom-
panying the liposome ion and the i of
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Materials and Metheds

Pl frem yeast was purchased from Serva, CL from
Escherichia coli from factory of bacterial preparations
(Charkov, USSR), PS was produced in the laboratory
of bioorganic chemistry of the Far Yeast University

salt concentratlun and second, the i bility of

(Vladi k, USSR) and also in the laboratory of

bioch

the Smol ti used to calcu-
late the zeta potential from electrophorctic mobility
values The probability of pH changes in acidic lipid
is usually d to be eli d cither
by buffering the solution or by working with small lipid
concentrations. As far as we can judge from the litera-
ture, iowever, this supposition is almost never justified
by pH measurements, at least in those experiments
where the ionic strength is changing. That is why we
thought it useful to obtain some experimental evidence
concerning both the pH changes in liposome suspen-
sions and the related changes of the zeta potential.
Our grounds for questioning the validity of lhe
Smoluchowsky equation come from el

of the Novosibirsk State University
(USSR). Llplds were checked for purity before use; all
gave one spot by TLC control on silicagel (Desaga HP
UVIS device, chloroform/ methanol/ water (65:25:4,
v/v) has been used as solvent system, 0.1-0.2 mg of
lipid has been loaded). Additional control for purity
was provided by electrophoretic mobility measure-
ments (sec below). Potassium chloride (for spectral
analysis) and Tris buffer (Calbiochem) were used with-
out further purification. Solutions were prepared in
twice distilled water (£2 = 2.5 Mohm). The initial water

utudies on morgamc dlsperse systems, dealmg with
similar di the th ical predic-
tions and experimental results; the related papers are
fully reviewed in Ref. 7. In classical colloid chemistry
the problem was solved upon the development of theo-
ries more common, then the one suggested by Smolu-
chowsky; we mean here several theories based on the
Gouy-Chapman-Stern mode! of the double layer, but
taking into account also the mfluence of snrfacc cun-

solution used for ion d 0.001
M KCl and 0.0005 M Tris-HCI, pH = 6.9 + 0.1 (‘buffer

solution’).
Muleil 1i were q Jing to
[21] by the ion cf noapolar solvent

in a rotating flask and subsequent addition of the
buffer solution. Lipid suspension (1 mg iipid/mi) was
shaken vigorously for 5-10 min and used immediately
for expenmental purposes.

h mobility were con-
ducted with a laser IR-spectrometes Zetasizer-I (pro-
duction of ‘Malvern’, UK), using the photon correla-
tion speclrowopy technique [22}; a description of the

ductivity and double-lay on

sis [7-12]. The thus obtained quite satist:.ctory descrip-
tion of numerous experimental data, otherwise incon-
sistent with the double-layer theory, led to the conclu-
sion, that it was the incor ss of the luchowsk

di of mobility may be
found in Refs. 23 and 24. Liposome suspensions were
analyzed in the measuring cell at 22°C. As a resuit, a
Doppler shift frequencies spectrum was obtained, and

theory at low ionic strengths that accounted for the
anomalies observed in inorganic disperse systems (see,
for example, Refs. 13 and 14).

We are aware of only fow papers [15-14] paying
attention to the surface conductivity and relaxation
effects and using the appropriate theoretical desc.ip-
tion in surface studies of lipid and biological mem-
branes, including liposomes [16,18]. As far as we know,
in the majorily of cases the electrophoretic mobility
data are generally interpreted within the limits of the
Smoluchowsky theory; recent 1 ilable are

the cor i mobility values were also found;
finally, thz frequency/ mobility spectrum was printed
as graph, and the mean mobility value was used for
calculation of the zeta potential by means of the
Smoluchowsky equation, where dielectric constant and
viscosity were taken to be 80 and l() =2 P, respectively.

Thus obtained zcta are ds d further as
&,ms as will be shown below, £, may differ significantly
from the true zeta ial at low ionic hs. For

any given Cyq, {. Was obtained as mean value from
no less then three single measurcments; the mean

given in Refs. 19 and 20.

Suggesting the significance of surface conductivity
o1 relaxation phenomena in membrane studies, we
found it reasonable to supplement this paper with a
section ‘Theory dealing briefly wnh the post-

was +2-3 mV. Preliminary experimeits
showed, that even chromaiographycally pure lipid
preparations could give the additional peaks of small
heights in thc region of low mobllmes on the mobility
ive of soi ities in the li
membranes. We have chosen therefore the samples

in the ! de-

of the el we give also our rea-
soning for choosing the Dukhin theory for comparison
with our experimental results.

h only one peak in the region of high mobilities;
among them, samples exhibiting the most negative val-
ues of £, in the buffer solution werc sclected for
subsequent measurements. Addition of EDTA to the
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latter samples led cnhcr to no changes of ., or to a
slight deciease in Q valuc *, contrary to the
expected increase mduccd by the complexation of mul-
tivalent cations; that is why we found it reasonable not

to use EDTA in our mcasurcmenls

pH me i were
carried out wuh pH-mc!cr OP 208 (Radelkis, Hungary),
using. the the Jevice

was calibrated with the standard buffer solutions (pH
6.88 and 7.38) at 22°C. The standurd crror was +0.03
pH units.

Electrophoretic mobility and pH were measured in
two series of experiments. In the first series, measure-
ments weve conducted in the conventional way: starting
with the samplc in buffer solution, both parameters
were d i after each addition of the concer-
trated KCl. In the second series, after liposome forma-
tion in buffer solution pH was adjusted to 7.00 by 0.01
M KOH; for this sample the electrophoretic mobility
was measured. Afterwards, ionic strength was changed
by the addition of concentrated KCl, again pH was
adjusted to 7.00 and the elccirophoretic mobility mea-
sured; this typical procedurc was repeated in every
point, that is, after each addition of concentrated KCI.
The same procedure was realized in the absence of
buffer; the electrophoretic mobilities were found to be
practically the same as those defined in the buffered
suspensions. Thus, in the second series we obtained
the dependence of electrophoretic mobility (hence, of
{.m) on ionic strength at constant pH = 7.00. As will be
seen bclow (Fig. 1, th|s mmute transfonnauon of the
d to the first series)
leads to quite apprec:ablc changes of {,. Each series
was repeated no less then three times for a given lij
species.

reviewed by Overbeek [8] and Booth [9] more recent
devclopments were isi d by O ek
and Wiersema [23], Dukhin and Deryaguin (7], Over-
beek and Bijsterbosch [24] and Hunter [14]. The main
results were:

1 Carrecuon for the relaxanon effect; Ihe analyti-
cal exp were obtail (8} and
Booth [9] and the i were
by Wiersema et al. [11] and more recently by O'Brien
and Hunter [12}.

(2) Correction for the surface conducuvny the mﬂu-
ence of surface ivity on the
mobility was taken into account by Henry [10] and
Booth [9]; their expressions are seldom used, however,
becaus: the ‘normal’ surface conductivity effects (see
below) arc involved in the treatment of the relaxation
effect.

(3) The ‘polarized double layer’ model developed by
S.S. Dukhin and his colleagues for thin double layers
(- a > 1)[7,28-30). The most dectailed description of
this approach is given in Ref. 7. The ‘polarization’
means here the disiortion of the double layer from its
equilibrium state caused by the motion of a charged
particle. Polarization of the double layer is regarded as
being responsible for the relaxation effect [28]. At the
same time, the S.S. Dukhin approach gives an elabo-
rate description of the ion flows in the vicinity of a
particle surface, thus taking into account the surface
conductivity effects on electrophoresis. In this treat-
ment the double-layer model is used, where the shear
plane is not necessarily placed at the Stern layer
boundary, but may shift away from the surface into the
diffuse layer. Thus, the assumption { = ¢, accepted in
the treatment of the relaxation effect [12], is not used
in the 8.S. Dukhin approach. Hence, the latter takes
into account both ‘normal’ surface conductivity (i.e.,
that existing outside the plane of shear), and ‘abnormal’
surlace cnnducnvuty (i.e., that existing in the hydrody-

layer, in the diffuse layer inside the

‘Theory
In the well-ki lassical ky theory bil
[25] the relationship b the ek horetic mo- plane of shear).

bility » and the clectrokinetic potential, ¢, is given by

)

where £ and 7 are, respectively, the relative dielectric
permittivity and dynamic viscosity of the disperse
medium, and £ is the permittivity of free space.
In the subscquent decades significant progress was
e g S

At this point, it seems possible to form a more
clear-cut notion about the relationship between the
ground terms used in this field. It is obvious, that
surface conductivity and double-layer relaxation (iden-
m:al 0 the polanzaunn‘) represent the two closcly

ing the charged
particles’ movement in the electric field. In the elec-
lmphores:s process of a spherical particle, the two
can not be really separated (see, for exam-

in ical iption of
phenomena. The early studies in this field were fully

* The EDTA-induced decrease of {,,, in our case is presumably
connected with the experimentally measured decrease of pH in
lipid suspension afier the addition of EDTA.

ple, Ref. 7); in this case, considering the relaxation
effect one takes into account also the surface conduc-
tivity effect and vise versa. This complex of pheromena
may be treated theoretically on the basis of more or
less complicated model of the electrical double Iz ser:
(1) that requiring the plane of shedr to comcnde with
the Stern layer t y (Overt Booth-V




(8,9,111 and O’Brien and White [12]) or (2) that allow-
ing the plane of shear to be placed at any distance
from the surface in the diffuse layer (Dukhin, S.S., and
his colleagues [7,30D). In the first case, one consideres
both double-layer deformation and ion fluxes only out-
side the plane of shear; in the second case, both
processes are considered outside as well as inside the
plane of shear. In the latter case we obtain the more
complete description of either surface conductivity or
relaxation effects; such a description was suggested by
$.S. Dukhin in his ‘polarized double layer’ approach.

According to Midmore and Hunter [31], the last
approach proved to be useful for finding the {-poten-
tial of latexes; the i of different
theoretical approaches led the authors to the conclu-
sion, that the condition { = ¢, assumed by O’Brien and
White is not obeyed by the latex/ electrolyte system for
electrolyte concentration less then approx. 0.01 M. It
was shown, that in this case, equations suggested either
by Dukhin and Semenikhin [30] or by Henry [10] allow
the more reliable calculations of zeta potential from
electrophoretic mobility data, than those used by
O’Brien and White (12].

In this paper we use the S.S. Dukhin theory for
clearing out the effect of surface conductivity and
double-layer polarization in our experimental condi-
tions. This choice is jnsnf ied by a small values of
I/ce-a (in PS used for th ical analysis,
a>05 gm and 1/@> 1072 um); besides, we can
hardly use the p d of both Wi and
O’Brien, and White: the former has a upper limit in
zeta potential values (¢ < 150 mV) which is sure to be

ded by highly charged lipid at low
ionic strengths (see Fig. 1, curvs 3); the latter requires
that £ should be equal to ¥, a condition which is not
satisfied in our case, because for lipid membranes the
plane of shear is placed usually at some distance from
the Stern layer (see, for example, Ref. 16).

There are several expressions in the S.S. Dukhin
theory, that give the relationship between v, ¢ and ¢,
[7,14,30}. For our we found it ble to
use the Dukhin-Deryaguin equation [7] in its form,
adapted for the case of strongly charged pdmcles, the
adaptation [32] resulted in the simple
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¥, *. Note, that in the approach of S.S. Dukhin Rel
unl,_n reflects the influeice hoth of gncface o i
and double-layer relaxation on the eleclropl'orenc mo-
bility of strongly charged particles (e.g. Rel. 7).

¢ was d from the well-k cquations of
Gouy-Chapman-Stern theory [11:

“ ZkTI 1+ a exp(cex)
(x)= e nl—acxp(—m) &

where

exp(zed, /2kT) -1

O axp(zew, [T+ G2
and ¢, is determined from

Ao e

A= ]

If the plane of shear is placed at distance L from a
surface, then ¢ = $(L). ¢ is membrane charge density,
C is electrolyte concentratior, A4 =1/(8eckT)"/2
Specific adsorption of monovalent cation was taken
into account by
g
7" THKCy o= eb. /4T ©

where ™ is the maximal charge density (correspond-
ing lu the densny of molecules in lipid monolayer at
rface); C,, is bulk ion concen-

tration, X is the cation binding constant.
The effect of surface oonductivity and double layer

may he d d by the of exper-
imental mobilities with lhose calculated from Eqn. 2.
In our case, we pi d for to
instead the i | zeta ials al-

ready available (i.e. £,,) with the correspundent theo-
retical values, calculated from Eqn. 2. Indeed, multiply-
ing both parts of Eqn. 2 by n/z¢,, we obtain in the
right-hand part the product of {-potential and the term
in brackets; this product is formally identical to { and

cen (I+Rel)~fﬂ—l§=l tnch b
N BT poseen @
—(l+2 Rel)

where z is jon valency, {=el/kT, Rel =e'¥) /2 [ =
a”/K a, where iy = ey,/kT, e is reciprocal Debye
length ais pamcle radius, @“ is specific surface

ivity, K, is cond of water sol Stern

is d d further as {,. Hence, £}, represents the

h ical prediction for the behaviour of {,, within
the framework of the Gouy-Chapman-Stern model,
corrected for the surface conductivity and relaxation
effects.

* Stern potential is used for marking the surface layer of adsorbed
icns. For lipid bilayers, ion adsorption boundary is not cleariy
defined, because of the possibility of ion penetration into the polar

potential ¥, was taken equal to the surface potential

head, region. Thus, in lipid membrane studies one generally
assumes ¥, = ¥,.
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Results and Discussion

Fig. 1 represents the experimental values of £, for
CL(A), PI(B) and PS(C) in potassium chloride solution.
Curves 1 were obtained in the usual way, by the succes-
sive additions of the concentrated salt solution to the
lipid suspension in buffer soiution. The data demon-
strate the marked deviations from the Gouy-Chapman

A

- 50

~100]

-150

Zeta potential (mv)

~200} .,

-250
-3

Log.. [C} ()

theory prediction (curves 3), obtained for the reason-
able values of o™*(1e/60 A2) and L(2 A) (sce, for
example Ref. 1). One may assume, that this discrep-
ancy results from the £, -change, brought about by the
pH-changes in [ i To test this ver-
sion, we measun,d the pH-changes during the liposome
formation (ApH,’ as well as the pH dependence on
ionic strength. ApH; in buffer solution turned out to

s
€
2 g
H .
g -150
e g
i
&

-200},/

-~ 250

3 2 B

Lag,, {C1(M)
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£
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£ 3
g -150 ,
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~200},7"
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23 2 o1 o
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Fig. 1. Zeta potential plotted as a (unumn of KCI concentration. (A)
KCI+ 00005 M Tris-HCL, pHf 6.9). Ci
error lies within each circle. Line 3, the

(B) P1: (€) PS. Mcasurements were starte
sured at pH. changing in the course of experiment (1) and pl 7.00 (2 the experimental

uluted from the Gouy-Chapman theory for «™™ = 1 /60 A K=0,L=2A (see
Theory).

in buffer solution (0.001 M



be small for CL and PS (about (.5 pH units), but quitc
appreciable for PI (about 1.5 pH units), probably in-
dicative of significant dissociation of the latter lipid in
10 M KCL. For the three lipids studie. addition of
salt causes first a slight decrcase (in the range 0.001-
0.05 M KCl) and then some increase of pH value (data
not shown). For each concentration step, th: pH change
was small (not exceeding 0.15 pH units), but quitc
noticeable; it could hardly have been lhu result of the
improper choice of the solution lrymg
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two other lipids will be reported in our future publica-
tions.

Summarizing the results of Fig. 1 we may conclude,
thai (1) climination of minor pH changcs, arising in the
course of experiment, results in quite noticeable
changes of zeta potential vs. salt concentration plots,
these changes being probably more complicated in
nature, than those that may be cxpected from the
corresponding ¢, (pH)-curves and (2) mzintcnance of a

various buffers, different salt/buffer ratios in 107* M
KCl or smaller lipid concentrations (0.5 mg/ml < Cy,
< 1 mg/ml) *, we failed to obtain constant pH 7.00 in
the ‘blank’ experiments, i.c., changing ionic strength
without the mobility measurements.

To find out, whether the observed pH-changes are
able to modify the true behaviour of £, at pH = 7.00
we measured {,,,, vs. log ¢ curves, correcting the pH at

pH of 7.00 makes it possible to specify the ¢,
values, although the pH has almost no influcnce on the
characteristic ‘two-slope’ behaviour of the zeta poten-
tial.

Searching for another way of explanation, we turned
to the problem of surface conductivity and double-layer
relaxation in clectrophoresis. As follows from the sec-
tion Theory, in our case the effect of both factors on
the clectrophoretic mobility may be detected by the

each point in the whole range of ionic hs; con-
stant pH 7.00 was d the addition of the

of experimental zeta potentials already

appropriate amounts of KOH (or HC)) either in the
presence or in the absence of buffer. The results are
shown in Fig. 1 (curves 2). Comparison with similar
data uncorrected for the constant pH (curves 1) reveals
the increase of negative ¢,,, for all three lipids studied.
The effect turned out to be different for various lipid
species: CL(A) demonstrate: the changes of ¢, in the
whole range of ionic strengths; for PI(B) the change is
less pronounced and lies at low Cgc; in the case of
PS(C) ¢{,,, remains practically unchanged below 0.01 M
KCl, then increases rapidly with obvious shift of the
whole curve at higher ionic strengths. The PS be-
haviour may look contradictory to the fact, that ¢, for
this lipid was reported to remain constant at 5 < pH < 7
in 0.05-0.2 M solutions of monovalent salts (sce, for
example, Ref. 33). The problem may be solved, how-
ever, by the all for the H. di the
PS polar headgroups (see, for example, Ref. 34), that
affects the pK values of ionizable groups. In our case,
increase of ionic strength leads presum..biy to the
decrease of pKio,- and hence, to the increase of

o™ this process being d dent on the diti

(i.c., {..,) with the corresponding theoretical
s (£1,) calculated from Eqn. 2. Dealing with the
polydisperse suspeasions studied in this work, we cal-
culated £}, for a certain set of particle sizes, deter-
mined for a given lipid species by mcans of electron
microscopy technique.

Fig. 2 represents the theoretical curves (), and
experimental values (£,,,) for PS. According to the
electron microscopy data, 90% of the particles in 0.005
M KCl have the diamcters between 0.5 and 2 pm;
among thcm, about 60% of the particles are abmn 1

e herefore ¢, for the cor
25 um, 0.5 um and 1 pm. £, was obtained at
pH 7.00 (Fig. 1C, curve 2). For comparison, we present
in Fig. 2 also ‘true’ zeta potentials ({) obtained from
the Gouy-Chapman-Stern theory for the same o™=, K
and L as those used for calcutation of £,

Fig. 2A shows the ' -variation with -omc strength
for o™ =1e/60 A’, K=0 and L=2 A. For the
three sizes chosen, ¢\, plotted as a function of log C
exhibits a flat minimum, dividing the whole curve:into
two pans with dnffercm ﬁlopﬂi to the concentration

uscd for changing of salt concentration. Thus, at higher
ionic strengths, curves 1 and 2 in Fig. 1C differ not only
in the pH value, but also in membrane charge density;
this difference may be ible for the discrep

of the two curves in the 1072-10"' M range. This
assumption may be proved, ‘n particular, by the direct
measurements of pK¢op- for PS membranes at differ-
ent icnic strengths between 187% and 1972 M; that and
some other related evidence both for I'S and for the

* There are concentration limits inherent to Zetasizer 11: the reli-
able mobility data could be obtained for lipid concentration no
less than 0.5 mg/mi.

axis. is localized at different ionic strengths
for the different particle sizes, shifting to the lower
ionic strengths with increasing radius a. In the region
where o>0.1 M, !, changes linearly with ionic
strength and is practically equal to ¢ for all particle
sizes. For C <0.1 M, £, becomes less then ¢, and the
less is the particle, the more is the difference.

In the region, where !, is independent on the
pamclc suc (C>0.1 M Fig. 2A), we can reach the
&om and £, varying
the three paramcn:rs: o™, L and K. We considered
o™ 1o be constant and equal to le/60 A, and
searched for either L or K necescary to superpose the
theoretical curve with experimental points between 0.1
and 1 M.
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Fig. 2. Compagison of £, (0) with {ly, calculated for PS from the S5, Dukhin theory (Eqn. 2). Theoretical curves were obtained for

o™ = Je /60 A? and the following sets of other parameters: A
a=0.25pm(1).0.5um (2, 1 pm(3)and 5 pm (4)
fegion contains the s
i

Fig. 2B shows the results for the seiection of L, with
K=0. In the range (0.1-1 M thc best agrecement was
achicved for L = 3.5 A. With this L value, at Iow ionic
strengths we have also rather good

2A K =0 a=025 um (1), 0.5 pm ) and | pm (3)

M- a=0.25 pm (1. 0.5 gm (2), | am (3) and 5 um (4). The hatched
of values 4. calculated from Eqn. 2 for the part

lude also the experimental values {g,. providing that the Lchlmph(\rL ic 1nobility suffers from the relaxation effect. Dashed line, the ‘true’
zeta potential (), calculated from the Gouy-Chapman-Stern theery for o™
0.25M"and 2

i L=35A.K=0.

les, present in PS suspension studied. This region should obviously

e /60 A% Kand L. respectively, 0 and 2 A(A). 0and 35 A (B).
©.

hatched region, restricted by the curves £ (log C).
calculated for the particles sizes, found for the given
lipid suspensmn. It may be seen also, that for high

changes of £y, and {,.: in the range 0.002-0.03 M
experimental values of £, fic within the limits of the

ionic L. coincides with ‘true’ zeta potentialy
), calculau:d from Egn. 3; the deviations begin at
0.02-0.03 M.



Fig. 2C represents the results for the chosen K with
L =2 A. The coincidence of {,;, with ‘true’ zeta poten-
tial was cbtained in the range 0.04-1 M; K was found
to be 0.25 M~', in agreement with K .=0.215 M~'
obtained for PS in Ref. 16. Deviation of ¢\, from ¢ is
observed between 0.001 and 0.03 M; for these jonic
strengths all the experimental points are found to be
inzerted between the ¢\ (log C)-curves, calculated for
the given particle sizes (hatched region).

Summarizing the results shown in Fig. 2 we may say
here, that ¢, calculated according to the Dukhin
equation behaves similarly to the experimental values
of ¢, at the ionic strengths studied. The similarity
expresses itself, first, in the change of slope in one and
the same range of ionic strengths and second, in the
observation, that experimental values of ., lie within
the limits of ¢, values, calculated fo: the particle
sizes, found for the given lipid suspension.

Thus we have the right to conclude, that the

haviour of zeta ials in our case may
really be brought about hy the relaxation effect. If this
is true, the Smoluchowsky equation is not valid because
4w is not equal to the ‘true’ £, but represents rather a
certain parameter proportional to the electrophoretic
mobility. The coincidence of ., and { takes place
where the relaxation effect is not significant; this hap-
pens, when the combination of surface charge, ionic
strength and particle radius satisfies to the condition
Rel << 1 [7]; our calculations show, that difference be-
tween £ and [, is less then experimental errov for
Rel <0.02.

In el horeti on i
i itati of £, and {w

not justified, since ¢!, is calculated for a glven radius
of a particle, while £, is determined for a certain set
of pamcles with different radii, it being known that
size di ion for charged hiphiles may vary
significantly with ionic strength. For this reason, we
affirm here just the possibility of the relaxation effect
on the electrophoretic mobility; the final conclusion
may be achleved only in the course of
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for the particles having the diameter 10 um (curves 4);
it may be sccn, that the difference between !, and {
is small in the range 0.01-1 M, but becomes quite
noticeable below 0.01 M. Hence, even for the large
particles a significant difference may be expected be-
tween (), and truc zeta potential for large surface
charges and low ionic strengths.
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