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Salt and Mesophase Formation in
Aqueous Suspensions of Lauric Acid
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The solubility and solution behavior of lauric acid (LA) and its 1:1
acid soap (potassium hydrogen dilaurate) were investigated at 32°C
over a pH range of 2.5-8.5 and at varying KCI concentrations to
examine the self-association of this long-chain carboxylic acid under
these conditions. LA’s solubility in water exhibited the classical pH
dependence of a monocarboxylic acid with no evidence of self-
association. In 0.1 M KCI between pH 6.3 and pH 7.3, filtered
samples were turbid, suggesting the presence of high molecular
weight aggregates (mesophase), which could be removed by ultrafii-
tration. The apparent LA solubility vs pH profile in ultrafiltered
samples was consistent with a solid phase consisting of either the
free acid (pH < 6.5) or potassium hydrogen dilaurate (pH > 6.5),
again with no evidence of seif-association to form low molecular
weight species (dimers, etc.). Quasi-elastic light scattering (QLS)
studies and mannitol trapping experiments indicated that vesicles
were present in samples containing mesophase. The mesophase
composition was characterized and a mass-action law for mesophase
formation was developed to describe the apparent LA solubility
versus pH in the mesophase region in terms of three parameters.
The index of cooperativity, 8, indicated that the mesophase consists
of approximately 25 molecules of LA with an acid:anion ratio, p, of
1.7. The standard free energy of mesophase formation per mole of
monomer was determined to be — 6.3 kcal/mol. The aggregate size
determined thermodynamically is several orders of magnitude less
than that of the mesophase particle size determined by QLS mea-
surements, suggesting that the LA monomer concentration in equi-
librium with mesophase may be governed by a small unit domain of
the vesicle. These observations may have a bearing on the thermo-
dynamics of self-assembly of lipid bilayer membranes.

KEY WORDS: lauric acid; fatty acids; self-association; mesophase;
solubility; lipid bilayers.

INTRODUCTION

Knowledge of the complex physical behavior of fatty
acids in water is essential to understand several important
biological processes including the transport and metabolism
of fatty acids liberated in the intestine during lipolysis, as
well as in the circulation and in cells, under conditions that
cause the accumulation of fatty acids (1-3) and the enhance-
ment of drug permeability across biomembranes resulting
from exposure to medium- and long-chain carboxylic acids
(4-6).

Numerous ‘‘species’’ or aggregation states have been
previously postulated to rationalize deviations from ex-
pected behavior of medium and long-chain carboxylic acids
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in aqueous solutions. Fatty acids have been theorized to
form, in addition to micelles, dimers, or other low molecular
weight aggregates (7-15), insoluble acid-soap salts
(1,2,16,17), and, more recently, lamellar liquid—crystalline
mesophases or vesicles (1,2), depending on temperature,
pH, ionic strength, and fatty acid concentration. However,
the exact structure, relative stability, and even existence of
these aggregates have been debated, and literature values for
the thermodynamic parameters governing this complex be-
havior are generally incomplete or lacking.

The purpose of this study was to examine the solubility
and solution behavior of lauric acid (LA) as a function of pH
and added KCl at a temperature of 32°C——conditions to be
employed in subsequent investigations of the mechanism(s)
by which LA enhances solute transport across human skin.
Of particular interest were aforementioned reports of the
spontaneous formation of lipid bilayer mesophases (1,2) or
liposomes (18) under certain conditions from fatty acids
varying in chain length from 8 to 18 carbons. Methods de-
veloped in this study to monitor LA monomer concentra-
tions in mesophase-containing suspensions enabled us to de-
rive, for the first time to our knowledge, the mass-action law
describing formation of a mesophase comprised of lipid bi-
layers. These studies may have an important bearing on the
general problem of the thermodynamics of lipid bilayer self-
assembly.

THEORY

Various equilibria, illustrated in Scheme I, have been
postulated to account for the solution behavior of fatty acids
in aqueous systems. In this section, mathematical relation-
ships are developed to describe the influence of these pro-
cesses on the solubility of LA versus pH. Experimentally,
two apparent solubilities were determined at each pH (see
Materials and Methods). LA concentrations in filtered sam-
ples were assumed to include the contributions of mono-
mers, low molecular weight aggregates (dimers, etc.) and
high molecular weight aggregates (mesophase) to the total
apparent solubility, whereas concentrations in ultrafiltered
samples (10,000 MW cutoff) were assumed to reflect only the
solution concentrations of monomers and low molecular
weight aggregates (dimers, etc.).

Predicted pH-Solubility Behavior in the Absence
of Self-Association

At 32°C and within the pH range of 2.5-8.5, the solid
phase present at equilibrium in aqueous suspensions of LA
to which base has been added to adjust pH will be either the
free acid or the 1:1 acid-soap (i.e., potassium hydrogen di-
laurate when KOH is the base added) (2), depending on the
pH. When the solid phase is the free acid, HA, and in the
absence of self-association, the solubility behavior of LA
will be that of a typical monoprotic weak acid as described
by Eq. (1):

§ = So a+ Ka/yaH+) (1)

where S, is the intrinsic solubility (i.e., [HA] = §,), K, is the
ionization constant for LA as depicted in Scheme I, ag+ is
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Solid Phase Equilibria
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Scheme I

the hydrogen ion activity, and vy. is the mean ion activity
coefficient obtained from the modified Debye—Huckel equa-
tion (19) [Eq. (2)].

_A(I)I/Z

logys = 'I'TW + bl )

where [ is the ionic strength of the solution and values of A,
B, a, and b at 32°C were obtained from published data (for
NaCl solutions) to be 0.518, 0.33, 3.985, and 0.055, respec-
tively (19). Although the ion size parameter, g, has been
shown to vary with the ion, solution composition, and solute
concentration (20), the solubility data for LA in the presence
and absence of 0.1 M KCI and for potassium hydrogen di-
laurate at KCI concentrations of 0.03 and 0.1 M were self-
consistent when activity coefficients were calculated using
Eq. (2).

Equation (1) indicates that the slope of a plot of log$
versus pH should asymptotically approach 1 when the pH
exceeds the pK, of LA. However, at sufficiently high con-
centrations of LA and laurate anion, the 1:1 acid soap, po-
tassium hydrogen dilaurate, is the favored solid phase and
the solubility is governed not by Eq. (1) but by the K, of the
1:1 acid-soap, potassium hydrogen dilaurate, defined [Eq.
(3)] in terms of the component activities in solution:

Ksp = AgaAQg+Qa- 3)

Since yy4 = 1 at all ionic strengths, a4, = [HA].
The solubility when the solid phase is the 1:1 acid-soap
is expressed by Eq. (4):

5= (yzau+ + Ka) | KSpaH++ @
Y+aH+ 'Y:Ka[K ]

One can readily show that, when [K "] is fixed by the addi-
tion of KCl to suspensions, a plot of log$S versus pH should
have a slope of ¥ in the region where the 1:1 acid-soap is the
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preferred solid phase [i.e., in the pH region 6.5-8.5 (see
Results)]. In applying Eq. (4), the solution concentration of
LA was assumed to be entirely monomeric and the [K ] was
determined from the charge balance equation:

[K*]=OH™ + f, S + CI- — H* 5)

where Cl1™ is the initial KCIl concentration and f,- is the
fraction of anion monomer in solution.

Effects of Self-Association

The formation of low molecular weight self-associated
species (dimers, etc.) in aqueous solutions of LA would
cause positive deviations from the solubility behavior de-
scribed in Eqgs. (1) and (4) as measured by both filtration and
ultrafiltration, with the extent of deviation dependent on the
magnitude of the association constants. The formation of
high molecular weight aggregates would also contribute to
positive deviations from Egs. (1) and (4), but since high mo-
lecular weight aggregates would not readily pass through a
10,000 MW-cutoff ultrafiltration membrane, only low molec-
ular weight species would contribute to positive deviations
in ultrafiltered samples.

Assuming the primary self-associated species to be ei-
ther A, 2 or HA, ™ dimers, the apparent solubility in ultrafil-
tered samples, S, may be expressed by Eq. (6):

Sy = [HA] + [A7] + 2K4[A™ P + 2K4[HANA™] (6)

where K|, is the formation constant for A, ™2 dimers and K 4,
is the formation constant for HA,~ dimers. Higher-order
low molecular weight aggregates could be included by add-
ing additional terms to Eq. (6).

High molecular weight aggregates may exist in the form
of micelles formed from fatty acid anions at pH > 9 or liquid
crystalline mesophase at lower pH (2) as depicted in Scheme
I. Since the pH range of interest in this study was below pH
9, micelle formation was ignored. By analogy with mass-
action laws for micelle formation, the mass-action law in-
voked for mesophase formation assumes that the mesophase
is a distinct aggregated species with an equilibrium constant
for formation, K., defined as

[Mesophase]
[HAF(ak+aa-) 0]

Kmeso -

The above relationship further assumes that the mesophase
is electroneutral and, as demonstrated experimentally (see
Results), contains a fixed ratio of nonionized and ionized
fatty acid independent of pH. The molar concentration of
mesophase in filtered samples, expressed in terms of the
total LA and laurate anion monomer concentration in solu-
tion, C

mon?* 1S

[Mesophase] = Kmeso [Cmon]x+y(fHA)X(’Yt2fA"[K +])y (8)

where fiya (= voay/(Yoag+ + K,)) and fo- (= K /(v au+
+ K,)) are the fractions of free acid and anion monomer,
respectively. The parameters K, .., x, and y can be esti-
mated from data for mesophase concentration versus C, .,
which can be varied in aqueous suspensions by varying pH.

Initial computer fits of data to Eq. (8) indicated that the
parameter pairs x, K, ., and y, K .., were highly corre-
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lated. Therefore, the following transformations were per-
formed:

0=x+y ¢))

p = xly (10

€ = log (Kmeso) an
Xty

where 0 is an index of cooperativity reflecting the total num-
ber of molecules of free acid and anion combining to form a
mesophase unit, p represents the free acid:anion ratio in the
mesophase, and e is linearly related to the standard free
energy per monomer for mesophase formation. The total
mesophase concentration using these transformed parame-
ters is expressed by Eq. (12):

[Mesophase] =
IOOe[Cmon]O(fHA)pO/(l + p){,y 12[1( + ]( 1 _ fHA)}e/( 1+p) ( 12)
MATERIALS AND METHODS

Materials

Dodecanoic acid (lauric acid, 99-100%; Sigma Chemi-
cal Co., St. Louis, MO) and radiolabeled 1-*H-mannitol (30
Ci/mmol; ICN Radiochemicals, Irvine, CA) were utilized
without further purification. The 1:1 acid-soap, potassium
hydrogen dilaurate (HA,~ K ™), was crystallized from a cold
(10°C) methanol solution containing LA and potassium hy-
droxide (KOH) at molar ratios of 2:1, respectively. The crys-
tals were collected, washed with cold methanol, and dried in
vacuo at room temperature for 1-2 hr. Potassium laurate
was prepared by adding an excess of KOH to an aqueous
suspension of LA. The mixture was allowed to stand over-
night at room temperature resulting in crystallization of po-
tassium laurate which was collected, washed with water, and
dried in vacuo overnight. The incongruent melting point
(meritectic point) of potassium hydrogen dilaurate was de-
termined by differential scanning calorimetry (DSC) (Model
DSC-4, Perkin Elmer, Norwalk, CT) by scanning at 10°C/min
over the temperature range of 25-120°C. The purities of the
potassium hydrogen dilaurate and potassium laurate were
further assessed by titration. A known weight of potassium
hydrogen dilaurate was dissolved in warm methanol, titrated
initially with 0.1 N HCl to determine the amount of A" K™,
and finally, titrated with 0.1 N NaOH to determine the
amount of free acid (HA). The acid-anion ratio, Ry4.5-, was
determined from the relationship

Vep, NaoH — Vioral, HCI
Vep, HCI

Ruaa- = (13)
where V., uc and Vo, naon are the volumes of HCI and
NaOH titrant required to reach apparent end points in the
titrations, and V., uc is the total volume of acid added as
the titrations with HCl were generally taken beyond the
equivalence point. Potassium laurate was analyzed by dis-
solving a known weight of compound in water and titrating
with 0.1 N HCL.

Solvents used in this study included deionized water,
heptane (OmniSolv, EM Science, Cherry Hill, NJ), acetoni-
trile, and methanol (Baxter Healthcare Corporation, Burdick
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and Jackson Division, Muskegon, MI). Solutions of HCI,
NaOH, and KOH were prepared from DILUT-IT analytical
concentrates (J. T. Baker, Inc., Phillipsburg, NJ). All other
reagents were analytical grade and obtained commercially.

Titration Analyses

Titrations and pH measurements were performed using
a Radiometer (Copenhagen, Denmark) pH meter model
PHMS?2 and a Ross (Boston, MA) combination pH electrode
calibrated in commercially obtained buffers.

LA solid phase pH—titration curves were generated in
deionized water or in 0.1 N KCI by adding a known volume
of 0.1 N KOH to each of several vials containing suspension
(=50 mg/5 mL water), rotating 15 days at 32°C, and measur-
ing equilibrium pH. Additional base was added to some sam-
ples to obtain points at a higher equilibrium pH (>8.0).
These samples were equilibrated an additional 3 days.

Titrations were also performed to determine mesophase
composition. Samples in plastic vials ranging from pH 6.3 to
7.0 were prepared by adding HC1 or KOH to suspensions of
potassium hydrogen dilaurate or LA or both in 0.1 M KCI
and equilibrating at 32°C. These samples were turbid, indi-
cating the presence of mesophase. Aliquots (0.5 mL) were
filtered (0.45 um), diluted with 0.1 M KCI (2 mL) and hep-
tane (0.5 mL), and titrated with 0.1 N HCI to determine total
anion concentration. The contribution of anion in the me-
sophase, [A ™ ],,.0» tO the total molar concentration of anion
was obtained by Eq. (14):

[A—]meso = NHClVep/VT -

CufKa/(ytaHJ' + Ka) (14)

where V, is the volume of 0.1 N HCl required to reach an
apparent end point, V. is the total solution volume, and C
is the total LA concentration in the ultrafiltrate. The contri-
bution of free acid in the mesophase, [HA] .., Was then
obtained by the difference
[HA]meso = Cf -

Cuf - [A_]meso (15)

where C; is the total LA concentration in filtered samples.
The mesophase titrations were validated in separate titra-
tions of known concentrations of potassium laurate varying
in concentration and in the presence of added free LA.

Analysis of Lauric Acid by Capillary Gas Chromatography

LA concentrations were determined by capillary gas
chromatography (GC) (Model 5890A, Hewlett-Packard, Palo
Alto, CA). Filtered or ultrafiltered aqueous solutions (0.5
mL) were acidified with phosphoric acid to pH < 3, and
heptane (0.5 mL) was added to extract LA from the aqueous
phase. After vortexing the two-phase mixture, the heptane
layer was removed with a pipette and transferred to a sample
vial. Heptane samples (1-5 pL) were injected (Model 7673A
auto injector, Hewlett-Packard, Palo Alto, CA) onto a meth-
yl silicone HP-1 column (10 m X 530 pm X 2.65-pum film
thickness) at an oven temperature of 155°C. The injector port
and flame ionization detector temperatures were maintained
at 250°C. Helium was used as a carrier gas at a flow rate of
15 mL/min with split ratios (split vent:column flow rates) of
20:1 to 1:1 depending on the sample concentration. The re-
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tention time for LA was 2.5-2.7 min. Peak areas were re-
corded with an integrator (Model 3396 A, Hewlett-Packard,
Palo Alto, CA). Solution concentrations analyzed ranged
from 10~ *to 10 ~2 M. The heptane extraction efficiency was
determined to be 99.2%. Adsorption of LA within the injec-
tor port was minimized by replacing a stainless-steel insert
seal with a gold-plated one and frequent replacement of in-
serts and the silanized glass wool. Detector response was
linear over a concentration range that spanned one order of
magnitude encompassing the analyte concentrations with co-
efficients of variation in response factors (ratio of standard
concentration to peak area) of <5%.

Solubility Determinations

Solubilities were determined by adding an excess of LA
crystals to glass or plastic vials containing 10 mL of either
deionized water or 0.1 M KCI. Initial pH was adjusted with
HCI or KOH from 2.5 to 8.5. Additional solubility determi-
nations to confirm the K_, of potassium hydrogen dilaurate
were conducted by using an excess of the 1:1 acid-soap in
glass or plastic vials containing 10 mL of 0.03 or 0.1 M KCl.
Initial pH was adjusted to 6.2—-8.5 with HCI or KOH. Vials
were sealed under nitrogen to exclude CO, and shaken in a
water bath at 32 + 0.5°C until pH and filtrate concentrations
were constant for at least 48 hr. This generally required 5-10
days in samples containing only LA solid and no mesophase
and 15-20 days in samples containing mesophase. When
mesophase was present in the suspension, further adjust-
ment of pH during the experiment was usually necessary to
obtain data spanning the desired region. At equilibrium the
pH was recorded and aliquots were filtered with a 0.45-um
syringe filter (Acrodisc-3, Gelman, Ann Arbor, MI) to re-
move crystalline particles and/or ultrafiltered to remove both
solid particles and high molecular weight aggregates.

Ultrafiltration of samples was conducted by placing an
aliquot (0.5 mL) in the sample reservoir of a microconcen-
trator cartridge (Amicon Centricon-10, Danvers, MA) that
had previously been stored at 32°C. The cartridge was im-
mediately centrifuged (Sorvall RC2B, Newtown, CT) at 5000
rpm for 10—-40 min at 32°C (temperature range was 28.5-
34°C) which forced the sample to pass through a 10,000 MW-
cutoff filter. The ultrafiltrate was collected in a cup attached
to the cartridge. Several aqueous solutions of LA were pre-
pared ranging in concentration from 10~° to 10> M, and the
concentrations were measured before and after ultrafiltra-
tion to assess the extent of LA retention by the ultrafiltration
membrane. For each solution, successive aliquots of 0.5 mL
were collected from a single ultrafilter and analyzed. To val-
idate the ultrafiltration method further, a 1.0-mL sample
from a turbid suspension of potassium hydrogen dilaurate at
pH 6.5 in 0.1 M KCl was ultrafiltered, and several fractions
(90100 pL) were collected. The LA concentration was de-
termined for each fraction in order to assess whether or not
the concentration was affected by removal of fluid from the
sample reservoir during ultrafiltration.

LA concentrations in filtered or ultrafiltered samples
were determined by capillary GC (vide supra). A least-
squares optimization program, MINSQ (MicroMath, Salt
Lake City, UT), was used to analyze the solubility data in
order to obtain various thermodynamic parameters.
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Mesophase Particle Size Determination

The average hydrodynamic radius, R,, and index of
polydispersity, V, for mesophase particles were determined
by quasi-elastic light scattering (QLS). The equipment em-
ployed in QLS measurements included a Cooper Laser Son-
ics (Palo Alto, CA) argon ion laser (Model 95) at a wave-
length of 514.5 nm, a temperature-controlled scattering cell
holder maintained at 32°C, a Brookhaven (Holtsville, NY)
goniometer, and a Brookhaven autocorrelator (Model BI-
2030AT). Aliquots (1.0 mL) were filtered (0.45-p.m pore size)
into a clean (washed with chromic acid solution) glass test
tube that was preheated to 32°C. These test tubes were
sealed and immediately placed in the cell holder. Scattered
light was collected 90° to the incident light. R, and V values
were determined by a cumulant analysis of the intensity au-
tocorrelation function fit to a cubic equation.

Dispersions analyzed included samples which had been
equilibrated for 10-15 days at 32 + 0.5°C in KCl concentra-
tions ranging from 0.0 to 0.3 M. An additional set of samples
was prepared by preheating suspensions to 50°C for 2 hr
prior to equilibration at 32°C for 10-15 days to determine if
the route of preparation affected the final equilibrium parti-
cle size. Finally, a sample in 0.1 M KClI, previously equili-
brated at 32°C, was sonicated for 10 min and shaken in a
water bath (both at 32°C). The R,, of this sample was moni-
tored over a 10-day period following sonication.

The effect of mesophase turbidity on the precision of
QLS measurements was determined. Serial dilutions of poly-
styrene bead suspensions (Duke Scientific, Palo Alto, CA)
with a reported diameter of 87 = 4 nm were prepared. The
turbidity of mesophase and polystyrene bead suspensions
was quantified by measuring the absorbance at 400 nm. Only
when the absorbance was greater than 0.8 AU for the poly-
styrene bead suspensions were the experimentally deter-
mined particle sizes by QLS smaller than the reported size
range (i.e., diameter less than 83 nm). Since the maximum
absorbance for the mesophase samples was 0.6 AU, the er-
ror in the particle size of mesophase samples due to sample
turbidity was assumed to be negligible.

Mannitol Trapping by Lauric Acid Mesophase

Suspensions containing excess potassium hydrogen di-
laurate and LA were equilibrated in 0.1 M KCl at 32°C in the
presence or absence of 1-°>H-mannitol (0.04 wCi/mL). Fil-
trates of these suspensions were turbid, suggesting the pres-
ence of mesophase. Control samples prepared in an identical
fashion but without mannitol were spiked with 1-*H-
mannitol to obtain a final concentration of 0.04 nCi/mL im-
mediately (within 60 sec) prior to size-exclusion chromatog-
raphy.

Size exclusion chromatography was employed to sepa-
rate free mannitol from entrapped mannitol. A column (PD-
10, Pharmacia, Uppsala, Sweden) packed with Sephadex
G-25M (bed volume, 9.0 mL; void volume, 2.5 mL) was
utilized. The column and mobile phase (0.1 M KCl adjusted
to pH 6.5) were maintained at 32°C. The mobile phase also
contained 6.0 X 10* M LA, equal to the monomer concen-
tration in mesophase samples, in order to minimize dissoci-
ation of mesophase during the chromatography. The column
was saturated with 50 mL of eluant prior to the introduction
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of a 250-pL aliquot of filtered sample containing mesophase.
Twelve 1.0-mL fractions were collected and the amounts of
mannitol were determined on a scintillation counter (LS
1801, Beckman Instruments Inc., Fullerton, CA) after dilut-
ing a 50-pL aliquot of sample with 2.0 mL of Opti-Fluor
cocktail (Packard Inst. Co., Inc., Meriden, CT). LA concen-
trations in each fraction were determined by capillary GC as
described previously.

RESULTS

Potassium Laurate and Potassium Hydrogen Dilaurate
Purity Determinations

The molar ratio of free acid to laurate anion, Ry,.A-,
was determined for three independently prepared batches of
potassium hydrogen dilaurate by titration with HCI and
KOH to be 0.96 = 0.05. From the titration data the equiva-
lent weight of potassium hydrogen dilaurate, which has a
theoretical value of 219.3, was determined to be 219.2 + 0.2,
Likewise, an equivalent weight for potassium laurate was
determined by titration to be 238.8 (theory, 238.3).

An endotherm corresponding to the meritectic point of
potassium hydrogen dilaurate was observed by DSC with an
onset temperature of 94.9°C and a peak width of 92 to 103°C
at a scan rate of 10°C/min, consistent with a reported meri-
tectic point of 94°C (21). An endotherm with an onset tem-
perature of 55.1°C was observed for potassium laurate in
agreement with the reported phase transition temperature of
57°C (21).

Solid Phase Behavior of Lauric Acid Versus Solution pH

Shown in Fig. 1 are plots of equilibrium pH versus
amount of KOH added to suspensions of LA in deionized
water or 0.1 M KCl. The pH initially increased and then
reached a plateau with increasing KOH added. The plateau
pH value was dependent on [KCl} (i.e., pH 7.6 when no KCI
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83 C 0.0MKCl

807 o% ©
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Fig. 1. Titration of aqueous suspensions initially containing crystal-
line lauric acid in either deionized water or 0.1 M KCl with 0.1 N
KOH at 32°C. At pH values below the plateau region, the solid
phase was lauric acid, and above the plateau region, potassium hy-
drogen dilaurate was the solid phase. The plateau region reflects a
change in the solid phase from lauric acid to potassium hydrogen
dilaurate as base is added. The difference in plateau pH with KCl
concentration indicates that at least one degree of freedom is present
in the system.

1537

was added; pH 6.5 in 0.1 M KCl). Cistola et al. (2) have
shown that the solid phase in this plateau region contains
both LA crystals and 1:1 acid-soap crystals (potassium hy-
drogen dilaurate). Beyond the plateau regions in Fig. 1, the
pH again increased with the addition of base, and the solid
phase was shown by titration to be pure potassium hydrogen
dilaurate. Therefore, the plateau regions in Fig. 1 reflected a
transition in the solid phase from LA to potassium hydrogen
dilaurate. These results indicate that discontinuities are to be
expected in the pH—solubility profiles at a pH of 7.6 in the
absence of added KCI and at pH 6.5 in 0.1 M KCI due to
changes in the solid phase composition.

Lauric Acid Solubility—pH Behavior

A semilog plot of the aqueous solubility of LA versus
pH in deionized water is shown in Fig. 2. Solubilities were
determined only in the region where the solid phase was LA.
The curve approached a slope of unity as pH increased,
characteristic of a monoprotic weak acid in the absence of
self-association, as expressed by Eq. (1). The intrinsic solu-
bility, S, and pK, of LA were determined to be 1.34 (£0.14)
X 1073 M and 4.94 + 0.06, respectively, by nonlinear re-
gression analysis. The fitted line is shown in Fig. 2. The
values for these parameters are similar to published data
(22).

Solubility data were also obtained for LA in 0.1 M KCl
over the pH range 2.5-8.5, which includes the region where
both solids (LA and potassium hydrogen dilaurate) may ex-
ist. Apparent solubilities obtained from filtered samples are
shown in Fig. 3. Beginning at approximately pH 6.3, the
filtrate concentrations deviated from the solubility curve
predicted by Eq. (1). The filtrate concentrations rapidly in-
creased, reached a maximum at pH 6.5, and decreased with
pH until, near pH 7.3, the slope of the line for the logarithm
of the filtrate concentration became linear with a value
of 0.5.

The unexpected peak in apparent solubility was accom-
panied by marked turbidity in filtered samples suggesting the
presence of high molecular weight aggregates. Turbidity was
absent below pH 6.3 or above pH 7.3. Turbidity was also
observed in samples from the plateau regions in Fig. 1.

10
£ 107
=
.2
s
=
=4
8
g 4
O 10774
10-51 T ——r T T
2 3 4 5 6 7
pH

Fig. 2. Solubility—pH profile of lauric acid at 32°C in deionized
water. Regression analysis of data, shown by the solid line, provided
values for intrinsic solubility and ionization constant which are
listed in the text.
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Fig. 3. Concentrations of lauric acid versus pH in filtered or ultrafil-
tered samples of lauric acid (pH <6.5) or potassium hydrogen di-
laurate (pH >6.5) suspensions in 0.1 M KCl at 32°C. The solid line
assumes that the solubility, as determined in uitrafiltered samples, is
governed by Eq. (1) below pH 6.5 and by Eq. (4) above pH 6.5. The
dashed line represents the regression analysis of the filtered sample
data and therefore includes the mesophase concentration described
by Eq. (12).

Optically clear samples were obtained by ultrafiltering
turbid solutions through a 10,000 MW-cutoff filter which ef-
fectively removed large aggregates but should have allowed
smaller self-associated species to pass. The concentrations
of LA in solutions varying in pH were measured before and
after ultrafiltration in order to measure sample recoveries.
Using the Centricon-10 ultrafiltration device, the concentra-
tions in ultrafiltrates were constant after the first 0.5-1.0 mL
and yielded an average recovery of 95 + 2% (mean * SE)
over the pH ranges and concentrations explored. No trend
was apparent in ultrafiltrate concentration with the volume
of sample ultrafiltered.

Concentrations of LA from ultrafiltered samples are
also shown in Fig. 3. At pH 6.5 a distinct discontinuity oc-
curred in this profile, with the slope changing from ~1.0 to
0.5, consistent with a change in composition of the solid
phase from LA (pH < 6.5) to potassium hydrogen dilaurate
(pH > 6.5). The solubility behavior of LA in the presence of
potassium hydrogen dilaurate should be governed by its sol-
ubility product, K, defined in Eq. (3). To define the K,
more carefully, additional solubility data were obtained in
suspensions of potassium hydrogen dilaurate prepared in
0.03 M KCl. Figure 4 shows the LA ultrafiltrate concentra-
tions in 0.03 M KCl over the pH range of 7.5-8.5 and in 0.1
M KCl over the pH range 6.5 to 8.5. These data were ana-
lyzed by nonlinear regression to obtain K, by using Eq. (4).
The lines in Fig. 4 represent the fit of Eq. (4) to the data
(coefficient of determination = 0.99). The value obtained for
K.y, 5.25 (£0.13) x 107", is similar to the value previously
reported at 20°C by Lucassen (17). (Lucassen defined the
K.,' of potassium hydrogen dilaurate as the product

ag+ay+a,-2. Usinga K.’ of 6.31 x 10~ and a K, of 1.25
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® [KCi]=01M
O [KCl}=0.03M

Concentration (M)

10~ T T —
6.5 7.0 7.5 8.0 8.5

pH
Fig. 4. Lauric acid concentration versus pH in ultrafiltered samples
of potassium hydrogen dilaurate suspensions in 0.03 or 0.1 M KC] at
32°C. The solid lines reflect the K, for potassium hydrogen dilau-
rate determined by nonlinear regression analysis according to Eq.

@.

X 1077 reported by Lucassen at 20°C, a value of 5.04 x
10~ % is obtained for K., as defined in this paper.)

From the values for S, K, and K, determined above,
it is possible to describe the apparent solubility of LA ob-
tained by ultrafiltration over the entire pH and [KCI] range
examined without the necessity to invoke self-association of
LA to form low molecular weight aggregates. The calculated
(solid) line through the ultrafiltrate data in Fig. 3 reflects
these parameters.

The LA concentrations in filtered samples were super-
imposable on the concentrations in ultrafiltered samples be-
low pH 6.3 and above pH 7.2, suggesting that, in these re-
gions, only solid LA or potassium hydrogen dilaurate exist in
equilibrium with monomer in solution. However, Fig. 3
clearly highlights the turbid region where high molecular
weight aggregates appear to predominate.

Mesophase Characterization

Turbid samples were examined by QLS to determine the
average hydrodynamic radii, R,,, and index of polydispersity
of the mesophase particles. R, values ranged from 90 to 175
nm, with no apparent trend between particle size and KCl
concentration. The index of polydispersity ranged from 40 to
60%. Typically observed indices of polydispersity in mono-
disperse systems are 10 to 20% (23), indicating that the me-
sophase consisted of a heterogeneous mixture of particles.
However, since an index of polydispersity greater than 60%
is necessary in order for light-scattering measurements to
distinguish between two different populations of particles
(23), the question of whether or not the mesophase consisted
of two or more distinguishable types of particles (e.g., ves-
icles and smaller fragments) could not be addressed by this
technique.

Samples which had been preheated for 2 hr at 50°C prior
to equilibration at 32°C exhibited no significant changes in
either average particle size or polydispersity in comparison
with samples which had not been preheated, suggesting that
the mesophase was at an equilibrium particle size. Sonica-
tion of a sample in 0.1 M KCl equilibrated at 32°C resulted in
an initial increase in size from =90 to =200 nm within the
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first 2 hr after sonication and a change in polydispersity from
50% before sonication to 15% 2 hr after sonication. After 10
days at 32°C, however, the particle size and index of poly-
dispersity returned to their original (before sonication) val-
ues, within experimental error.

The composition of mesophase was determined by ti-
trating samples in the mesophase region with 0.1 N HCI to
determine total laurate anion concentration, which, after
correcting for the anion monomer in ultrafiltrate gave the
anion concentration in the mesophase. The ratio of anion
concentration to total LA concentration in the mesophase,
determined by capillary GC, gave the molar fraction of anion
in the mesophase. This fraction was constant with pH, av-
eraging 0.32 = 0.04 (n = 7) over the pH range 6.5 to 6.94
with no trend apparent.

The sensitivity of mesophase concentration and compo-
sition to KCI concentration was also determined. Figure 5
shows the LA concentrations in filtrate and calculated
monomer concentrations in suspensions containing excess
LA and potassium hydrogen dilaurate at varying KCl con-
centration. The formation of mesophase is highly dependent
on KCI concentration, and at sufficiently high [KCI] (e.g.,
0.3 M), mesophase could no longer be detected. The molar
fraction of anion in these mesophases averaged 0.39 = 0.06
but large standard deviations were evident in the data at 0
and 0.2 M KCI due to the small differences between the
filtrate and the ultrafiltrate concentrations at these extremes.
Therefore, the titrations suggest that mesophase composi-
tion does not vary significantly with KCl concentration in the
range of 0.05-0.1 M KCl but provide less information on the
composition outside of this range.

The existence of vesicles in the mesophase region was
investigated by *H-mannitol trapping experiments. Samples
containing mesophase (equilibrium LA filtrate concentration
was 0.07 M) equilibrated at 32°C in the presence of 1-*H-
mannitol were filtered through a size exclusion column to
separate trapped from free mannitol. Figure 6A shows the
LA concentration and amount of mannitol present in col-
lected eluant fractions. The maximum LA concentration was
observed at an eluant volume corresponding to that of the
column void volume, consistent with the elution of large
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Fig. 5. Lauric acid concentration in filtrates from suspensions of
lauric acid and potassium hydrogen dilaurate varying in KCI con-
centration compared to the theoretical monomer concentrations at
32°C. pH values measured at equilibrium are shown in parentheses
adjacent to each point.
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tions collected from size-exclusion chromatographic analysis of a
mesophase sample equilibrated with mannitol at 32°C (A) or spiked
with mannitol and immediately chromatographed at 32°C (B).

mesophase particles. A mannitol peak eluted at the same
time as the mesophase, while the remaining free mannitol
eluted at 6-7 mL. The percentage of total volume trapped by
the mesophase, calculated from the relative areas of trapped
and free mannitol, was =13%. The results of a control ex-
periment in which mannitol was added to a sample contain-
ing mesophase followed immediately by size exclusion chro-
matography are shown in Fig. 6B. There was no evidence of
entrapped mannitol under these conditions.

A theoretical trapped volume was estimated by assum-
ing that the mesophase consisted of unilamellar vesicles with
aradius of 1000 A, a surface area per head group of 35 A,
and a bilayer thickness of 30 A (24). From these dimensions,
vesicle size and number of monomers per vesicle were cal-
culated. The total number of vesicles, and hence the total
enclosed volume, was calculated from the total LA concen-
tration of 0.07 M. A theoretical enclosed volume of 23% was
calculated, in reasonable agreement with the experimental
value of 13%. The possible presence of multilamellar vesi-
cles or polydispersity of these systems may account for the
slightly lower than predicted experimental trapped volumes.

Mass-Action Law for Mesophase Formation

Knowledge of both monomer and mesophase concen-
trations provided the opportunity to investigate the mass-
action law for mesophase formation. The concentrations of
LA in mesophase, obtained from the data in Fig. 3, were
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examined by nonlinear regression analysis according to Eq.
(12), where C,,,,, was calculated from Eq. (1) when the solid
phase was LA or Eq. (4) when the solid phase was potassium
hydrogen dilaurate. Values for the three parameters, 6, p,
and €, obtained from regression analysis of the mesophase
region (dashed line in Fig. 3) are listed in Table I.

DISCUSSION

Solid Phase Behavior of Lauric Acid Versus Suspension pH

The results in Fig. 1 confirm previous reports that the
solid phase present in suspensions of LA depends on solu-
tion pH and KClI concentration (16—18). Figure 1 illustrates
that it is necessary to specify the potassium chloride con-
centration in order to uniquely define the composition (i.e.,
pH) of the aqueous phase when both solid LA and potassium
hydrogen dilaurate are present. Cistola et al. (2) and Fein-
stein (16) independently described regions in the titration of
micellar solutions with HCl where the pH appeared to be
invariant with the addition of titrant. This plateau region
reflected the transition from potassium hydrogen dilaurate to
crystalline lauric acid with the addition of HCI. Cistola et al.
argued that under these conditions, the system contained
three components (potassium laurate, water, and HCI) and
three phases (crystalline lauric acid, potassium hydrogen di-
laurate, and the aqueous solution); therefore, according to
the Gibbs phase rule, F = C — P at constant temperature
and pressure, the system was uniquely defined (i.e., zero
degrees of freedom). Hence, the pH, or the composition of
the system, could not change as acid was added to the sys-
tem.

For a system in thermodynamic equilibrium, the chem-
ical species that are considered components, C, in the Gibbs
phase rule must completely describe the composition of each
phase (25). A practical method for determining the number
of components is to set it equal to the number of independent
chemical constituents in the system minus the number of
distinct chemical reactions that can occur between these
species. In the titration of potassium laurate with HCI there
are six constituents when both solids are present (K*A ™,
HA, HA,"K™*, H,0, KCl, and HCl) and two chemical re-
actions between these constituents (HCl + K*A~ = KCl
+ HA and HA, K" = HA + K" A 7). Therefore, there are
four components and one degree of freedom (at constant
temperature and pressure) in the plateau region shown.

Previous experiments have demonstrated (16,18) that

Table I. Thermodynamic Parameters for Lauric
Acid Mesophase Formation [see Eq. (12)] in 0.1 M

KCl at 32°C

Parameter® Value?
0(x +y) 255 +4.0
p (x/y) 1.7 *0.21
€ (log(K e50)/0) 4.49 + 0.01
—log K, 9.1 *=0.01

% Obtained by nonlinear least-squares optimiza-
tion.
& Expressed as mean *+ standard deviation.
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when both solid phases were present, the pH decreased as
HCI was added to the system, consistent with the predic-
tions of the Gibbs phase rule. Although pH did not appear to
change in the plateau regions described by Cistola ez al. (2),
a decrease of only 0.24 pH unit would be expected according
to theory and, therefore, may not have been detected. In
contrast to the results obtained by titration with acid, addi-
tion of KOH to a suspension of lauric acid would not alter
the solution composition when both solids are present, as
KOH would be consumed in the conversion of lauric acid to
potassium hydrogen dilaurate. Therefore, pH was constant
in the plateau regions of Fig. 1.

The presence of a mesophase (an additional constituent)
in the plateau regions of Fig. 1 would not change the above
interpretation, since an additional chemical reaction can be
invoked between this constituent (considered as a species in
solution rather than a separate phase) and lauric acid and
potassium laurate.

A Reexamination of the Self-Association of Lauric Acid to
Form Low Molecular Weight Aggregates

Although the excellent agreement of the model calcula-
tions with the pH-solubility profile in Fig. 2 and in ultrafil-
trates (Fig. 3) suggests that self-association of LA to form
dimers or other low molecular weight aggregates is not im-
portant under the conditions employed, there is also consid-
erable literature evidence suggesting that LA self-associates
in aqueous solutions (7-15). Mukerjee (12), for example,
examined Goodman’s (26) data for the partitioning of fatty
acids between heptane and aqueous buffers at pH 7.45 and
concluded that the primary aggregate in aqueous solution is
the anion-anion dimer (4,~) and that all other aggregates
are negligible. However, Smith and Tanford (10) concluded
from similar data not only that HA, ™ is the primary dimer
instead of A,~, but that higher-order aggregates must also
form, in agreement with the titration data of Eagland and
Franks (15).

In neutral pH regions, the formation of high molecular
weight aggregates (mesophase) has been demonstrated. The
existence of this species may have confounded the interpre-
tation of the hydrolysis, partitioning, and surface tension
data previously described.

The presence of low molecular-weight self-associated
species in ultrafiltered samples would cause positive devia-
tions between the concentrations obtained in ultrafiltered
samples and the regression line (Fig. 3), with the extent of
deviation dependent on the magnitude of the formation con-
stants. In order to assess the sensitivity of solubility data to
dimerization, simulations of solubility assuming the pres-
ence of dimers were compared to experimental data. By as-
suming that the primary self-associated species would be
either A,~ or HA, ™ dimers, the theoretical concentrations
in ultrafiltered samples may be expressed by Eq. (6).

Two models of LA dimerization cited in the literature
were used to simulate solubility data. The model of Muker-
jee (12) assumes that the principal LA dimer is A,~ with a
formation constant, K, = 650 M~ !. Eagland and Franks
argued that the principal dimer is not A,~ but HA, ™ (15),
and from their reported values at 25 and 50°C, a K, of 0.14
M~"and a K, of 2.5 x 10* M~ were estimated at 32°C.
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Values for S, pK,, and K, required in the simulations were
taken from computer fits of Figs. 2 and 3. The simulated
effects of dimerization on the concentrations of LA in ul-
trafiltered samples are shown in Fig. 7 along with the exper-
imental results. As pH increases beyond 6.5, the slope of the
log(solubility)-pH profile in Mukerjee’s model is greater
than the slope of the line through the experimental data,
arguing against the formation of anion-anion dimers or
n-mers. Somasundaran (7), who studied surface tension
changes with oleic acid concentration, also suggested that
self-association of oleic acid anions to form dimers is much
less favorable than suggested by Mukerjee. The pH depen-
dence of LA concentration in ultrafiltered samples is also
inconsistent with the formation of acid-soap dimers as as-
sumed by Eagland and Franks (15). These findings agree
with those of Lucassen (17), who stated that abnormal hy-
drolysis behavior could be explained by the presence of dif-
ferent solid phases and was not due to self-association in
solution. Cistola et al. (2) also found no evidence for premi-
cellar association of fatty acids below the solid — liquid
crystal transition temperature of the acid-soaps they inves-
tigated. The contribution of low molecular weight aggregates
to the total LA concentration therefore appears to be negli-
gible in the systems investigated herein.

Thermodynamics of Lauric Acid Mesophase Formation

Mesomorphic structures (e.g., vesicles, hexagonal
phases, inverted hexagonal phases, planar bilayers, and mi-
celles) of fatty acids have previously been reported in solu-
tions at temperatures above the melting points of the corre-
sponding hydrated acid-soaps (1,2,18,27). Cistola er al. (1)
observed that, depending on temperature, lamellar liquid
crystals appeared in solution during the titration of fatty acid
micellar solutions with HCl. Hargreaves and Deamer wit-
nessed by phase-contrast microscopy the phase transition of
crystalline potassium hydrogen dilaurate to large (0.5 pm <
radius < 50 pm) liposomes at 34.0°C (18). In this study,

107!
""" Mukerjee
.......... Eagland /
1024 ; ‘
Regression Model // |
Ulmafiltrate

Concentration (M)

Fig. 7. Comparison of experimental lauric acid concentrations in
ultrafiltered samples varying in pH with simulations showing the
sensitivity of the lauric acid solubility~pH profile to dimer forma-
tion. Mukerjee’s model assumes that only A,~ dimers exist (Ky =
650 M~ 1), while Eagland and Frank’s model assumes the presence
of both HA, ~ dimers (Kg,, = 2.5 X 10* M~ ") and A,~ dimers (Ky =
0.14 M7Y).
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turbidity was observed at temperatures below the phase
transition temperature for potassium hydrogen dilaurate
(34°C). Indeed, turbidity was evident in samples equilibrated
at temperatures as low as 28°C, suggesting that mesophase
formation is not a simple phase transition.

Mannitol trapping studies (Fig. 6) provide strong evi-
dence that the mesophase consists largely of vesicles as the
entrapped volume in filtered samples containing a me-
sophase was in reasonable agreement with that calculated
from the mean hydrodynamic radius of the mesophase par-
ticles, assuming that the particles were unilamellar vesicles.
Thus, unilamellar vesicles exist in equilibrium with solid
phase at temperatures below the phase transition tempera-
ture. The ability to measure the LA monomer concentration
in the presence of mesophase by ultrafiltration allowed us to
develop a mass-action law for mesophase formation. To our
knowledge, this is the first such mass-action law describing
the thermodynamics of self-assembly of a lipid bilayer.

The relationship developed assumed that the mesophase
is a distinct aggregated species with an equilibrium constant,
K, eso, defined by Eq. (7), containing a fixed ratio of neutral-
to-ionized LA. It assumes that the surface charge of the
aggregate is completely neutralized by bound potassium
tons. The concentration of mesophase, expressed by Eq.
(12), is determined by the concentrations of LA monomer,
potassium concentration, and pH. Equation (12) contains
three adjustable parameters: 0, the index of cooperativity,
reflects the total number of molecules of LA and laurate
anion within the aggregate; p is the free acid:anion ratio
within the aggregate; and ¢ is equal to the standard free
energy of mesophase formation per monomer divided by
—2.303RT. As shown by the excellent fit of the model to the
experimental data for filtered samples (Fig. 3), this simple
mass-action law quantitatively accounts for the peak in me-
sophase concentration at pH =6.5 as well as the peak width
and asymmetry.

Computer simulations (not shown) in which each of the
parameters were systematically varied indicate that the
width of the peak in the mesophase region is a function of 9,
the peak symmetry is a function of p, and the amplitude
depends on €. The very narrow pH range over which me-
sophase predominates is indicative of the relatively high co-
operativity for mesophase formation, as shown by a 0 value
of =25 (Table I). Interestingly, the maximum mesophase con-
centration occurs at a pH at which both solid LA and potas-
sium hydrogen laurate coexist and declines with further in-
creases in pH. This is a consequence of the nearly twofold
excess of free acid in the mesophase (p = 1.7), a marked
difference from the composition of potassium hydrogen di-
laurate, which has an acid:anion ratio of 1. Below pH 6.5
(Fig. 3), the free acid monomer concentration is constant and
equal to S, due to the presence of LA as the solid phase. The
mesophase concentration increases with pH as the laurate
anion monomer concentration increases within this region.
Although the solution concentration of laurate anion contin-
ues to increase above pH 6.5, where the solid phase is po-
tassium hydrogen dilaurate, the mesophase concentration
decreases due to the higher sensitivity of mesophase forma-
tion to the decreasing free acid monomer concentration in
solution. From the p value obtained from fitting the filtered
sample concentrations shown in Fig. 3, the molar fraction of
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anion within the mesophase can be estimated to be 0.37,
consistent with the value of 0.32 *+ 0.04 obtained from the
titration analyses of mesophase composition. The constancy
in this ratio over the pH range 6.5 to 6.94 further supports
the treatment of mesophase formation in terms of a single
aggregated species. Evidently, a ratio of free acid to anion
>1 is necessary to maintain sufficient spacing between lau-
rate anion head groups within the interfacial region of the
bilayer. Additional stabilization may be afforded by hydro-
gen bonding of -COOH groups at the bilayer surface to ad-
Jjacent negatively charged -COO ™ groups.

The concentration of mesophase in suspensions con-
taining excess LA and potassium hydrogen dilaurate was
shown to be highly dependent on KCl concentration, as il-
lustrated in Fig. 5. Due to the common ion effect on the
solubility of potassium hydrogen dilaurate, an increase in
KCl concentration decreases the laurate anion concentration
in solution and therefore the equilibrium pH (experimental
equilibrium pH values are shown in parentheses in Fig. 5).
Accompanying the decrease in pH is a decline in monomer
concentration when both solids are present. This decrease in
monomer concentration is amplified by the power 0 in the
expression for mesophase concentration [Eq. (12)], resulting
in a dramatic predicted decline in mesophase concentration
with increasing [KCIl], which is qualitatively consistent with
Fig. 5.

Both QLS measurements and mannitol trapping exper-
iments were consistent with an average particle radius of
~1000 A. Assuming that the mesophase particles are unila-
mellar with a head-group area of 35 A and a chain length of
15 A (24), the number of molecules of LA per vesicle was
estimated to be =7 X 10°—several orders of magnitude
larger than the aggregate size (6 =~ 25) determined thermo-
dynamically. These results suggest that the mass-action law
describing mesophase formation refers to a domain much
smaller than the entire vesicle. A suggestion by Lasic (28)
regarding the mechanism of phospholipid vesicle formation
may have a bearing on these results. He proposed that phos-
pholipid fragments, described as flat disk-shaped micelles,
form initially from monomers and then aggregate to form
vesicles. Similarly, the mass-action law derived from LA
solubility data presented herein implies that a unit domain of
the mesophase may govern the thermodynamics of vesicle
assembly. Israclachvili et al. suggested that the minimization
of the free energy for lipid bilayer self-assembly involves
maintaining critical geometrical packing constraints (29). In
addition to an optimal outside-to-inside surface area ratio,
there is also likely to be an optimal free acid:anion ratio on
both the outer and the inner monolayers. These constraints
may require that a minimum free energy is attained only after
a specific, critical number of monomers (i.e., a unit domain)
have been incorporated into the vesicle.

Related studies with other bilayer forming lipids will be
necessary to determijne if similar mass-action laws and the
concept of a unit domain are generally applicable to the
problem of lipid bilayer self-assembly.
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