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ABSTRACT

Accurate, precise, sensitive and reproducibie experimental protocols
using high pressure 1iquid chromatographic assay techniques (HPLC) have
been developed to study some fundamental factors controlling the trans-
port of solutes across liquid membranes. A simple model, previously
developed by Rhodes and co-workers, used to describe the kinetics of
solute transport across liquid membranes was evaluated and some formu-
lation aspects of emulsions for use as liquid membranes were studied.

The removal of solutes from an external aqueous phase by a liquid
membrane was found to be influenced by a number of factors including
initial solute concentration, pH of the external aqueous phase, and
temperature of the system. As the initial concentration of solute
increased, the apparent transport rate constants decreased. This was
observed for both single and multicomponent systems. Increasing the
pH of the external aqueous phase resulted in reduced transport rate
constants for salicylic acid. This is in agreement with the pH-
partition theory. An attempt was made to predict the uptake of
salicylic acid as a function of pH using a Computer Simulation
Modeling Program. Lack of quantitative agreement between experimental
and predicted data is attributed to the complexity of the systems and
insufficiency of the model. Salicylic acid uptake increased as a

function of temperature in apparent agreement with the Arrhenius



equation. Similar'y, the uptake of phenobarbital by a liquid membrane
system appeared %G obey the Arrhenius relationship until a “criticai"
temperature or temperature range was reached (about 43°C). Above the
critical temperature, the transport rates of phenobarbital decreased
as temperature was increased. Increasing the viscosity of the liquid
membrane at the critical temperature did not help to improve transport
at this temperature range.

Alterations in the physical properties of liquid membranes resulted
in changes in the rate of solute uptake. Increasing viscosity and oil/
water ratio both resulted in reduced transport rate constants for the
uptake of solutes. These effects can be readily interpreted using
classical diffusion theory. Liquid membranes which were frozen and thawed
were satisfactorily used for drug removal indicating the surprising
robustness of these systems.

Studies reported in this thesis indicate that previous use of
1iquid membranes for solute transport does not materially affect their
further use as sinks. These systems also demonstrated the ability to
remove simultaneously two solutes from a multicomponent system at rates
which were of the same magnitude as that measured in one solute systens.

Method of manufacture and appropriate surfactant blends were determined
to be key factors in the development of emulsions for use as liquid
membranes formulated using only Generally Regarded As Safe components (GRAS) .
Liquid membrane systems prepared by the investigator using only GRAS
components would need substantial further development work before
commercialization could be effected; however, they do appear to merit

additional studies for a number of possible pharmaceutical uses.
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I. OBJECTIVES

The recent develcpment of 1liquid membrane systems has prompted
studies exploring their usefulness (3-16). These systems, which may
be either water-in-oil-in-water (w/o/w) or oil-in-water-in-o0il (o/w/0)
type emulsions (10), have been investigated for use in areas such as
blood oxygenation (3,4), encapsulation of enzymes (5,6), the purifica-
tion of waste water (11-14), the separation of hydrocarbons (2,7,11),
and the removal of toxic substances from the human body (8,9). An
area of major interest is the potential use of 1iquid membrane systems
in cases of drug overdose (15,16). Studies have demonstrated the
rapid uptake of phenobarbital and aspirin from either pH 2 or 7
buffer solutions (15). |

As evidenced by the literature, extensive work has been done in
the area of liquid membrane application. Although the effect of some
of the physical and chemical properties of liquid membrane systems on
drug transport have been studied (15), only recently has work been
initiated in the area of development of kinetic models to rationalize
the transport of solutes across liquid membranes. Yang and Rhodes
investigated the formulation variables of liquid membranes on
transport (17), while Chilamkurti and Rhodes studied the effect cf
molecular structure on transport across liquid membranes (18). Some
preliminary work was dene by Yang and Rhodes on the effect of electro-

lytes on the transport of water through the liquid membranes (17).



In their work, Yang and Rhodes were able to determine the macro
rate constants (a and B) for the systems studied, but they were unable
to determine the micro rate constants. For some systems Chilamkurti
and Rhodes were able to establish micro rate constants (18), while in
other systems their attempts were unsuccessful.

A1l of the work reported by Rhodes and his co-workers concerned
systems in which the internal aqueous phase of a liguid membrane
functioned as a sink, capturing solute which crossed the liquid mem-
brane from the external donor phase. There area limited number of
reports in the literature on the formulation of multiple emulsions
functibning as reservoirs for drug delivery and the difficulties
encountered in their development (19-22). The choice of 0il and
emulsifying agents are of particular importance when the stability
and in vivo use of these emulsions is considered. The nature of the
internal aqueous phase is another potential source of emulsion
instability if the proper emulsifying agents and additives are not
included in the formulation. A delicate balance of all system
components is required for the successful formulation of liquid
membranes.

The purpose of this project was to develop a precise and
reproducible protocol for studying the kinetics of solute transport
across liquid membranes and to use this piotocol to study some funda-
mental factors controlling liquid membrane solute transport. This
project was developed also to evaluate a simple model designed to

rationalize some aspects of the kinetics of liquid membrane transport









91Towing equation:

A€ = sH - TaS + Zu,dn, Equation (1)

Where: AG = change in free energy,
AH = change in enthalpy,
T = absolute temperature (°K),
AS = change in entropy,

u = chemical potential of a comconent,
n = component.

Passive diffusion may be described by Fick's first law (23), which

states:
dg/dt = -D A (dc/dx) Equation (2)

Where: dg/dt = rate of solute transfer (number of moles of solute
crossing the membrane per unit of time),

D = diffusion coefficient,

A = area of membrane available for diffusion,

dc/dx = concentration gradient/thickness of membrane.

A number of factors influence the passive diffusion of a drug
across a membrane. These include the partition coefficient, pKa and
molecular weight of the drug, and the pH of the medium.

The partition coefficient, the ratio of distribution of solute
between two immiscible 1iquids, is expressed as follows:

k = C1/C2 Equation (3)
Where C] and C2 are the equilibrium concentrations of solute in liquid 1
(nonaqueous) and 1iquid 2 (aqueous) and k is the partition coefficient.
The rate of solute transport is directly porportional to its partition
coefficient for a particular system.

Most drugs are weak acids or weak bases which exist as both

ionized and unionized species in solution. The extent of ionization,



which depends sn *the pKa of the solute and the pH of the solution,
may be calculated using the Henderson-Hasselsash equation (24):
PH = JKa + log (saltsacid} Equation (4)
Where: pH = reciprocal log of the hydrocen ion concentration of i
solution (log 1/ [H']),
pKa = dissociation constant of the solute,
(salt/acid) = molar concentration of jonized species/molar

concentration of unionized species.

Since the unionized species has a greater partition coefficient
than the ionized species, it would be expected that as the fraction
of unionized solute increases, the rate of solute transport increases.
Acidic drugs are transported most easily from solutions with a Tow pH
since the drug does not ionize to any great extent. As the pH of the
solution increases, the extent of ionization increases, thereby reducing
the percent of unionized drug available to transfer across a membrane.
Conversely, basic drugs are transported best from solutions with a
high pH. As the pH of the solution increases, the extent of ionization
decreases and the percent of drug available for transport increases.
The pH-partition theory as it applies to the absorption of drugs in the
stomach and small intestines. has been studied in both humans (26) and
animals (27-30).

2. Kinetics of Transport

The amount of solute transported from one compartment to another
per unit of time, or the rate of solute transfer, may be expressed
using the specific rate constant, k, for that process. A reaction may
proceed by zero, first, or second order kinetics with k calculated

accordingly.









B. Emulsion Tecnnclagy

1. Definiticn of Emulsions

"An emulsion is a thermodynamically unstabie system
consisting of at least two immiscible T1quic prases, one
which is dispersed as globules in the other liguid phase" (25).
The two immiscible phases of an emulsion consist of a polar
liquid such as water and a nonpolar liquid such as oil.
These systems may be classified according to which phase is
dispersed or internal in the continuous or external phase.
If the aqueous phase is dispersed in the o0il phase, the
emulsion is classified as a water-in-oil (w/o) type. Al-
ternatively, in cases where the oil phase is dispersed
throughout a continuous aqueous phase, the emulsion is an
0il-in-water (o/w) type. Complex or multiple emulsions may
be formed by dispersing an emulsion in another liquid which
becomes the final external phase. In this way, a w/o
emulsion dispersed in an aqueous phase forms a water-in-
oil-in-water (w/o/w) multiple emulsion. If an o/w
emulsion is dispersed in a oil phase, an oil-in-water-in-
011 (o/w/0) emulsion results. Generally, the particle size
diameter of the dispersed phase of a two phase emulsion may
range from 0.01 to 100 um with the majority of them being
0.1 to 10 um.
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2. Consiazration of tne Hydrophilic-Lipophilic Balance (HLB)
Approazn to Emulsion Formulation

In order to render an emulsion stable, ancther component
must be added to the mixture of immiscible Tiquids. Surface-
active agents are employed to stabilize emulsions through
their ability to act at the interface or at the point where
the two liquid meet. At the interface, surface-active agents
are adsorbed and ". . .lower the surface free energy associated
with the dispersed phase making the emulsion energetically
more stable" (31). Details of the theory of interfacial
phenomena have been discussed extensively with regard to
their theoretical and practical aspects in emulsion tech-
nology, and they have been the subject of books and review
articles in colloid chemistry (32-36).

Surface-active agents may be classified as anionic,
cationic, nonionic, and ampholytic. Naturally occurring
substances such as acacia, sterols, and phospholipids are
used widely as surface-active agents. In pharmaceutical
technology frequently employed classes of nonjonic surface-
active agents include Spans and Tweens, with Myrjs and
Bryjs used to a Tesser extent. Spans are sorbitan esters;

Myrjs and Tweens are polyoxyethylene sorbitans.
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Surface-active agents may be classi“ied according to
the ratio of their hydrophilic and lipophilic cnaracteristics.
In pharmaceutical preparations, this ratio, known 2as the hydro-
philic-lipophilic balance (HLB), is a numper between 1 and 18.
Those materials with HLB values below 9 are considered 1ipo-
philic in character; whereas those with HLB values above 11
are hydrophilic. Intermediate substances fall into the range
of 9 to 11. Those emulsifying agents in the range of 3 to 6
tend to produce w/o emulsions and those in the range of 8 to
18 produce o/w emulsions. Since Spans are lipophilic in
nature, they have low HLB values. By contrast, Tweens and
Myrjs possess hydrophilic characteristics and therefore have
high HLB values.

The HLB approach in emulsion formulation aids in the choice
of emulsifiers for a particular system. By determining
the required HLB of the components or combination of com-
ponents in an emulsion and matching it to a single emulsifying
agent or blend of emulsifying agents with the same HLB, a
suitable formulation may be developed (31). When a blend of
emulsifying agents is desired, the ratio of emulsifiers required

to achieve a particular HLB may be determined by the following

equation:
% A = 100 (X-HLBB) / (HLBA - HLBB) Equation (9)
% B =100 -%A Equation (10)
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Where A and B #ve the surface-active agents composina the blend and
X equals the required HLB.

An important consideration when choosing a blend of surfactants at
a required HLB is the chemical type of each emulsifying agent. The
success of a formulation depends upon the fatty acid ester and the
extent of esterification of the emulsifier (31). Achieving correct
emulsion type is of great importance in emulsion formulation. One
of the major factors governing emulsion type is the ratio of solubility
of the surface-active agent in the 0il and aqueous phases. In general,
the phase in which the emulsifying agent is most soluble becomes tHe
external phase. Ar emulsifying agent which readily disperses in the
oil phase will be expected to produce a w/o emulsion.

The procedures involved in the use of the HLB approach in emulsion

formulation have been described in detail in The HLB System, A Time-

Saving Guide to Emulsifier Selection by the Atlas Chemical Industries,

Inc. (31). Further consideration pertaining to the chemistry of
emulsifying agents and the theories of emulsification have been
discussed thoroughly by a number of authors (25, 32-34).

3. Preparation of Emulsions

The details of emulsion preparation must be planned carefully in
advance of the manufacturing process in order to achieve a stable
product. The components of a pharmaceutical emulsion must be selected
with regard for patient safety and for efficiency (33,37). Addition
order and temperature of the components as well as the manufacturing

process will determine the final characteristics of the system (33,38-41).
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Emulsions may be prepared by either the inversion .or noninversion
technique. The noninversion technique involves dissolving the
emulsifier in the aqueous phase and subsequently adding the o0il,
thereby producing an o/w emulsion. The process may be extended by
continued addition of o0il until an inversion point is reached and the
emulsion becomes w/o. Another noninversion process involves dissolving
the emulsifying agent in the o0il phase and adding it to the aqueous
phase with an o/w emulsion resulting. Dispersing the emulsifying
agent in the o0il and then adding the aqueous phase produces a .w/o0
emulsion. Continued addition of water to this system results in an
inversion and an o/w emulsion (33).

The emulsification process may be accomplished spontaneously (42),
by simpie stirring, homogenization, colloid milling, or ultrasonic
vibrations (33); In research and small scale production, simple
stirring or shaking methods are employed frequently. Blenders,
turbine mixers, mortar and pestles, and closed containers may be used.
For scale-up operations and in industrial manufacturing, homogenizers
are used. Adjustments in a formulation are often required in the
scale-up production of an emulsion. An emulsion made by stirring or
shaking may be a noticeably different product when made by homogeniza-
tion. Homogenized products usually have a smailer overall particle
size diameter. The particle size and particle size distribution of an
emulsion are important in predicting the stability of the system.

In general, an emulsion with a smaller mean particle size will exhibit

greater physical stability than those with a larger mean particle size.
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Both the quality arz cuantity of the o0il and emulsifying agents
will influence the staniiity of the final emulsion. The concentration
and type of emulsifying agent have been shown to have an effect on the
particle size distributicn of an emulsion (43). Pharmaceutical emul-
sions intended for cral and parenteral use must be formulated with
nontoxic, nonirritating components which are generally regarded as
safe (GRAS). Mineral oil, soybean 0il, many Spans, Tweens, Myrjs, and
phospholipids are examples of components which may be contained in
products intended for human use.

In some instances it may be advantageous to include additional
agents such as stabilizers, thickening agents, antioxidents, and
preservatives in a formulation to insure stability of the finished
product. Thickening agents ahd stabilizers may have particular im-
portance when the aqueous phase contains ions. The viscosity of an
emulsion may be regulated by the addition of substances to either the
internal or external phase. Whereas the addition of a miscible liquid
to the external phase will decrease the viscosity, the incorporation
of soluble materials into that phase will increase the viscosity of
the emulsion. A more viscous emulsion results when the ratio of
internal to external phase is increased.

Instability of an emulsion may be observed as creaming, cracking
or breaking, or phase inversion. Due to the formation of floccules
in the dispersed phase, creaming, the separation of an emulsion into
two phases, occurs. The emulsion may be restored to its original form
by gentle shaking. Creaming may be explained using Stokes' law

(Equation 11) (32).
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v = 3 Equaticn (11)

Where: v = sedimentation of spherical particles,
r = radius of particles,

p = density of the internal phase,

o = density of the external phase,

g = acceleration due to gravity,

n. = viscosity of the dispersion medium.

Since the radius term in the equation is squared, particle size
has the greatest effect on the rate of creaming. A smaller particle
size results in a slower rate of creaming. With reference to particle
size distribution, Stokes' law assumes that the particles are
spherical and uniform in shape. Deviations from this ideal condition
affect the creaming of a system. Differences between the density of
the internal and external phases will influence the rate and direction
of particle settling. If the density of the internal phase is less
than that of the external phase, a negative value for velocity is
obtained. This indicates an upward settling or creaming of the
particles. A positive velocity suggests a downward settling. If the
emulsion viscosity is increased, the rate of settling will be
slower. These aspects concerning Stokes' law are discussed in detail
by a number of authors (25, 32-36).

Irreversible separation of an emulsion into two distinct phases is
referred to as breaking or cracking. Particles of the dispersed phase

coalesce as a result of destruction of the emulsifier film surrounding
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dilution method is explained in Section III of this paper. The
conductivity method is based upon the ability of the external phase
to conduct an electric current. Whereas the external oil phase of an
w/0 emulsion will not conduct electricity, the external aqueous phase
of an o/w emulsion will conduct electricity. Ccnsidering the dye
solubility method, a water soluble dye will diffuse through the
external aqueous phase of an o/w emulsion and color the system. A
w/0 emulsion will not be colored when a water soluble dye is added

to the system.

Methods of particle size determination have been investigated and
reviewed extensively by a number of authors, including (33, 36, 37,
42, 44-47). Although time consuming, microscopic determination of
particle size using an ocular micrometer is a reliable method.
Photomicroscopy offers the advantage of obtaining a permanent record.
Other techniques employed in particle size analysis -of emulsions
include sedimentation, light scattering and transmission (33,44,45)
and the use of the Coulter Counter (44,45,47,48).

The use of accelerated aging studies and factors designed to
impose a stress on an emulsion have been considered extensively with
regard to stability (33,36,37,49-54). The use of heat, cyclic
temperatures, freezing/thawing (37,46), centrifugation (46), and the
addition of differing quantities of various electrolytes (36,54) have
all been studied to determine their effects on the stability of
emulsions. Heat and cyclic temperature treatments impose some of the

greatest stress on an emulsion system.
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5. Pharmaceutical Uses of Emulsions

Emulsions find uses in a numkher of different areas including the
paint, agricultural, food, and pharmaceutical industries. Emulsions
used pharmaceutically may be administered orally, topically, or
parenterally. Topically applied emulsions in the form of creams or
lotions serve as vehicles for medicaments or as cosmetic bases.
Parenteral 1ipid emulsions are used in long term total parenteral
nutrition (TPN) therapy. Orally administered emulsions are used to
improve the palatability of oily bases for medicaments, for nutritional
purposes such as dietary sources of fats, or to administer fat soluble
vitamins. Other oral emulsions are used as laxatives or as radioopaque
agents for diagnostic purposes. An area of recent interest is the oral
use of multiple emulsions in pharmaceutics for both drug delivery and
drug uptake (15-18). These emulsion systems are referred to as liquid
membranes.
C. Liquid Membranes

1. Definition and Overview

Liquid membranes, formed by the dispersion of a two-phased
emulsion in a third continuous 1liquid phase, were developed by Li at
Exxon Research and Engineering Company in 1968 (1,2). In these complex
emuision systems, the encapsulated or internal phase and the continuous
external phase are miscible, but they are separated by a thin liquid
film which is miscible with neither of these phases (14). This liquid

film is the liquid membrane.
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There are two major types of liquid membrane systems. A water-in-
oil-in-water (w/o/w) system is formed by dispersing a w/o emulsion in
a continuous aquecus phase. The dispersion of an o/w emulsion in an
0il yields an oil-in-water-in-o0il (o/w/0) liquid membrane system.
W/0/W systems have received more attention in terms of their potential
applications, especially in pharmaceutics. When an emulsion is
dispersed by agitation in a continuous phase, it breaks up into stable
globule usually 0.2 to 2 mm in diameter. Each globule encapsulates
aqueous phase droplets of 1 to 10 um in diameter. The formulation of
the primary emulsion is important to the overall stability of the liquid
membrane system (139-21,55). .

Considering the formulation of a w/o/w system, a w/o emulsion is
formulated with the proper specifications. The internal aqueous phase
may function as a sink toc receive materials from the external aqueous
phase or as a reservoir to release a substance into the external
aqueous phase. The composition of the internal aqueous phase depends
upon which of these functions it will assume. In either case the nature
of the phase will contribute to the challenge of preparing a stable
emulsion. In the selection of the o0il phase the intended purpose of
the emulsion must be considered. If the emulsion is for oral or
parenteral use, the oil must fall witﬁ the GRAS specifications.

In order to maintain the overall stability of the l1iquid membrane
system, surfactants, stabilizers, and viscosity-inducing agents may be
added to either the primary emulsion or the continuous phase of the

system. The size of the dispersed globules formed depends on the






21

the internal phase, is converted to its ionized form, a form which

does not readily transport, and is trapped within the internal phase.
The concentratiorn of transportable species is maintained at zero,

thus creating a favorable concentration gradient. Acidic materials may
be trapped by an encapsulated aqueous base. Conversely, a basic

solute may be trapped by an encapsulated aqueous acid. Substances

such as phenol (12). and phenobarbital and acetylsalicylic acid (15,16)
have been trapped by this method.

The removal of ammonia from waste water is a classic example used
to illustrate this separation mechanism as depicted in Figure 1.
Ammonia (NH3), in a pH 9 external aqueous phase, exisgs predominantly
in its unionized, lipophilic form. This species easily transfers from
the external aqueous phase, through the liquid membrane, and into the
internal aqueous acid phase where upon contact it is ionized to an oil
insoluble ammonium ion (NH4+) (13).

In addition to acidic or basic solutions, plasma proteins,
activated charcoal, and specific antibodies have been proposed as
possible trappiﬁg agents.

c. Carrier in Membrane Phase or Facilitated Transport

In the previous example, the o0il solubility of the solute was an
important factor in its transport through the liquid membrane. In
order to assist in the transport of a solute through a liquid membrane
by improving its solubility in the oil phase, a carrier may be used.
The carrier, which is incorporated into the external aqueous phase,

reversibly binds with the solute to form a complex capable of
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feasibie (5,6,10). Liquid membranes have also been proposed for
use in the pharmaceutical industry.
b. Pharmaceutical Applications
At the present time, reported studies in the literature pertaining
to the use of liquid membranes in pharmaceutics are sparse. Liquid
membranes have been proposed for use as sinks to trap drugs in the

treatment of emergency drug overdose (15,16) and for in vivo drug

delivery systems (19-21,55). The effect of formulation variables and
molecular structure on the transport of drugs across liquid membranes
also have been investigated (17,18).

The major emphasis of the work involving the use of liquid
membranes as recipient sinks describes their proposed use in the
emergency treatment of drug overdose (15,16). Liquid membranes possess
several distinct advantages over the usual methods of treating drug
overdose.

The liquid membranes may be administered easily and in a single
dose. Since they have the consistency and appearance of a milk shake
and may be flavored, minimal patient resistance would be anticipated
(i0). Using a stomach tube, the system may be administered even if
the patient is unconscious (15).

The drug classes investigated in the emergency treatment of drug
overdose were barbiturates and salicylates. Both of these classes have
a high potential for being present in a drug overdose situation since
_ both are easily accessible. Barbituric acid and its derivatives

account for an estimated ten percent of poisoning deaths per year in
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the United States with approximatelyv 15 percent of these deaths as
suicides (56). Although the use of child-procf safety caps on aspirin
containers has resulted in a decrease in aspirin poisoning deaths in
children, accidental ingestion of this drug still occurs. This
accounts for approximately 1.5 percent of the total accidental deaths
due to drugs and medications in children five years of age and
younger (56). At the present time there are no reports in the litera-
ture pertaining to the emergency treatment of drug overdose with
liquid membranes and other classes of drugs.

The results of the in vitro work to evaluate the potential
usefulness of liquid membranes for the rapid removal of drug from the
gastrointestinal tract showed that 95% of the phenobarbital present
in the external aqueous phase was removed within 5 minutes and
essentially complete removal occurred in 10 minutes. The rate of
acetylsalicylic acid uptake was slightly faster. The rate of uptake
followed first order kinetics (16).

The rate of drug uptake by liquid membranes was observed to be
influenced by variables introduced into the system. The viscosity of
the Tiquid membrane proved to be a very important variable. As the
viscosity of the membrane decreased, the rate of drug removal in-
creased at the expense of the membrane integrity. Membranes composed
of lower viscosity oil phases ruptured and leaked. It was observed
that at higher temperatures the rate of uptake increased (16), and
increasing the pH of the external aqueous phase slowed the rate but
did not affect the completeness of drug removal (15). The presence

of bile salts in the external agueous phase had an adverse effect on
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drug removai (.5), and the ratio of liquid membrane to external acueou:
phase was nctea as an important variable influencing the rate of drug
transport (1£).

As previously mentioned, the manufacture of a stable liquid
membrane is a cnal'enging task. This is especially true for those
1iquid membrane systems proposed for use in pharmaceutics. For
example, buffer solution trapping agents add electrolytes to this
sensitive system which may be a source of instability (20). In order
to insure a stable emulsion which will function as a liquid membrane,
an optimum ratio of 0il to surfactant must be determined. For
pharmaceutical use, both of these components must be regarded as
safe (GRAS).

More extensive studies on the effect of formulation variables on
the transport of solutes across liquid membranes were conducted by
Yang and Rhodes (17). Using acetylsalicylic acid and phenobarbital
as model drugs, they evaluated the effect of 1iquid membrane o0il to
water ratio, the size the internal aqueous phase droplets, liquid
membrane viscosity, and internal aqueous phase pH on solute transport.
Confirming the results of earlier work, they found that the Tower the
membrane viscosity, the faster the rate of drug removal. Faster drug
removal was observed also with membranes having smaller internal phase
droplets. Increasing the pH of the internal agueous phase resulted in
more efficient acetylsalicylic acid removal from the external aqueous

phase.
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2. Co-Uptake of Solutes with Equimolar Initial Concentrations

Two replicate runs were conducted to determine the effect of the
presence of one solute on the rate of uptake of another when their
initial concentrations were equimolar. Table IV Tlists the combinations
of solutes and their initial concentrations in pH 2 buffer. L.M. 573-
120 A was used in these experiments. Samples collected were assayed
using HPLC.

TABLE IV

CO-UPTAKE OF SOLUTES WITH EQUIMOLAR INITIAL CONCENTRATIONS

External Aquecus Phase Solutes’ Moiar Concentration (mM)
1 Salicylic Acid 5.6
Acetylsalicylic Azid
2 Salicylic Acid 2.5
Phenobarbital

J. Effect of Liquid Membrane 0il/Water Ratio on the Co-Uptake cf

Soiutes

Two replicate runs were performed to study the effect of liquid
membrane oil/water on the co-uptake of solutes having different initial
molar concentrations. The solutes and their molar concentrations were
phenobarbital 0.6 g/1 (2.5 mM) and salicylic acid 1.0 g/1 (7.2 amM).
The samples collected were assayed using HPLC. The liquid membranes
used were: L.M. 573-120 A, L.M. 573-121-1, L.M, 573-121-2, L.M. &73-
121-3, L.M. 573-121-4.
K. Effect of Freeze/Thaw on the Use of Liquid Membranes

The effect of freeze/thaw stress on the performance of liquid

membranes to take up solutes was investigated. Approximately 100 ml













































TABLE X

ACCURACY AND PRECISION OF HPLC TECHNIQUE

Acetylsalicylic Acid _ Salicylic Acid Phenobarbital
Congey;{at1on Detected Difference Detected Difference Lonce?$;atlon Detected Difference
K9 (wg/m)  (ug/ml)  (ug/ml)  (ug/ml) v (ug/m)  (ug/ml)
5.0 5.0 0.0 5.1 C.1 15.0 14.9 0.1
4.5 0.5 5.2 0.2 14.3 0.1
4.8 0.2 5.0 0.0 14.8 0.2
4.8 0.2 5.0 0.0 14.9 0.1
4.9 0.1 4.7 0.3 14.8 0.2
4.810.1* 4, 0%*** 5.010.2* Q0 kxx 14.8+1%* 0.9%***
3.9%** 3.7%%* 0.4%**
10.0 10.3 0.3 11.8 1.8 30.0 30.9 0.9
10.1 0.1 12.1 2.1 31.3 1.3
10.3 0.3 11.9 1.9 30.4 0.4
10.1 0.3 12.1 2.1 31.3 1.3
10.2£0.1% 0.1 12.1 2.1 30.9 0.9
1.0%** 2. 2%%%* 12.0£0.2*  20.0%*** 31.0+0.4* 3. 2%%*k*
1.2% 1.2%*
25.0 25.9 0.9 27.1 2.1 60.0 61.0 1.0
25.9 0.9 27.7 2.7 62.6 2.6
25.5 0.5 26.7 1.7 63.0 3.0
25.9 0.9 28.0 3.0 62.6 2.6
25.9 0.9 27.8 2.8 62.1 2.1
25.8+0.2*% 2. 47x** 27.510,5% 9.8%*** 62.3+0.8*  26.5%%**
1.0%** 2.0%* 1.2%%*
*Mean + SD ** Coefficient of variation *** Relative Error
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Since there is a coﬁtinua] decrease in drug concentration in the
external donor phase and no discernable «¢ phase, it seems likely that
this phenomena of surface alteration would occur at the Tiquid
membrane/internal aqueous phase interface. [t may further be
speculated that the micro rate constant of the apparent B phase con-
trolling the transport of solute out of the internal aqueous phase
may become greater as the concentration of solute increases, thus
resulting in an overall decrease in the apparent B8 rate. If in fact
membrane surface alteration is occurring, surfactant would be
displaced from the interface and possibly form micelles. If this were
the case, solute may become trapped in the micelle or the transport of
solute may be otherwise affected by the presence of micelles.

Another possible reason for displacement of surfactant may be due
to the 1imited capacity of the internal aqueous phase droplets. As
more solute tries to eriter these droplets, capacity limitations may
be exceeded thereby forcing rearrangement in the packing of the sur-
factant molecules and an alteration in the permeability of the membrane.
However, it will be appreciated that the above discussion is in the
realm of reasonable speculation rather than firm conclusions.

2. Salicylic Acid

Four donor solutions, each with a different initial molar
concentration of salicylic acid (2.5 mM; 4.1 mM; 5.6 mM; 7.2 mM) were
studied for affect of concentration on solute uptake. Figure 9
shows the mean apparent 3 rate constants for each sec of uptake runs

as a function of molar concentration. These are listed in Table XV.
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TABLE XX
MEAN APPARENT g RATE CONSTANTS FOR THE UPTAKE OF
SALICYLIC ACID 1.0 g/1 AS A FUNCTION OF TEMPERATURE

Temperature °C Mean Apparent g Rate Constants x 10'2(min'1)
4 10.98 (2)*
16 20.51 (2)
28 39.95 (2)
37.5 63.45 (2)
50 —_— kK

*Number of Runs

**Approximately 6% of drug remained in external aqueous phase after
1 minute.

2. Phenobarbital

The effect of temperature over the range of 4-45°C on the removal
of phenobarbital from the external donor phase was investigated. A
semilog plot of removal of drug as a function of time over the
temperature range is shown in Figure 19. The o and g rate constants
were calculated and are listed in Table XXI. The effect of tempera-
ture on these systems was not as expected. As the temperature was
increased, the o rate constant increased over the range of 4-41°C.
After reaching a maximum at 41°C, the o rate constant was then reduced.

Essentially the same phenomena occurred with the g rate constant.
“n1is rate constant increased with increasing temperature up to 41°C,

but decreased with any rise in temperature thereafter.
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The plots of the log k for both ¢ and g versus the reciprocal
absolute temperature show that the effect of temperature on the rate
constants cannot be described by the Arrhenius equation (Figures 20
and 21).

There are several possible explanations as to why this behavior
was observed. As indicated by the uptake of salicylic acid at £0°C,
it appears as though increasing the temperature a1ters the physical
properties of the emulsion in such a way as to change the character-
istics of the interfaces. Although, as has been predicted, emulsion
properties will change with increasing temperature, the data shows that
there is a small temperature change at which there is a radical change
in the ability of the 1iquid membrane to trap drug. It is suspected
that this critical temperature (43°C) reflects a substantial disruption
of one or both interfaces. At all temperatures a steady uptake of
drug into the 1iquid membrane was noted. This process occurred at a
faster rate than tne transport of drug from the liquid membrane into
the internal aqueous phase since o was always greater than g. There-
fore, the ability of the liquid membrane to remove solute at any
temperature was maintained.

Another consideration may be the formation of a specific complex
between phenobarbital and the surfactant depending on the temperature
sensitivity of the complexation and membrane transport process. This
could possibly be a factor involved in the type of data reported

here.
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transport or transport of solute from within the 1iquid membrane
to the external aqueous phase was investigated.

Table XXIII lists the estimated as remaining mean percentage
of drug in the external aqueous phase following exposure to the 1iquid
membrane for 120 minutes. According to the pH-partition theory, the
unionized species transports easily compared to the ionized species.
At low pH, salicylic and acetylsalicylic acids are predominately
unionized and therefore available for transport across the liquid
membrane into the internal aqueous phase. Once inside this internal
phase the drug is trapped by conversion to its jonized species. 1If,
as might well be expected, the ionized species of the solute is
unable to cross the hydrophobic area of the liquid membrane, then
transport will not be possible. The data shown in Table XXIII that
with acetylsalicylic and salicyiic acids this was the case when the
“new" external aqueous phase had a pH of 10. The experimental data
demonstrated no detectable back transport.

In the case of phenobarbital, back transport sxperiments were
conducted with "new" external aqueous phases having a pH of either 2
or 10: When the pH was 2, no back transport was detected. However,
when the pH of the fnew" external aqueous phase was 1C, a significant
amount of back transport was observed (see Table XXIII). Lack of back
transport at pH 2 for phenobarbital can be readily explained by the
fact that at pH 2 this drug is predominately unionized and since it is
in low competition with the ionized species, the driving force for back

transport will be low. At pH 10 phenobarbital is predominately in an
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(59.79 x 1072 (min"l) versus 49.67 x 1072 (min"1)). Additional data
would be useful in deterinining the statistical significance of the
differences in these rate constants. Although these differences
appear to be small, they may be statistically as well as therapeuti-
cally significant.

A possible explanation for former case described above may be
based on the similarity in chemical structure of acetysalicylic and
salicylic acids. As previously observed for both of the drugs in
single component systems, increasing the initial concentration of drug
in the external aqueous phase resulted in a decreased apparent g rate
constant. It was speculated that increasing the initial concentration
resulted in an alteration of the surfactant properties at the liquid
membrane/internal aqueous phase interface. It was further spécu]ated
the internal aqueous phase droplets became larger with decreased
surface area resuiting.

In the case of co-uptake of acetysalicylic and salicylic acids, this
mixture cf drugs in one donor phase may have had the same effect as
increasing the concentration of one of these drugs alone in the
external donor phase. Thus, the decrease in the apparent g rate
constant was observed for salicylic acid.

The increased mean apparent g rate constant for salicylic acid in
the presence of phenobarbital may possibly be a result of an inter-
action between phenobarbital and the surfactant at both interfaces to
produce an alteration in the properties of the 1iquid membrane. This

could favor the transport of salicylic acid into both the Tiquid
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TABLE XXVI
MEAN PERCENT OF DRUG I REMAINING IN THE EXTERNAL AQUEOUS
PHASE AT 120 MINUTES AFTER CO-UPTAKE WITH DRUG II

Mean Percent

Drug 1 Drug II Drug I
Acetylsalicylic Acid 1. Phenobarbital 1. <1.00
2. Salicylic Acid 2. <1.00
Salicylic Acid 1. Phenobarbital 1. <1.00
2. Acetylsalicylic 2. <1.00
Acid
Phenobarbital 1. Salicylic Acid 1. 33.78
2. Acetylsalicylic 2. 25.24%
Acid

*One Run.

2. Co-Uptake of Solutes with Equimolar Initial Concentrations

The effect of concentration on co-uptake was further studied
by exposing liquid membrane to an external donor phase containing
equimolar concentrations of *wo solutes. System I consisted of
equimolar concentrations of salicylic and acetylsalicylic acids
(5.6 mM) while System II contained salicylic acid and phenobarbital
at 2.5 mM concentrations. Table XXVII lists the mean apparent 38 rate
constants for each drug and the mean percent of drug remaining in the
external aqueous phase after 120 minutes.

In System I both acetylsalicylic and salicylic acid were essentially
completely removed from the external donor phase after 120 minutes.
The mean apparent g rate constant for salicylic acid in this system
was approximately equal to the rate constant for this drug when
2 (min'l)

alone in the external donor phase (49.10 x 10~ versus
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salicylic acid/phenobarbital co-uptake system. The percent of
phenobarbital remaining in the external aqueous phase after 120 minutes
decreased as compared with the percent remaining in the previous
salicylic acid/phenobarbital co-uptake system (9.48 versus 33.78).

In a co-uptake system, the rate constant and percent of
phenobarbital remaining in the external aqueous phase appears to be
affected by the total solute concentration in the donor phase.
Speculation regarding the mechanisms involved as discussed previously
with phenobarbital/salicylate uptake may be applied to this system.
The effect of phenobarbital appears to be insignificant to the uptake
of salicylic acid at these lower sclute concentrations of the external
aqueous phase. It is also possible that the lower concentration of
solute in the external aqueous phase enhanced the phenobarbital uptake
in the same manner.

Because of a short supply of liquid membrane, the combinations of
solutes for co-uptake was limited. For this reason the interpretation
of the data described above must of necessity be somewhat speculative.
Although differences were noted through the comparison of some apparent
g rate constants, additional data would aid in determining if these
differences were significant. From a practical point of view these
changes in the apparent g rate constants may not be of such a
magnitude as to be significant.

3. Effect of Liquid Membrane Qil/Water Ratio on the Co-Uptake of

Solutes
In general, the effect of Tiquid membrane oil/water ratio on the

co-uptake of phenobarbital (2.5 mM) and salicylic acid (7.2 mM) was as
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the external aqueous phase. Some of the emulsions had good physical
preperties and readily dispersed as discrete globules when mixed with
pH 2 buffer. Their initial flow was average but after standing over-
night the emulsions barely flowed or flowed with great difficulty from
their containers. Tnese amulsions included 1, 2, 11 and 14 (see
Tables XXX and XXXI).

The second major problem, the incomplete dispersion of the emulsion
as globules in an external donor phase was observed in a number of
formulations which otherwise had good overall properties. In some
cases this problem was detected at time 0; for other systems this
became apparent after overnight storage or when mixed in an appropriate
quantity of pH 2 buffer in the reaction flask. The series of emulsions
in which this was most prevalent was emulsions 15-19. Slight changes
in the total percent of emulsifier blend improved the viscosity and
flow characteristics of the emulsions. When these systems were tested
for dispersion as globules, they failed to disperse into globules
when it was mixed with external aqueous phase.

The formulations which demcnstrated the most promise for use in a
1iquid membrane system were 20a, 20b, 2la, and 21b. Emulsion 20a
creamed after storage overnight but was readily dispersed and used in
an extraction experiment. The data obtained from an uptake run using
salicylic acid 1.0 g/1 is contained in Table XXXII. Rapid and
essentially complete drug removal was observed. Similar results were
observed when Emulsion 21b was used in an extraction experiment for

salicylic acid 1.0 g/T1.









TABLE XXX (Continued)

Time - Hours

Emulsion 0 24
Potential to Potential to
Color Separation Type Form a Liquid Color Separation Type Form a Liquid
Membrane Membrane

15 W 0 w/0 1 W 0 w/o 1
16 W 0 w/o 1 W 0 w/o 0
17 W 0 w/o 1 W 0 w/o 0
18 W 0 w/0 1 W 0 w/o 0
19 W 0 w/0 1 W 0 w/o 0
20a* W 0 w/o 1 W +1 w/o 1
b* W 0 w/o 1 W w/o 1
Z21a W 0 w/o 1 W w/o 1
b W 0 w/o 1 W w/o 0

*Reproducibility difficult
Key: ow = off white, gw = grayish white, w

white
o = none, +1 = separation occurred, 1 = good potential

174!
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The co-uptake of solutes was investigated on two levels--
multicomponents systems in which the solutes were not in equimclar
concentrations and those in which they were. In all rases co-uptake
was achieved but to varying degrees. In general, faster rates of uptake
were obtained in multicomponent systems of lower total solute concen-
tration. This was similar to the effect of increasing salicylic or
acetylsalicylic acid concentrations as single compcnent systems on the
rate of soiute up. The reasons proposed for this phenomena may well be
applied to multicompcnent systems.

Freeze/thaw stressing of the liquid membranes proved that they are
very stable systems. The apparent g8 rate constants obtained from
experimental runs using these membranes was surprisingly similar to
-those obtained for uptake under jideal conditions.

Although the formulation of 1iquid membranes with GRAS components
was difficult, some success was achieved with the production of two
systems which used 1iquid membranes in drug removal runs. Method of
manufacture and appropriate surfactant blends were determined to be key
factors in the development of these systems for use as liquid membranes.
The HLB approach to emulsion formulation was found to be a useful tool
in the development of these systems.

In summary, the major impact of the data reported here on the
theoretical aspects of liguid membrane transport will be on the
development of amodel which will describe this complex process.

Although in many instances the data obtained could readily be e«plained

by the simple model proposed by Yang and Rhodes and Chilamkurti and
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VII. CONCLUSIONS

1. High oressure liquid chromatography was a sensitive,
reproducible and reliable assay technique for the detection of drug
in liquid membrane solute uptake experiments.

2. Viscosity and oil/water ratio of liquid membranes will
influence the rate of solute uptake.

3. It appears that optimum environmental conditions are necessary
for the efficient removal of solutes by liquid membranes. Whereas
increasing the temperature will increase the rate of uptake of a solute,
there appears to be a critical temperature for phenobarbital uptake.
Increasing the pH and solute concentration of the external aqueous
phase decreases the rate of solute uptake.

4. Computer modeling techniques to describe the uptake of solutes
with Tiquid membranes were of limited value. This was probably due to
the complex nature of the system.

5. Liquid membranes show potential for use in co-uptake and
multidrug yptake and they appear to be reusable.

6. Freezing liquid membranes does not appear to have any adverse
affects on the efficiency of these systems to remove solute from an
external aqueous phase.

7. The method of manufacture and appropriate surfactant blend
were determined to be key factcors in the development of emulsions for

use as liquid membranes.
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