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Abstract

In the present work, the behavior of jojoba oil (JO), soybean oil (SBO) and JO/SBO mixtures at the air—water interface was studied.
Experiments were performed by applying the Langmuir balance method. Monomolecular layers were prepared on a water subphase, which
were subjected to lateral compression in a rectangular trough, using a Wilhelmy plate as a surface pressure transducer. The results showed the
JO form stable and reproducible monomolecular layers at the air—water interface. The surface pressure—area isotherms showed an extremely lov
collapse pressurer() of 2.3 mN/m, a mean molecular area of AYmolecule and a compressional modulus @f 23 mN/m, characteristic
of liquid expanded monolayers. The compression—expansion cycle exhibited an unusual hysteresis, leadingsdigher in the expansion
isotherm compared to those in the compression isotherm at the same mean molecular area. This behavior was interpreted as an increase in th
hydration level of the polar groups during the lateral compression, which forced it to be immersed in the subphase. This excess hydration free
energy, released to the environment during the compression process, was equivaleBtto-94 J/molecule. SBO and JO formed non-ideal
mixtures, stabilized by attractive interactions at all proportions. The values of surface tension calculated for the water/monolayer interface
(ywim =60-70 mN/m for JO content between 0 and 100%) as well as the bending energy of this interface (700 kT units for micro-emulsion
particles of 20 nm radii) were extremely high compared with those needed to obtain spontaneous emulsification (0.01 mN/m). This indicated
that SBO/JO/water micro-emulsion require the addition of surfactants to become thermodynamically stable.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction seed oils. It exhibits extraordinary high thermal and oxidative
stabilities[2].

Long-chain common wax esters have awide applicationin ~ Soybean oil (SBO) is a natural complex mixture of triglyc-
industry as lubricants, plasticizers, cosmetics, and pharma-erides, sterified at the glycerol backbone mainly with polyun-
ceuticals. The wax obtained from jojob&ifnmondsia chi-  saturated fatty acid8 and Refs. thereinh characteristic that
nensi3 seeds, commonly known as jojoba oil (JO), is a mix- turns SBO very susceptible to peroxidation with molecular
ture of straight-chain esters of monounsaturated, long-chainoxygen. Therefore, researches are starting to consider non-
fatty acids and long-chain primary fatty alcohols, mainly two conventional natural lipid sources, as well as more simple
ester molecules containing 40 and 42 carbon atoms repre-processes such as mixing, in order to obtain pre-designed
senting the 80% of the ofll]. Interest in JO stems from fat products with the desired physical, chemical, and nutri-
its unusual properties which differ from all other known tional characteristics. In that respect, the JO was shown to

increase significantly the oxidative stability of SBO, when

* Corresponding author. Tel.: +54 351 4344983; fax: +54 351 4344139, theywere mixed, eveninlow proportions of JO (Maestri, DM,
E-mail addressmperillo@efn.uncor.edu (M.A. Perillo). unpublished).
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Lipids from vegetal or dairy origin have gained a renewed oping, the alcohol fraction was extracted from the plate with
interest as excipients in pharmaceutical formulations for the chloroform and then purified further by repeated preparative
oral administration of hydrophobic drugs. This is due to their silicagel TLC for subsequent GC analysis. The identification
ability to enhance the oral bio-availability and to decrease of fatty acids and alcohols was carried out by GC—mass spec-
the variability in the plasmatic concentratidd$. The lipidic trometry[10,11] and by comparison of the retention times
structures commonly used for the entrapment of hydrophobic with those of reference compounds.
molecules as well as hydrophilic substances such as enzymes
and DNA are liposomes (uni or multilamellar vesicles). They 2.3. Monomolecular layers at the air—water interface
are composed of lipids with cylindrical molecular geometries
(critical packing parametd? > 0.5) that allow them to self- Monomolecular layers were prepared and monitored es-
assemble in bilayeri®]. Other lipidic formulations used for ~ sentially as described previous[§2,13] The equipment
the entrapment of hydrophobic molecules are pure liquids used was a Minitrough 1l (KSV Instruments Ltd., Finland).
(triglycerides). The emulsions (oil plus surfactant) are also Between 5 and 3l of a chloroformic solution of lipids was
used which will be liquid or solid depending on the lipid spread on an unbuffered aqueous surface; about 5 min were
transition temperature. At present, the use of liquid crystalline allowed for the evaporation of chloroform. Lateral surface
cubic phases (e.g. monoolein/water systems) as matrices tgressure ) was measured by the Wihelmy plate method.
study immobilized enzymes and small molecules are also Reproducibility was withirt=0.001 nn and+0.001 mN/m
gaining a growing intere$6—9]. for molecular area and surface pressure, respectively.

In the search for hydrophobic-drug delivery systems, we
considered that SBO/JO mixtures would be convenient car-2.4. Surface pressurer] versus molecular area (A)
riers, due to the low cost and accessibility of SBO and the isotherms
stability of its blends with JO. Compounds of the type present
in SBO and JO are amphipathic and, as such, they willtend The surface behavior of SBO, JO and JO alcoholic frac-
to organize at interfaces. The knowledge of the properties tion were studied. The SBO/JO mixtures at JO percentage
and dynamics of the intermolecular interactions established composition between 0 and 100% were also investigated.
between one another would help to predict their ability to self- Dipalmitoyl phosphatidylcholine (dpPCjy—area isotherm
assemble as well as the type and stability of the structures inwas also run as a reference molecule. For these experiments

which they would form. we used a rectangular trough fitted with two barriers that
In the present work we described the behavior of JO and were moved synchronously by electronic switching. The sig-
SBO/JO mixtures at the air—water interface. nal corresponding to the surface area (automatically deter-

mined by the Minitrough according to the relative position
of the two compression barriers) and the output from the

2. Materials and methods surface pressure transducer (measured automatically by the
Minitrough with a platinized Pt foil 5mm wide 20 mm
2.1. Materials long x 0.025 mm thick) were fed into a personal computer

through a serial interface using a specific software. Before
Refined, bleached and deodorized soybean oil (SBO) waseach experiment the trough was rinsed and wiped with 70%

provided by Aceitera General Dehez&{@oba, Argentina),  ethanol and several times with bidistilled water. The absence
and it was stored underdMit—10°C until used. Jojoba seeds  of surface-active compounds in the pure solvents and in the
were collected from commercial plantations at Aimogasta, La subphase solution (bidistilled water) was checked before each
Rioja, Argentina. The oil was extracted using a manually op- run by reducing the available surface area to less than 10% of
erated pilot-plant hydraulic press as described previda$ly  its original value after enough time was allowed for the ad-
The jojoba oil (JO) obtained was filtered through Whatman sorption of possible impurities that might have been present
No. 1 paper and stored atL0°C, without further treatment.  in trace amounts. The monolayer was compressed at a con-

stant low rate of 20 mAis at 28+ 0.5°C. A lower compres-
2.2. Oil analyses sion rate (12 mrs) was tested, and identical results were

obtained. The JO, SBO as well as the alcohol fraction from

Fatty acids and alcohols from JO and SBO were ana- JO, consisted of mixtures of molecules with different chain

lyzed by gas chromatography (GC). Briefly, oils were sub- lengths. The composition of each sample was determined as
jected to alkaline saponification (1N potassium hydroxide indicated previously. This information was used to calculate
in methanol) and unsaponifiable matter extracted with  the weighted mean molecular masses (MMM) required for
hexane. The fatty acid methyl esters were obtained using 1Ndetermining the mean molecular areas.
sulphuric acid in methanol and analyzed by GC accordingto MMM  values were calculated as follows:
Maestri et al[3]. Unsaponifiable material from JO was frac- MMM =[}"(%MW)]/100, where% is the percent com-
tionated on preparative TLC (silica gel 60 G, 0.5mm), devel- position of the sample taken froifable 1and MW is the
oped withn-hexane: diethyl ether (50:50, v/v). After devel- molecular weight of the individual component. Hence, the
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Table 1

Chemical composition of soybean oil (SBO) and jojoba oil (JO)

Component (%) SBO JO

Fatty acids
Hexadecanoic (C16:0) 19 108
Octadecanoic (C18:0) 2 Tr
cis 9-Octadecenoic (C18:1) pi)) 101
cis 9, cis 12-Octadecadienoic (C18:2) 55 Nd
cis 9, cis 12, cis 15-Octadecatrienoic (C18:3) .84 Nd
cis 11-Eicosenoic (C20:1) .68 725
cis 13-Docosenoic (C22:1) .87 148
cis 15-Tetracosenoic (C24:1) Nd AP
SFA 1511 108
MUFA 21.35 9882
PUFA 6354 Nd

Fatty alcohols
cis-9-Octadecenol a
cis-11-Eicosenol 42
cis-13-Docosenol 48
cis-15-Tetracosenol 9
Hexadecanol Tr
Octadecanol Tr
Eicosanol Tr
Docosanol Tr

SFA: saturated fatty acids, MUFA: monounsaturated fatty acids, PUFA:
polyunsaturated fatty acids. Tr, trace (<0.3%). Nd, not detected. MMM:
mean molecular mass (calculated as described in Sezdpn

MMM used for SBO, JO and JO alcohol fraction samples

were 848, 608 and 313, respectively.

2.5. Thermodynamic calculations

The excess mean area of mixtufgy, at constant film

pressures) can be express as:

Aex = A1 — Aid = A12 — (X141 + X0A))

whereA;, Az, X1 and Xy are the molecular areas and mole
fractions of single components 1 and 2, respectively,/Aand
andA;, are mean molecular areas of the ideal and real mix-
tures of compounds 1 and 2, respectively. A5 =0 means
either immiscibility or ideal mixture of the components and
Aex # 0 represent a non-ideal mixture involving either attrac-
tive (Aex < 0) or repulsive fex > 0) interactions. The free en-
ergy involved in this interaction is thAGey, Which can be
calculated from the area under the curvAgfwithin a mean-
ingful 7 interval (see Eq(2), whereNg is the Avogradro’s

number).

T
AGex = NO/O [A12 — (X141 + X2A0)]dn

Even in ideal conditions, due to entropic contributions, any
mixture of substances will involve a change in free energy

identified as theAGiq:

AGig = RT(X1In X1+ X2In X5)

)

)

®3)

Hence, the total free energy change will be the sum of ideal
and non-ideal contributions:

AGnmix = AGex + AGig (4)

3. Results and discussion
3.1. Chemical composition of oils

Table 1presents the fatty acid composition of SBO and
JO used in this study. Linoleic (C18:2) acid was the predom-
inant fatty acid in SBO, followed by oleic (C18:1), palmitic
(C16:0) and linolenic (C18:3) acids in a decreasing order.
Jojoba oil was exceptionally rich icis-11-eicosenoic acid.
Besides this fatty acid, oleic ants-13-docosenoic acids
were detected in similar amounts. As expected, SBO was
characterized by a high proportion of polyunsaturated fatty
acids (PUFAs), whereas monounsaturated fatty acids were
almost 99% of the fatty acids present in JO. Eight fatty al-
cohols were found in J@is-11-eicosenokis-13-docosenol
and cis-15-tetracosenol were the major components9-
octadecenol, hexadecanol, octadecanol, eicosanol and do-
cosanol were found in small proportiorigple ). The com-
bination between acids and alcohols in JO leaded to esters
of 38, 40, 42, 44 and 46 total number of carbon atoms rep-
resenting 4.4, 24.1, 55.1, 13.1 and 2.0% of the wax esters,
respectively. These results are consistent with those reported
by Busson-Breysse et 4l.4].

3.2. Surface pressure—-mean molecular area isotherms

3.2.1. dpPC

The reference isotherm of dpPCFig. 1a, central
curve) showed the typical bidimensional phase transi-
tion at 8.2mN/m and 7&2/molecule, a collapse pres-
sure at 55mN/m and a minimal mean molecular area of
40A2/molecule. These values were an indication of the good
quality of the measuring system.

3.2.2. Jojoba oil

The JO monolayerRig. 1a, curve at the right hand
side) showed a liquid expanded isotherm with a repro-
ducible and strikingly low collapse pressurg £ 2.3 mN/m)
and a minimal mean molecular area of Z¢%molecule.
In spite of the very low collapse pressure, the JO mono-
layer remained at the air—water interface, even after several
compression—expansion cycldsd. 1b). The mean molec-
ular area of the two hydrocarbon-chain components of JO
was even higher than that of SBO (mostly composed of
three hydrocarbon-chain triglycerides). This may be related
with molecular packing problems. The combination of al-
cohol/acid chains lengths in JO, which is quite symmetric
(20/18 (5.4%), 20/20 (24.3%), 22/18 (3.6), 22/20 (37.0%),
22/22 (2.1) and 24/20 (7%4)L4]), would contribute favor-
ably to the intermolecular interaction if a significant packing
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Fig. 1. Surface pressure—area isotherms of pure compounds. (a) Dipalmitoylphosphatidylcholine (dpPC), jojoba oil (JO) and long-chainl @hsatiotate
hydrolyzed from JO. The straight dotted lines indicate how to determine the collapseqdirt¢rdinates. (b) J@—area compression and expansion isotherms
showing an unusual hysteresis. (c—e) Compressional modulus of dpPC, JO and JO hydrolyzed alcohols calculated form the isotherms shown in (a). For tf
calculation of mean molecular areas, the weighted averages of the molecular masses of individual components of each sample were used.

level could be reached. However, the presence of a polar head-94 J/mol. This negativé\ AG value represented and ex-
group, whichistoo small compared with the volume occupied cess free energy released to the environment during the com-
by the bulky long and unsaturated hydrocarbon-chains leadspression process. A differential hydration level of the es-
to a low hydrophilic/hydrophobic balance in these molecules ter groups of JO components at the interface may explain
[5,12]. This would explain the collapse of the monolayer at a this result. The ester—water dipole interaction might be en-
low surface pressure and at a very high minimal mean molec-hanced by lateral compression, obliging the carbon bearing
ular area. In addition, the geometry of the monoester polar at the ester group to rotate down and the alcoholic oxy-
group might difficult the orientation of the two hydrocarbon gen to immerse in the subphase. During expansion, this hy-
chains parallel between one another and in the perpendiculadrated oxygen atom in addition to the carboxylic oxygen,
direction with respect to the monolayer surface. On the con- might behave like a bulky polar group, increasing the surface
trary, in triglycerides the glycerol backbone facilitates this pressure.
orientation of the hydrocarbon chains.

The compression—expansion cycle showed an unusual3.2.3. Jojoba alcohol fraction
hysteresid15]. The expansion isotherm deviated to higher The alcohols obtained from JO hydrolysis showed a liquid
surface pressures within the whole area range of the isothermcondensed monolayer which, taking into account the higher
The difference between the areas under the compression andollapse pressure (33 mN/m), was much more stable than that
expansion curves, from=0 tor, represented the free en-  of the oil they came from. The value of Z#/molecule for
ergy values of the corresponding process. FromGcom- their mean area at the collapse pressure was characteristic
pression = +866 J/mol and®G expansion=-960 J/mol, we  of close-packed one hydrocarbon-chain moleclilé} This
calculated a value oA AG=—15.6 mN/mA%/molecule or  resultsuggestthatthe low collapse pressure of JO is not due to
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the unsaturation of the hydrocarbon chains of the esterified — 14 - _

A L. . = Soya cillJojoba wax mixtures
alcohols but to steric restrictions that hindered the proper > 5l JOJOBA (% mole)
packing of the ester molecules. E

0 10
3.3. Compressibility modulus @ 8
& 6
Phase transition points and collapse points were better § 4 |
identified by determining the values of compressibility mod- T,
ulus (K) as a function of molecular aredsq. 1(c)—(e)), from @ N |
the 7—area isotherms dat&i@y. 1a) using Eq(5) [5]: 0 0 50 100 150 200 250
- Mean molecular area (A2/molecule)
k=-(n(57) ©)
T 8 250
whereA,, is the molecular area at the indicated surface pres- & _ 200 |
sure. Because the molecular areas were mean values, this % % 150
parameter reflected qualitatively the physical state and the bi- g z
dimensional phase transition of the monolayer. Highervalues g £ '
of K values corresponded to lower values of interfacial elas- g %‘5 50 | L 50
ticity. From a systematic analysis of-A isothermg17,18], 3 5 (b) &

it was concluded that the compressional modulus of solid
condensed states are characterized by values from 1000 to
2000 mN/m, varying between 100 and 250 mN/m for liquid
condensed films, while liquid expanded states showed values
between 12.5 and 50 mN/m. This clearly allows concluding
that the JO was in a liquid expanded state.

Surface Pressure
(mN/m)

3.4. Jojoba wax—soybean oil mixtures 00 02 04 06 08 10

. L . . le fracti
The JO/SBO mixtures exhibited isotherms with only one Mol traietion

collapse point, reached at surface pressures that increased 8%, 2. Surface behavior of SBO/JO mixtures. ¢a)Area isotherms of

a function of the proportion of SBO componenEd. 2a). SBO/JO mixtures. (b) Mean molecular area at collapse pressure. (c) Collapse
The latter contained the molecules with the highest collapse pressures as a function of JO composition in mole fraction units. Points are
pressure in the mixture (s€ég. 2a) and (c)). This behavior _experimental data and the dotted lines represent the theoretical ideal behav-
was a good indication that SBO and JO were laterally mixed. '°"
The area—composition diagram, not only at collapse pressure
(Fig. 2b) but also at 2 mN/mKig. 3b), showed a negative de-
viation from the ideal behavior at all proportions (represented
by the straight dotted line). This reflected attractive interac-
tions between both types of components. Theomposition
graph showed also a deviation from ideality, and stressed the, . - . .
concept that the monolayer stability increased with the pro- 3.5. Stab'"ty, ofan .eve'ntual oil in water micro-emulsion
portion of SBO in the mixtureKig. 2c). A similar behavior of SBO/JO dispersion in water

was observed upon analyzing tiearea isotherms at a con-
stantr =2 mN/m ig. 3.

A detailed thermodynamic analysis of the surface mixing
properties of JO and SBO is shownTable 2 Within the
whole range of JO mole fraction, the negative value&gfit
7 =2 mN/minthe mixture of JO and SOB, leaded to an excess
Gibbs free energyAGey). This indicated that intermolecular
attractive forces in the mixed monolayers took place in the
stabilization of the films. However, if the values afGey However, this equation is not always valid. The difference
and the Gibbs free energy of mixtures in ideal conditions between the two sides of the equation was defined by Lang-
(AGjq) were compared, it became clear that the contribution muir as the spreading factor for oil films spreading over the
of attractive forces to the whole thermodynamic stability of clean air—water interface, which could have a positive, zero
the films were low. or negative valug¢19]. With this limitation in mind, taking

Compressional modulus of JO/SBO isotherms from JO
mole fraction from 1 to 0 showed that JO and SBO always
form liquid expanded filmsK < 40 mN/m), with a compact-
ness that increased with the SBO contéfig(4).

It can be roughly assumed that the interfacial tension be-
tween air and clean water4y,) is the resultant of the two mi-
croscopic interfacial tensions between the air and the mono-
layer (vaym) and between the water and the monolaygy{)
according to Eq(6):

Yaw = Ya/m+ Ymiw (6)
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Table 2

Thermodynamic analysis of SBO/JO filmsnat 2 mN/m

JO mole fraction Mean molecular are&zqmolecule) Aex (Azlmolecule) AGjq (J/mol) AGey (J/mol) AGnix (J/mol)
1 192.4 0 - - -

0.75 129.26 —48.86 —1374 —16.19 —1390

0.50 117.34 —46.5 —1694 —60 —1754

0.25 103.24 —46.32 —1974 —56.43 —1430

0 135.28 0 - - -

The mean molecular areas, were takem a2 mN/m from the isotherms shown lfig. 1(a). Aex: areas excesaGiq: ideal free energy of mixingA Gex: €xcess
free energy of mixingAGnix: energetic tendency to form a mixture as compared to unmixed components in the monolayer. See text for details.

Mean molecular area
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Fig. 3. Miscibility of SBO/JO mixtures at 2 mN/m. (a) Detail of threarea
isotherms shown ifig. 1 (b) Deviation from the ideal behavior of SBO/JO
mixtures at a constant lateral surface pressure of 2mN/m.

K{mN/m)

Fig. 4. Effect of JO content on the compressional modulus of JO/SBO mixed

50

40

304

20 4

10

50

100 150 200

Mean molecular area (A*/molecule)

250

monolayers. Compressional modwi)(were calculated from data shown in

Fig. 2(a) according to E(5). Numbers indicate the percent composition of

SBO in the mixture.

yaw=72mN/m and assuming thatym in the vicinity of
equilibrium has an approximately constant value equakto
we calculated an approximate valueyQfim for the SBO/JO
mixtures which varied between 60 and 70 mN/m, with JO
content ranging from 0 to 100%.

The Windsor Il system is a two-phase system in which
a micro-emulsion phase coexists with excess water phase.
Moreover, at the critical micro-emulsion concentrationgy;
the emulsion is in equilibrium with a monolayer at the
air—water interfacg20]. The interfacial tension is related to
the free energy difference of the interfacial film at the pla-
nar interface separating the bulk phases and at the curved
interfaces of the micro-emulsion droplets. This difference
contains contributions from the energy required to bend the
monolayer and free energies associated with dispersing the
droplets within the medium and inter-droplet interaction.

!

Yepe = ZK——;K (7

r
wherey,c is the ywm interfacial tension at theue, K the
rigidity constant of the film monolayer and represents the en-
ergy required to bend a unit area of the film by a unit amount
of curvature away from the spontaneous curvaturekdrid
the Gaussian curvature elastic modyhjisr the radius of the
micro-emulsion particle. The high values)af;m, calculated
for JO/SBO blends as well as the bending energy of this in-
terface (700 KT units for micro-emulsion particles of 20 nm
radii) were extremely high compared with those needed to
obtain spontaneous emulsification (0.01 mNJ21). This in-
dicated that SOB/JO/water micro-emulsions will require the
addition of surfactants to become thermodynamically stable.

4, Conclusions

The liquid expanded monomolecular layers formed by JO
at the air—water interface, in spite of its extremely low col-
lapse pressurer() of 2.3 mN/m, were stable in time and
reproducible. The compression—expansion cycle exhibited
an unusual hysteresis, leadingstozalues higher in the ex-
pansion isotherm, compared with those in the compression
isotherm at the same mean molecular area. Anincrease in the
hydration level of the polar groups during the lateral compres-
sion, may forced it to be immersed in the subphase, interact
with water dipoles and behave as a bulky polar group, in-
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creasing the surface pressure. SBO and JO formed non-ideal[4] M. Stuchik, S. Zak, Biomed. Papers 145 (2001) 17.

mixtures, stabilized by attractive interactions at all propor-

tions. The high values of surface tension calculated for the

water/monolayer interface/{m,m = 60—70 mN/m for JO con-

[5] J.N. Israelachvili, Intermolecular and Surface Forces, Academic
Press, New York, 1989.

[6] M. Lindstrom, H. Ljusberg-Wahren, K. Larsson, B. Borgstrom,
Lipids 16 (1981) 749.

tent between 0 and 100%) and the consequent high bend- (7] k. Larsson, Chem. Phys. Lipids 49 (1988) 65.

ing energy of this interface (700 KT units for micro-emulsion
particles of 20 nm radii) indicate that SOB/JO/water micro-
emulsion will require the addition of surfactants to become
thermodynamically stable.
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