International Journal of Pharmaceutics, 64 (1990) 67-73 67
Elsevier

1JP 02168

The electrokinetic properties of phospholipid-stabilized fat
emulsions.
III. Interdroplet potentials and stability ratios in monovalent
electrolytes

C. Washington

Department of Pharmaceutical Sciences, University of Nottingham, University Park, Nottingham (UK.}

(Received 27 February 1990)
(Accepted 16 April 1990)

Key words: Fat emulsion; Flocculation; Total parenteral nutrition; Stability; Electrolyte; DLVO theory;
Interparticle potential

Summary

The interdroplet potential in a typical parenteral fat emulsion in the presence of sodium ions has been estimated from electrolyte
stability data in a conventional manner as a sum of electrostatic, Van der Waals, and hydration forces. The hydration forces are
important at all electrolyte concentrations, and result in the abolition of the primary potential minimum. At high (> 100 mM)
electrolyte concentrations a secondary minimum is observed into which the droplets can flocculate reversibly. The stability ratios of
the emulsion in monovalent electrolyte solutions were calculated from the interdroplet potentials. Good agreement was found
between the calculated values and those measured by turbidimetric means. Optimization of the model yielded a value for the
Hamaker constant (4,,) of soya oil of 4.75 X 1072° J (A4;,; = 6.5 X 107> J in water). The importance of the hydration forces in
determining the interdroplet potential suggests that these should receive at least as much attention as the electrostatic forces in the
consideration of emulsion stability. It is suggested that amino acids exert their stabilizing effect in parenteral feeding mixtures by
modifying the hydration forces, possibly allowing them to be more efficiently propagated through the solvent medium. The results
offer hope that it may ultimately be possible to predict the stability of TPN mixtures from their composition alone,

Introduction bility using the classical DLVO theory. The forces

between the droplets are considered as a sum of a

The stability of parenteral fat emulsions in
electrolyte solutions is a widely explored problem.
These emulsions are stabilized electrostatically by
virtue of the phospholipid emulsifier used, and
many previous workers have rationalized their sta-
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repulsive electrostatic part and an attractive Van
der Waals part, which provides a good semi-
quantitative description with a minimum of
mathematical complexity.

However, in recent years there has been an
increasing awareness that additional forces need
to be considered between the droplets due to
solvent structure at the droplet interface. These
forces are particularly important at short range
and tend to decay exponentially into the solvent
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medium. Fortunately, the magnitude of these
forces for phospholipid-coated surfaces has al-
ready been investigated by elegant thermodynamic
studies on liposomes (Lis et al., 1982) and so their
contribution to the interdroplet potentials of fat
emulsions can be calculated in a straightforward
manner.

The primary object of studying the interaction
potential of the emulsion in a TPN mixture is to
evaluate the stability of the disperse phase to
flocculation. Ultimately, one would wish to pro-
duce an estimate of emulsion stability ratio in a
complex medium containing electrolyte, amino
acids, glucose, and the many minor but doubtless
important components which are routinely added
by the pharmacist. The stability of a colloidal
system can be calculated from the potential func-
tions using the diffusion theory of Fuchs (1934) or
the kinetically based procedure of Marmur (1979).
The latter is particularly appropriate in this sys-
tem since it specifically takes into account the
possibility of flocculation into a reversible shallow
secondary energy minimum with no energy bar-
rier. Under these circumstances, Fuchs’ equation
has not been found to provide satisfactory results,
since it is primarily intended to quantify irreversi-
ble flocculation into the primary minimum over a
potential energy barrier.

In order to evaluate the interdroplet potentials,
a study was made of the simplest emulsion-elec-
trolyte system, that in which flocculation is in-
duced by a suitable concentration of a nonspecifi-
cally absorbing monovalent electrolyte. The mea-
sured stability ratios can be compared to those
calculated from suitable trial potential functions,
allowing the true potential function to be esti-
mated.

Theoretical

The total interdroplet potential energy Vi is
the sum of contributions from electrostatic repul-
sion Vg, Van der Waals attraction V,, and solvent
(hydration) repulsion Vy:

Vi=Vg+ Va+Vy 1)

Throughout this paper dimensionless reduced en-
ergies are used for convenience, i.e. energies in
units of k7. A number of approximate expressions
are available for the electrostatic repulsion Vg
depending on the ionic strength and potential;
that developed by Verwey and Overbeek (1948) is
applicable at high ka and low surface potential:

Vg =2mege,a¥s In(1 + exp(—xH)) (2)

Here ¥; is the surface or Stern potential, H is the
surface separation between the interacting drop-
lets, a is the particle radius, €, is the permittivity
of free space, and e, is the relative permittivity of
water.

The Debye-Hiickel parameter & is conveniently
given by

xk =3.288yT (nm™1) (3)

in an aqueous system at 25°C. [ is the ionic
strength of the electrolyte solution.

The Stern potential is normally calculated from
the zeta potential using the Gouy-Chapman the-
ory. The potential ¥(x) decays away from the
particle surface with distance x as:

2kT ., 1+ aexp(—«kx)

F(x)= nl—aexp(—xx) (4)
where a is given by

_exp(e¥s/2kT) ~ 1 5)
7 exp(e¥/2kT) + 1 (

T is the absolute temperature, & is Boltzmann’s
constant and e is the electronic charge. The zeta
potential { is the potential at the surface of hydro-
dynamic shear, which is normally taken to be 0.2
nm in phospholipid systems (Eisenberg et al.,
1979).

The zeta potential cannot unfortunately be
measured at the high electrolyte concentrations
used here, due to the high solution conductivity,
so it must be calculated by extrapolation from
measurements at lower electrolyte concentrations.
This is done firstly by finding the surface charge



density o, at the lower electrolyte concentrations
using the Gouy equation:

0y = 11.74¢"” sinh(19.462¥%,) (uC em™?) (6)

Here ¢ is the electrolyte concentration and z is
the charge on the adsorbed ion (1 in the case of
sodium), For this purpose ¥ is taken to be equal
to the measured value of {, since very little poten-
tial decay will occur at low electrolyte concentra-
tions (1/x > 0.2 nm). Having calculated ¢,, ¥
can be obtained at any higher electrolyte con-
centrations. This assumes that no specific binding
of the electrolyte takes place, a hypothesis which
is supported by the study of Gamon et al. (1989).

The Van der Waals interaction potential V, is
given by (Schenkel and Kitchener, 1960):

Apa

Va= THA FILZE)D) (7)

This expression allows empirically for the effects
of retardation through the characteristic oscillator
wavelength /, which has been taken to be 100 nm.
In practice retardation is not of major importance
at small particle separations. The constant 4, is
the Hamaker constant of soya oil {medium 1) in
water (medium 2). Normally, this is treated as a
variable parameter, since it is difficult to measure
experimentally; however, to provide an initial
value, the equation of Fowkes (1967) for the
Hamaker constant 4, in vacuo can be used:

27d’y,
= 2740 ®)

where d is the spacing of atomic centres (0.46 nm.
for organic liquids), A is a constant with a value
of approx. 0.9, and v, is the dispersion contribu-
tion to the surface tension. This can be considered
to be equal to the measured surface tension for
liquids of low dipole moment, but it is often more
straightforward to calculate it from the refractive
index using the empirical relation of Papazian
(1971):

Ya=286[(n* — 1)/(2n* +1) - 0.1] ©)
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The Hamaker constant in a suspending medium
{ Ay3;) is the related to the disperse phase Hamaker
constant 4,, and the continuous phase Hamaker
constant 4., by:

A = ((All)“ - (A22)0.5)2 (10)

The hydration potential V; was calculated using
the semiempirical expression:

7aX’P, .
yﬁ:W exp{—H,f}\} (11}
where the values for the amplitude and decay
constants F, and A were taken to be equal to
those for egg phospholipid vesicles (Lis et al.,
1982). Since the degree of surface hydration is
determined by phospholipids, this is not likely to
be a large source of error, although the lipid
head-group spacing in the monolayer at the drop-
let surface may be slightly different from its bi-
layer value.

The total potential was evaluated as the sum of
these separate contributions and the depth of the
secondary minimum @, was found. The fraction
of droplets f, in the secondary minimum is given
by (Marmur, 1979):

4 (~Prin)'? 2
f.= __..WWI/ZL X exp(—xlz)

2
. [erf(xs) vl exp(~x52)] dx, (12)
where
Xy = (”djmjn - xlz)i/z (13)

(all energies in units of kT)
The stability ratio W in the absence of floccula-
tion into the primary minimum is:

W=1/f, (14)

Using these latter two equations, it is possible to
find W as a function of @ alone. This is plotied
in Fig. 1. The values obtained are realistic since, at
low @, the flocculated state is weakly bound
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Fig. 1. Stability ratic vs potential energy minimum depth
caleulated from the Marmur equation.

and the available thermal energy is sufficient to
disperse it; thus, the emulsion is stable. When @, ;,
is large (ie. of the order of kT), however, the
flocculated state is significantly bound and the
emulsion stability ratio is low.

The formation rate of doublets k;, is calculated
from the initial turbidity 7, and the initial rate of
increase of turbidity (dr/d¢), by:

- (1/70)(d7/dt)0 (15)

kll F]\[1

F is an optical factor arising from Rayleigh-
Gans-Debye scattering theory and has been tabu-
lated by Lichtenbelt et al. (1974). N, is the num-
ber concentration of droplets, calculated from the
phase volume and the PCS mean diameter, assum-
ing a monodisperse system (this is not strictly
correct but is the best approximation available).
The stability ratio is defined as the ratio of the
flocculation rate to the diffusion-controlied or
Smoluchowski (1917) rate, given by:

8kT
kp =5 (16)
1e.
k
W= 2 an
11

Materials and Methods

The flocculation rate of Intralipid 20% (ex.
Hospital Pharmacy, Queen’s Medical Centre, Not-
tingham) was measured in sodium chloride solu-
tions of 0.1-0.5 M concentration using a turbidi-
metric method described previously (Washington
and Davis, 1987). The zeta potential of Intralipid
20% was measured in sodium chloride solutions
{0-40 mM) by Malvern Zetasizer at pH 7 and
25°C (Washington, 1990). The mean droplet di-
ameter was taken as the PCS z-average diameter
from measurements with a Malvern K7025 corre-
1ation spectrometer. The refractive index of a sam-
ple of soya oil (J. Sainsbury PLC) was determined
by Abbé refractometer at 20°C.

All computation was performed using Excel 2.2
on an Apple Macintosh SE, with the exception of
the Marmur equation (12,13). This expression is
not well suited to spreadsheet evaluation and so
was calculated in BASIC on an Acorn A310 mi-
crocomputer for varving values of @,

Resuits

The relationship obtained between @, and W
(Fig. 1) was in close agreement with that given by
Marmur,

The refractive index of the soya oil was 1.473 +
0.002, yielding a trial value of 4;, (Eqns 8 and 9)
of 5x107% J. The PCS mean diameter of the
emulsion was 275 nm with a polydispersity of
0.11. The surface potentials at various clectrolyte
concentrations were calculated via Eqn 6 using the
zeta potential data given previously (Washington,
1990). The total potential energy was then calcu-
fated on a grid of spacing 0.1 nm and the values of
& .., at each electrolyte concentration were found,
The stability ratios were then read from the graph
of Fig. 1. A;,, was adjusted to minimise the resid-
ual error between calculated and measured stabil-
ity ratios. This procedure is normal in colloid
stability studies, primarily due to the difficulty in
obtaining A4, from macroscopic data. It is feasi-
ble that an improved fit could be obtained by
making small adjustments to the hydration param-
eters P, and A, but this was not felt to be justified
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Fig. 2. Interdroplet potentials calculated for fat emulsions in
sodium chloride solutions from 10 to 500 mM.

due to possible parameter redundancy, since all
the parameters interact through @_;,. The result-
ing optimised potentials are shown in Fig. 2. As
expected, there was a barely detectable energy
minimum at a sodium chloride concentration of
0.1 M, and a well-defined minimum at 0.5 M.
Below a sodium chloride concentration of 0.1 M
the potentials were completely repulsive.

The flocculation rate, expressed as stability ratio
as a function of electrolyte concentration is shown
in Fig. 3. As expected, a critical flocculation con-
centration was observed at a sodium chloride con-
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Fig. 3. Measured and calculated stability ratios of fat emul-
sions in sodium chloride solutions from 100 to 500 mM.
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are in good agreement at all but
lyte concentrations.

centration of approx. 0.1 M. The
i

Discussion

The agreement between the measured and
calculated stability ratios is good at high electro-
lyte concentration, and the prediction of the criti-
cal flocculation concentration is in accord with
that observed. It should be stressed that the stabil-
ity ratios are absolute values, and no scaling pro-
cedure has been used to adjust the relative magni-
tudes of the measured and calculated data. At
lower e¢lectrolyte concentrations, the calculations
severely underestimate the stability of the emul-

- A £ .
sion, by over an order of magnitude at a sodium

concentration of 0.1 M. The reason for this is
unclear but it is perhaps not surprising that the
most difficulty should be encountered in this re-
gion, where the potential energy minimum is ex-
tremely shallow. At this point the potentials are a
delicate balance of attractive and repulsive forces,
and the shortcomings of the approximations of the
separate contributions to the potential are ap-
parent. However, it is noteworthy that an im-
proved stability ratio could not be obtained at low
electrolyte concentrations, even when unreasona-
ble values were used for the Hamaker constant
and hydration force parameters. This suggests that
the Marmur model of flocculation may have some
inadequacies for the description of this system.
Most previous approaches, from this laboratory
and elsewhere, attempt to predict and manipulate
the stability of fat emulsions and TPN mixtures
by an understanding and control of the electro-
static repulsive potential, normally as measured by
the zeta potential. As Fig. 2 shows, this factor
holds the balance between the attractive and re-
pulsive forces, and so this approach is fundamen-
tally sound. However, the presence of the hydra-
tion potential, which has previously been ne-
glected in this system, leads to interaction poten-
tials which are fundamentally different to those
predicted by DLVO theory, since they show no
primary potential energy minimum. Consequently,
this model predicts a reversible secondary floccu-
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lation at all monovalent electrolyte concentrations
above the CFC, suggesting (as experience con-
firms) that the flocculated TPN system is inher-
ently redispersible if it is diluted into a suitable
medium which lowers the ionic strength suitably.
In this respect, the behaviour of the system resem-
bles closely that of phospholipid vesicles as de-
scribed by Gamon et al. (1989).

This might suggest that flocculation in TPN
mixtures is not of severe consequence. This is
unfortunately not the case for a number of rea-
sons. Firstly, the flocculated state may facilitate
coalescence. The probability of droplet coales-
cence is almost certainly higher in a flocculated
state due to the closer average spacing of droplets
in the floc than in the dispersed emulsion. Sec-
ondly, the potential energy functions of the drop-
lets in plasma components are unknown, so it
cannot be predicted whether or not the system will
deflocculate on administration. The adsorption of
plasma components is likely to add a considerable
complication to the interdroplet potentials, in the
form of complex steric forces between the drop-
lets. Finally, there is the wholly practical problem
that, in a flocculated system, the administration of
fat is likely to be irregular depending on the
distribution of lipid within the bag. :

The importance of the hydration potential leads
to the suggestion that we may be able to signifi-
cantly manipulate the stability of a TPN mixture
by adjusting this parameter in addition to the
electrostatic repulsion. Unfortunately, means by
which this may be achieved cannot be predicted,
largely due to the poor understanding of the struc-
ture of water near interfaces. It is possible, how-
ever, that we may already unwittingly be manipu-
lating this parameter by the addition of amino
acids and carbohydrates. The stabilizing effect of
amino acids in particular is not well explained by
their effect on the electrophoretic properties of the
emulsion; most amino acids do not affect the zeta
potential to a significant degree (Washington, un-
published observations) and so a detailed mecha-
nism for their effect has previously been lacking.
However, the hypothesis that amino acids increase
the stability of the TPN mixture by increasing the
hydration repulsion is feasible; since the amino
acids are zwitterionic they may allow hydrogen-

bonding forces to be transmitted further into the
bulk from the interface, and hence could increase
the decay length A of the hydration repulsion.
Alternatively, the presence of the amino acids at
high concentration could lead to an additional
solvent repulsion term analogous to that of water.
Experimental tests of these hypotheses are cur-
rently being considered.

It should be stressed that the contribution of
the hydration forces in the present model relies on
the accurate value of the parameters measured by
Lis et al. for phospholipid surfaces. If these are
significantly in error for the present system, this
will probably be manifest as a best fit for an
incorrect value of A;,; and hence 4,,. Although
the value of A;; is not known from other studies,
it is encouraging that the value obtained from the
colloid stability data is close to the trial value
derived from the dispersion formula (4.75 X 107%
J measured, 5.0 X 107?° J calculated). The value
of the Hamaker constant is also broadly in line
with those obtained experimentally for other lipo-
philic materials, for example 7.13 X 1072 J for
phospholipids (Gamon et al., 1989) and 5.04 X
102 J for dodecane (Hunter, 1987). The effect of
high concentrations of solutes such as electrolytes,
amino acids, and carbohydrates on the Hamaker
constant is almost completely unknown. It is de-
sirable to eliminate 4,; as an adjustable parameter
and a calculated value will be used for future
studies. The values provided by the dispersion
theory of Lifshitz are considered to be at least as
accurate as those obtained experimentally.

The stability ratio as calculated by the Marmur
expression essentially describes the degree of floc-
culation as a dynamic equilibrium between floc-
culated and deflocculated droplets. The higher the
stability ratio, the lower the fraction of flocculated
material, and vice versa. This provides a qualita-
tive explanation for the phenomenon often ob-
served in TPN mixtures that only a small propor-
tion of the droplets have formed a cream layer,
while the remainder stay in suspension. In simple
DLVO theory the system either has sufficient re-
pulsion to stabilize it, or it is completely floccu-
lated. It should be stressed that the ability of the
current description to explain the partially floccu-
lated state is a consequence of the reversible equi-



librium nature of the flocculation and the absence
of a potential energy barrier.

Although the calculations described here only
treat a simplified model system at a superficial
level, the agreement between theory and experi-
ment is encouraging. It is possible that extensions
of theoretical approaches such as this will provide
a sound basis for the calculation of TPN mixture
stability, ideally in the form of a piece of software
usable by the pharmacist on a routine basis. This
goal will require some considerable further effort
but is being vigorously pursued.
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