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Summary

The paper develops a semiempirical model which describes the electrokinetic behaviour in simplified form of fat emulsion
droplets in mixed electrolyte solutions. The electrolyte-droplet interaction is described using a combination of specific adsorption to
sites on the droplet, and ronspecific effects described by the Gouy-Chapman theory. The extensions to the theory required for an

understanding of the stability of TPN mixtures are discussed.

Introduction

Intravenous feeding emulsions consist of vege-
table triglycerides emulsified in water by lecithin,
and are normally administered to patients as an
admixture also containing electrolytes, amino acids
and carbohydrates. The instability of such mix-
tures, due to the interactions of electrolyte and
charged emulsion droplet, is well-known (see e.g.
Allwood, 1984; Davis et al., 1985). The theoretical
modelling of the stability of TPN mixtures would
appear to be a straightforward application of
classical electrokinetics and the DLVO theory of
colloid stability. Unfortunately the large number
of components present in a parenteral nutrition
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mixture makes the development of an electro-
kinetic model very complex. This complexity is
compounded by the heterogeneous nature of the
emulsifier, which contains both neutral and nega-
tively charged phosphatides. Recently Washington
et al. (1989) reported measurements of the electro-
phoretic mobility of model parenteral nutrition
emulsions which used mixtures of purified phos-
pholipids as emulsifiers. Since these materials are
well-characterised, it is possible to describe their
behaviour, at least approximately, in terms of the
classical electrokinetic theory. This provides a ba-
sis for the description of real emulsion systems
using natural lecithin emulsifiers.

The present paper describes a semiempirical
theory which allows the accurate modelling of
droplet zeta potential in mixed electrolyte systems.
Although this departs to some extent from a rigor-
ous electrokinetic description, the approximations
made appear to be justified on the basis of the
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good agreement obtained with experiment. The
effects of amino acids, carbchydrates or pH on
the system stability have not yet been accounted
for, and so it is not yet possible to predict the
stability of a TPN mixture on an ab initio basis.
However, it appears likely that extensions to the
theory will allow the description of these effects in
the near future.

The electrophoretic properties of phospholipids
themselves and their interactions with electrolytes
are well understood from ctudies of liposomal
model systems. All phospholipids bind both
monovalent and divalent electrolytes specifically
{McLaughlin et al., 1978; Van Dijck et al., 1978;
Eisenberg et al., 1979; Lau et al., 1981; Altenbach
and Seelig, 1984; Macdonald and Seelig, 1987).
For our purposes it is convenient to use the defini-
tion of specific binding given by Mohliner (1966);
“there is specific adsorption if the experimental
data cannot be explained by the theory of the
diffuse double layer”. By this definition, the bind-
ing of monovalent cations is much weaker than
the binding by divalent cations, and the binding
by neutral phospholipids (e.g. phosphatidylcho-
line, PC) is much weaker than the binding of
acidic phospholipids (e.g. phosphatidylglycerol,
PG). Consequently the binding of e.g. calcium or
magnesium by PG or phosphatidylserine (PS) is
the major interaction and provides a qualitative
understanding of the processes involved. However,
it is not sufficient to consider this interaction
alone :f a quantitative description is required. This
is largely due to the fact that the more weakly
mteract:ng materials (e.g. sodium and phosphati-
dylcholine) are present in much greater amounts
than the strongly interacting ones. For example, a
typical TPN mixture contains 150 mmol of
sodium; Eisenberg et al. (1979) quote a first-order
association constant between PS and sodium of
0.6 M™', implying that approximately 25% of
available binding sites will be filled with sodium if
a bulk concentration of 150 mmol is present in the
continuous phase.

The theory to be described is based on an
absorption site model, in which a cation can asso-
ciate with a site of unspecified nature on the
droplet surface. The interaction of phospholipids
with divalent cations is thought to proceed through

the production of a 1:2 ion/lipid complex, but an
explicit description of the stoichiometry of the site
is not used in the present model. This provides an
advantage over a more rigorous treatment (e.g. the
adsorption of cations to PC/PG liposomes; Mac-
donald and Seelig, 1987) in that the number of
potentially variable parameters is reduced. In
practice Macdonald and Seclig demonstrated that
an explicit description of the binding site
stoichiometry does not significantly influence the
behaviour of the model until extremely high con-
centrations of strongly binding cations are
achieved (e.g. 100 mM calcium). At this con-
centration the binding site model is inappropriate
since the calcium interacts strongly with the phos-
pholipids, causing latera! phase separation and
perturbation of the stztistical distribution of bind-
ing site units. These concentrations of strongly
binding ions are not normally found in TPN mix-
tures.

Theoretical

The object of the theory is to provide an
algorithm or analytic procedure which allows the
mobility of the emulsion droplets in a mixed elec-
trolyte to be predicted from measurements of their
behaviour in individual electrolytes. The starting
point is a description of the binding of a set of
ions to sites on the droplet surface.

Suppose there exists a total surface concentra-
tion of binding sites, [s], which can associate re-
versibly with a series of i ions I,...1; in a first-
order manner. The concentration of the ith ion is
denoted [I,]. The equilibrium is given by:

I,+SeSI,

where the binding equilibrium constant, K, is
given by:

s
K=t

{S] is the concentration of unoccupied binding
sites and is given by:

[s]=[s] - X[sL].
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By selecting an ion I; and eliminating the un-
known concentration of free sites [S] it is straight-
forward to show that the fraction of sites, f,
occupied by the ion I; is given by:

_Isyl _ x[1]
QRIS TITh §

This describes the fraction of sites filled by
each binding ion. The next stage is to calculate the
effect that each of these has on the zeta potential.
This is straightforward if the stoichiometry of the
binding sites is known, which is not necessarily
the case. Additionally the fact that all the lipids
present on the droplet surface, including phos-
phatidylcholine, bind cations to some extent, leads
to ill-definition of the binding site. Rigorously,
each type of site should be treated as having a
separate K; for a given ion; however this would
lead to a large number of additional parameters,
and necessarily more accurate data would be re-
quired for their unambiguous determination. This
can be overcome with an empirical description as
follows. The zeta potential is described as the
weighted mean of the potential in the absence of
ion binding (which is just the zeta potential of the
emulsion alone) and the potential when all sites
are filled by the ion. This is the potential mea-
sured at infinite electrolyte concentrations, al-
though of course this potential need not (in fact
cannot) be determined in an explicit experiment;
it is found from fitting the zeta potential vs.
electrolyte concentration curve. If the zeta poten-
tial of the droplet in the absence of electrolytes is
denoted by §, and that of the droplet with all sites
filled by the ion I, is {;, then the droplet zeta
notential, {, can be estimated as:

§=§0(1—;f.-) + S48

This is an empirical description, since rigor-
ously the surface should be described additively in
terms of its charge density, ¢, and the surface
potential ¥, and the zeta potential determined by

15

the Gouy-Chapman theory. This requires the in-
troduction of an exira parameter, the distance of
the hydrodynamic shear plane from the surface, as
well as the calculation of the Debye-Huckel length
in the solution. Alihough this is straightforward
the extra complexity is difficult to justify in 2
phenomenological model since experiments in this
direction were not found to significantly improve
the fitting accuracy of the data.

The model thus describes the binding of each
ion, and its effect on the zeta potential, by two
parameters which have three important character-
istics. Firstly, they have physical significance; X,
describes the binding strength and §; describes the
zeta poiential when the sites are filled. Secondly,
both parameters can be obtained accurately from
measurements on a well-defined system (emulsion
in a single electrolyte). Finally, in practice the two
parameters prove to be neither redundant nor
correlated, which ensures that their estimation is
not an il}-conditioned problem.

Finally it must be noted that the concentration
of each ion driving its adsorption is not the bulk
concentration [I,], but the concentration at the
droplet surface, [I, ,] which is different due to the
repulsion or attraction of the ion from the charged
interface. This can be found from the Boltzmann
equation:

[L..]=1[1] exp{—z,e§/kT},

where z; is the charge on the ion I,.

The introduction of the surface concentration
term complicates the modelling since it causes the
concentration to be a function of zeta potential;
the zeta potential is already a function of surface
concentration, and so an analytic solution of these
equations proves difficult. Stable solutions were
found by an iterative method which accepts trial
values of the binding parameters and calculates
the resulting zeta potential as a function of the
concentration of the electrolytes. This allows the
estimates of the parameters to be refined until the
best (least-squares) agreement with the experiment
is obtained. The thenry was tested by finding the
binding parameters for single electrolytes and then
using these to predict the behaviour in a mixed
electrolyte system.
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Materials and Methods

Intralipid 20% (Batch No. 37553) was obtained
from the hospital pharmacy, Queen’s Medical
Centre, Nottingham. Sodium and calcium chlo-
rides were analar grade from May & Baker. Zeta
potentials were determined using a Malvern Zeta-
sizer II. All computation was performed in Micro-
soft Basic on a Macintosh SE.

Results

Figure 1 shows the charge reversal of Intralipid
20% by calcium in the range 0-10 mM, and the
best fit to the data. This was obtained at a value
of K, of 600 mol™! and ¢, of +25 mV, i.e. the
sites were half filled with calcium at 1/600 M
{1.67 mM), and the zeta potential of the droplets
at ‘infinite’ calcium concentration was +25 mV.
It should be stressed that {c, is only a parameter
of the model and is not directly measurable, since
multiple ion adsorption ard anion effects would
rapidly become significant at high electrolyte con-
centrations.

Figure 2 shows a similar data set for the ad-
sorption of sodium in the concentration range
0-40 mM on to Intralipid 20%. Since sodium is
considered not to specifically adsorb to droplet
surfaces. and to neutralize droplet charge at high
concentrations, {,, was assumed to be zero. The
best flit was obtained with a value of Ky, of 15
mol ™. :
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Fig. 1. Zeta potential of 20% Intralipid in calcium chloride

solutions (0-10 mM). Solid line is fit with K, = 600 mol~!
and {c, = +25mV.
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Fig. 2. Zeta potential of 20% Intralipid in sodium chloride
solutions; (0—40 mM). Solid line is fit with Ky, =15 mol ™!
and {\,=0.

Using these values it was possible to predict the
zeta potential in a mixed electrolyte solution and
compare the values obtained with experiment. This
is dene in Fig. 3, which is the zeta potential of
Intralipid 20% in calcium chloride solutions con-
taining 40 mM sodium chloride.

Discussion

The model developed appears to provide rea-
sonable agreement with the experimental data for
the limited range of systems studied to date. It is
particularly pleasing that the model gave a rea-
sonable degree of prediction in mixed systems
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Fig. 3. Zeta potentia! of 20% Intralipid in calcium chloride
solutions (0-10 mM) in the presence of 40 mM sodium chlo-
ride. Solid line is prediction with K¢, =600 mol ™!, {c, = +25
mV, Ky, =15mol ™! and &, =0.




(Fig. 3) when the adsorption parameters were
determined in single electrolyte solutions.

A model of TPN zeta potential such as that
described here has two functions. Firstly it allows
a large quantity of data gathered from a wide
range of system compositions to be rationalized in
terms of a small number of parameters. Input to
the model is the zeta potential of emulsion in any
electrolyte mixiure which ine investigator (or em-
ulsion manufacturer) can measure accurately. This
allows the second funciion to be realized, i.e. that
the zeta potential in an electrolyte mixture not
previously investigated can be predicted without
measurement. This approach is illustrated in the
results presented here. The input data, zeta poten-
tials of emulsion in solutions of sodium or calcium
chloride, allows the adsorption parameters of
sodium and calcium to be determined. The poten-
tial in mixtures of these two electrolytes can then
be predicted. It must be stressed that the curve in
Fig. 3 is a prediction using the binding parameters
obtained from the data in single electrolyte solu-
tions, and has not itself been explicitly fitted.

Models of this type offer some hope of attain-
ing a predictive understanding of the stability of
parenteral nutrition mixtures. In order to accom-
plish this two furthe: steps are required. Firstly,
the influence of the remaining componexnts {amino
acids and carbohydrates) on emulsion zeta poten-
tial must be understood. It will then be possible to
predict zeta potentials in real TPN mixtures.

Secondly, it is necessary to understand in detail
the relationship between zeta potential and emul-
sion stability. The central nature of the critical
flocculation concentration in this problem is well
known. The overall relationship between zeta
potential and fat emulsion stability has been
studied closely (see e.g. Washington et al., 1989);
it appears that a critical zeta potential is required
for stability, which is the zeta potential at the
critical flocculation concentration. However, pre-
dicting this critical zeta potential is more difficult.
It appears that it is approximately +12 mV in
most Intralipid 20% samples in simple electro-
lytes; however the pure phospholipid emulsions
studied previously have a critical zeta potential of
+25 mV, for which there is no obvious explana-
tion. In addition, zeta potentials in practical TPN
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mixtures are very low; preliminary experiments
suggest that they rarely exceed +3 mV, even in
systems which show little flocculation or droplet
coalescence over periods of several months. It is
possible that amino acids may confer stability on
TPN mixtures not by influencing zeta potential
but by reducing the critical zeta potential in the
mixture. Experiments to test this hypothesis are in
progress.

Acknowledgements

The author would like to thank Dr. R.J. Cattell
for performing the zeta potential measurements
and Professor S.S. Davis for useful discussions.

References

Allwood, M.C., Compatibility and stability of TPN mixtures in
big bags. J. Clin. Hosp. Pharm., 9 (1984) 181-198.

Altenbach, C. and Seclig, J., Calcium binding to phosphati-
dylcholine bilayers as studied by deuterium magnetic reso-
nance. Evidence for the formation of a Ca2* complex with
two phospholipid molecules. Biochemistry, 23 (1984)
3913-3920.

Davis, S.S., Hadgraft, . and Palin, K.J., Pharmaceutical Emul-
sions. In: Becher (Ed.), Encyclopedia of Emulsion Technol-
ogy, Dekker, New York, Vol. 2, 1985, pp. 159-238.

Eisenberg, M., Gresalfi, T., Riccio, T. and McLaughlin, S..
Adsorption of monovalent cations to bilayer membranes
containing negative phospholipids. Biochemistry, 16 (1979)
5213-5223.

Lau, A., McLaughlin, A. and McLaughlin, S., The adsorption
of divalent cations to phosphatidylglycerol bilayer mem-
branes. Biochim. Biophys. Acia, 645 (1981) 279-292.

Macdonald, P.M. and Seelig, J.. Calcium binding to mixed
phosphatidylgiycerol-phosphatidylcholine bilayers as stud-
ied by deuterium nuclear magnetic resonance. Biochem-
isty, 26 (1987) 1231-1240.

McLaughlin, A., Grathwohl, C. and McLaughlin. S.. The
adsorption of divalent cations to phosphatidylcholine
bilayer membranes. Biochim. Biophys. Acta, 513 (1978)
338-357.

Mohliner, D.M., The electrical double layer. I. Elements of
double layer theory. Electroanal. Chem.. 1 (1966) 241-409.

Van Dijck, P.W.M., De Kruijff, B., Verkleij. A.J.. Van Deenen,
L.L.M. and De Gier, J., Comparative studies on the effects
of pH and Ca* en biiayers of various negatively charged
phospholipids and their mixtures with phosphatidylcholine.
Biochim. Biophys. Acta, 512 (1978) 84-96.

Washington, C., Chawla, A., Christy, N. and Davis, §.5., The
electrokinetic properties of phospholipid-stabilized fat em-
ulsions. Int. J. Pharm., 54 (1989) 191-197.



