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Although soybean phosphatide mixtures have been
employed for & number of years as & stabilizing agent
for intravenous fat emulsions no systematic attempt has
been made to correlate the physical and chemical
properties of these compounds with thelr function in
emulsion systems, This study was lntended as the
initial phase of an investigation of the properties of
phospholipid films at the alr/water interface., The
scope of the study ineluded the isolation in high purity
of soybean lecithin and lysoleclthin, the development of
& new recording film balance and the preliminary study
of leeithin £ilms hmd on various subsolutions,

A number of methods of isolating purified lecithin
from a commercial soybean phosphatide mixture were
inveatigated. These included the c¢lassic cadmium
éhloride method, lon exghange, DEAE chromatography and
adsorption chraomatography on silicic acid, The lecithin
used in the study was prepared by lon exchange treatment
with Dowex 1X4 resin followed by adsorption chromatography




on siliele acid., Purified soybean lysolecithin was
prepared by treatment of lecithin with Vipera russeliii
venom,

The identities of the purified leeithin and
lysoleeithin were confirmed by comparison of their
infrared spectra with those e¢ited in the literature,

The purity of the compounds was estimated by thin-layer
ehromatography on Siliea Gel @.

The new recording film balanece developed for use
in this study was a modification of the Wilhelmy or
vertical type film balance. The prinecipal modification
involved the use of & sensitive transducer element as
the sensing device. The transducer used predominently
in the apparatus was a Statham model GTA-0,15«3%0
unbonded displacement transducer. In this film balance,
the immersion plate was muspended from the tip of & small
aluninum extension arm attached to the probe of the
transducer. The transducer was connected by a Wheatstone
bridge eircuit to a power supply and & d.e, amplifier,
The apparatus was calibrated by suspending small weights
from the extension arm of the probe and observing the
meter deflection produced. The error due to meter drift
over a 2 hour period was estimated to be approximately
20,03 dyne/em. for an immersion plate with a perimeter of
3.0 em. The instantaneous error due to meter nolse was
less than one-half this value.
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with the transducer sensing deviee. The trough was
equipped with & moving barrier which eould be manipulated
externally while the trough was enclosed in a cover
construeted of stainless steel and Plexiglas. A hollow
chamber was built into the bottom of the trough for
temperature control by eireuvlation of water from a
constant temperature bath.

The apparatus was used to determine the surface
tensions of water and benzene at 23.0° ¢. Experimental
values were found to agree within 0,01 dyne/em, with
literature values. The adsorption isotherm obtained by
compression of a palmitie acid monolayer also was found
to agree with those found in the literature.

It was coneluded that the film balance which was
developed in this study was & sensitive instrument
eapable of & precision well within the requirements of
sueh an apparatus. The major advantage of the apparatus
was the fact that a recorder could be conveniently
operated off the d.e. amplifier. As a result, permanent
records of all compression isotherms for the monolayers
studied were obtained. The recorder was also useful for
monitoring the equilibration rate of a film while being
compressed. It was found that long period of time were
required for complete equilibration of pelmitic acid
films during compreseion of the film, Leeithin films
were found to equilibrate much more rapidly,




A preliminary atudy of the behavior of purified
soybean leeithin films on various subsolutions was conducted
using the film balance. It was found that purified
lecithin formed liquid type films on delonized water.

The limlting area per molecule of these films was
approximately 65 A° per molecule, The leelithin films
were found to be highly dependent on the age of the
lecithin sample solutions., Aging of the sample
solutions for several days resulted in a marked contrac-
tion of the film, Lecithin films layered on Pluronic Fé8
and lysolecithin subsolutions were found to exhibit
reduced film pressures at equivalent areas per molecule.
In general, the behavior could be related to the

surface tensions of the subsolutions, lower film
pressures belng observed as the surface tension of the
subsolution was successively reduced. Films obtained
from commercial soybean phosphatide mixtures were
compared with purified soybean lecithin films, The

crude soybean yi;«mum were observed to produce films
that were contracted to a much greater extent than the
pure lecithin films.
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INTRODUCTION

Phospholipids comprise a class of compounds which
apparently are present in varying amounts in all cells,
plant and animal. The phospholipids have been the
subject of an intensive amount of research in recent

years, This 1s the result of the implication of certain

phospholipids in various diseases and the increased
industrial use of soybean phospholipids.

The exact function of the many phospholipids found
in bilological systems still is largely a matter of
econjecture, It is believed that phospholipids are
invelved in blood clotting, fat and phosphate storage,
fat transport and transport and ultilization of sodium
and potassium ions(1l). It has also been suggested that
the phospholipids constitute the central structure of
the cell wall(2)., Recent studies indicate phospholipids
may be involved in a number of diseases including
Gaucher's disease, Niemann-Picks' disease, arterio-
sclerosis and cancer(3)(%)(5).

The prinecipal commercial use of phospholipids is in
the manufacture of edible products(6).

The phospholipids are also used as emulsifying or
stabllizing agents in cosmetics and pharmaceuticals, It
is the use of purified soybean lecithin in intravenous
fat emulsions which stimulated this study., In view of
the importance of intravenous fat emulsions and the
extensive use of phospholipids in these preparations, a
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systematic study of phospholipid-stablilized emulsion
systems has been undertaken. As the study of the
behavior at the air/water interface is the most direct
and convenient approach yet developed to evaluate the
properties of surface active agents, this method will
be employed in the investigation., This phase of the
study is concerned with the development of an apparatus

for the measurement of film pressure and the preliminary
investigation of lecithin films at the air/water
interface. It is expected that this apparatus will be
useful in the further study of the behavior of simple
and mixed phospholiplid systems,




THE USE OF PHOSPHOLIPIDS IN INTRAVENOUS EMULSIONS

It has been recognized for many years that the
intravenous administration of fat emulsions is a poten-
tially superior means of providing nutrition to those
patients unable to ingest food by the oral route, The
advantage of fat emulsions is that a high caloriec content
relative to the other commonly employed intravenous
preparations can be achieved, Glucose, fructose and
invert sugar are limited as parenteral sources of
nutrition by osmotic pressure effects. One liter of
5 per cent glucose is isotoniec, but contains only 200
calories, Higher concentrations are employed but are
irritating to the veins and must be administered slowly
to prevent urinary spillover. Ethyl alechol infusions
are also used but the depressing and intoxicating
effects of alecohol limit its use, '

Fat can be infused as a 15 per cent emulsion in
glucose solution and provides approximately 9 calories
per gram. The caloric content of a liter unit of such
an emulsion would be approximately 1550 calories, several
times that of isotonic sugar solutions, The preparation
of therapeutic fat emulsions poses a number of specific
problems in addition to the usual requirements of non-
toxicity and stability. The emulsion must be sterile and
hence stable to autoclaving. In addition, the oil
globules must be sufficiently small so that there is no
danger of embolism when the emulsion is injected




intravenously.

The history of intravenous fat emulsions is a long
and troubled one, During the period 1873 to 1883, the
intravenous administration of milk was employed with
spectacular results in extremely malnourished patients.
Serious reactions and infections were frequent, however,
and the method was discontinued, During the 19520's and
early 1930's, the Japanese investigator Yamakawa and his
associates(7) were among the first to administer
artificially prepared fat emulsions intravenously. The
numerous side reactions associated with tnese fat emulsions,
which employed egg lecithin as the emulsifying agent, led
to their discontinuance after a short period of trial in
the United 3tates.

In 1943, Stare and his group at Harvard(8) intro-
Quced the use of soybean phosphatides as an emulsifier
in intravencus fat emulsions. While the most suitable
of a large number of emulsifiers tested by Stare(9), it
soon became evident that soybean phosphatides were
capable of causing a number of adverse physiological
reactions in laboratory dogs. These included hemolysis,
urticaria, anemlia, and granulomatous lesions in the lung
and liver(10). Further purification of the commercial
soybean phosphatides (Asolectin®) by solvent extraction '
resulted in the elimination of these effects in dogs(11),

®Associated Concentrates, Inc., Elmhurst, Long Island,




but later it was found that the phosphatide-stabilized
fat emulsions produced a marked decrease in arterial blood
pressure when administered to cats or humans(12).

Up to this time the emulsions prepared by Stare
and his co-workers had contained approximately 3 per cent
soybean phosphatide, 15 to 30 per cent refined vegetable
911 as the internal phase and isotonic dextrose solution
as the external phase. The emulsions were prepared by
high pressure homogenization. Reduction of the
phosphatide content of the emulsions to approximately
1l per cent resulted in nearly complete elimination of
the vasopressor response to the fat emulsions but also
yielded an emulsion which was physically unstable(13),

In 1955 Stare(14) found that the addition of 0.2 to
0.5 per cent Pluronic F68% as a co-emulsifier allowed
the reduction of the soybean phosphatide content to 1 to
2 per cent, The use of the polyoxyethyleneoxypropylene
polymer, Pluronic F68, also was found to reduce the
number of part;pien larger than 1 micron in diameter when
phosphatides were also present.

While the emulsions investigated by Stare were not
entirely satisfactory for routine administration to
malnourished patients his preliminary investigations
probably were in part responsible for the revival of

interest in intravenous fat emulsion.

*Wyandotte Chemicals Co., Wyandotte, Michigan




A number of intravenous fat emulsions employing
phosphatides as the emulsifying agent have been deseribed
in the patent literature(15)(16)(17)(18)(19). At least
one formulation, Lipomul IV*#, has undergone extensive
¢linical trial(20) and has been on the market for several
years., This fat emulsion contains 15 per cent cottonseed
oil, 1.2 per cent purified soybean leecithin, 0.3 per
cent Pluronic F68, and 4 per cent dextrose. While
purification of the soya lecithin apparently has resulted
in products considerably less toxic than earlier prepara-
tions it has been recommended that the use of these fat
emulsions be restricted to carefully selected patients
with severe nutritional deficiencies,

The individual roles of the various compo
soybean phosphatide mixture with respect to possible
undesirable physiological responses have not been
adequately studied. There is some indication that

nts of a

the more acidic phospholipid components, such as the
phosphatidyl ethanolamines and phosphoinositides, are
primarily responsible for the observed side effects.

This is largely an empirical observation based on the fact
that removal of these components substantially reduces
undesirable responses such as thermogenic reactions and
vasopressor effects(17). '

*The Upjohn Company, Kalamazoo, Michigan
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While fractionation of a soybean phosphatide mixture
to yield prinecipally lecithin has resulted in improved
patient tolerance to phosphatide-stabilized fat emulsions,
there is some evidence that such highly purified prepara-

tions may also be more subject to decomposition. Lambert,
miller and Frost(21) found that aqueous solutions of pure
synthetic lecithin became considerably more toxic over a
period of time than either purified egg lecithin or crude
soybean phosphatides. The soybean phosphatide mixture
apparently was the least subject to decomposition,

There is, moreover, some gquestion of the physiecal
function of the various phospholipid components of a soya
phosphatide mixture when employed as emulsifiers. A
study conducted by Yeadon, Goldblatt, and Altschul(22)
on the emulsifying properties of lecithin in oil-in-water
emulsions c¢learly indicated that highly purified lecithin
was an inefficient emulsifier producing emulsions
particularly unstable to autoclaving, & procedure required
in the preparation of intravenous emulsions. Addition of
various materials to the purified lecithin including
fatty acids and Pluroniec F68 improved the characteristics
of the emulsions but none of the mixtures employing purified
lecithin were as effective as commercial soybean phospha-
tides, It should be pointed out that the results of
these workers may have been compromised to a certain
extent due to the fact that the purification of the leeithin
was carried out by chromatography on alumina, These




lecithin samples were poesibly contaminated by appreciable
amounts of lysolecithin formed during the separation(23).
It should also be noted that purified egg lecithin was
used in this study. Due to the greater degree of
saturation of egg lecithin, as compared to soybean
lecithin, 1t is possible some minor differences in their
emulsifying properties might exist.

There would seem to be a need for a systematic
invesatigation of thn components of soybean phosphatides
with the object of relating their chemical and
physical properties to their function in emulsion systems,
Until a better understanding of the surface chemistry
of the phospholipids singly, and in combination with
other phospholipids or surfactants 1s achieved, little
progress can be made in correlating the properties of
phosphatide-stabllized emulsions with their composition.
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PLAN OF 3TUDY

This study consisted of three distinct areas of
effort, Consequently, as an aid to clarity, this
presentation 1s divided into three separate parts, The
first part deseribes the methods used to isolate purified
lecithin and lysolecithin and the chemical and physical
properties of these and other soybean phospholipids.

The second part ineludes the theory, design, construc-
tion and evaluation of a new recording film balance,

The third part is concerned with the use of this apparatus
for the study of the surface properties of leeithin and
lysolecithin,

i L



PART I
ISOLATION OF LECITHIN AND LYSOLECITHIN

PAST WORK

Separation of olipids: The separation and
identification of the components present in a phospholipid
mixture is an exceedingly difficult problem, Their
strong tendency to associate with each other tends to
reduce the effectiveness of separation methods which
exploit solubility differences. As a result a large
number of fractionation technigues have been reported in
the literature for the isolation of the various
phospholipids from natural sources., These have included
simple solvent extraction, fractional precipitation,
complex formation, counter current extraction and
ahmtmapny

Some of the earliest nopurttiunn of puriricd leeithin
involved the formation of & lecithin-cadmium chloride
complex, Stiecker(24) in 1868 observed that cadmium
chloride precipitated phospholipids from an alcoholic
solution. It was found that the lecithin complex with
cadmivum was considerably less soluble in alecohol than the
complexes formed with the other phospholipids. Levene
and Rolf(25) ultilized this property to prepare purified
lecithin from egg yolk and liver tissue in 1927. Their
method involved repeated extractions and washings of the
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complex with various organic solvents, The cadmium was
removed from the complex by addition of a solution of
ammonia in methanol to a chloroform solution of the
complex. Pangborn(26)(27) later simplified their
procedure and obtained purified lecithin from egg yolk
and beef heart., The principal difference between the
method used by Pangborn and those used by previous
investigators was the means employed to break the
cadmium chloride complex with leecithin, While Levene
and Rolf(25) used ammonia for this purpose, Pangborn(27)
found the removal of cadmium could be accomplished more
simply and conveniently by repeated extractions of a
chloroform solution of the complex with 30 per cent
ethanol, The complex dissoclated under those conditions
and the cadmium chloride was washed out in the dilute
alechol. |

The cadmium chloride method has a number of
disadvantages., These include the great number of operations
which must be performed during an isolation, low yields,
and an incomplete removal of cadmium from the lecithin,

A number of methods involving column chromatography
have been reported in the literature for the separation
of lecithin and other phospholipids. In general, it may
be stated that adsorption chromatography has come to be ,
recognized as the most effective method for the separation
of complex mixtures of phospholipids., In 1944, Taurog,
Entenman, Fries and Chaikoff(44) separated liver
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phospholipids into a choline~containing fraction and a
non-choline-containing fraction by adsorption chromato-
graphy on magnesia, In 1951, Hanahan, Turner and Jayko(28)
obtained purified lecithin from egg yolk by adsorption
chromatography on alumina columns, Lea and Rhodes(29)
later found that sphingomyelins are also eluted along

with egg lecithin separated from egg yolk by adsorption
chromatography on alumina,

In 1955, Lea, Rhodes, and Stoll(30) found that the
phosphatides of egg yolk could be fractionated by elution
from silicic acid columns with a solvent mixture consisting
of 20 per cent methanol in chloroform. They also
demonstrated that purified leeithin obtained by chromato-
graphy on alumina contained large amounts of lysoleeithin,
This was confirmed by Renhonen(23), who found that leeithin
undergoes considerable hydrolysis on alumina columns at
room temperature,

Hanahan et al(31) employed column chromatography on
siliciec acid for the separation of the more complex
mixtures of phospholipids found in rat liver, beef liver
and yeast. The solvent systems employed by Hanahan in
order of addition to the silicic acid columns were
echloroform-methanol 411, 3:2, and 1:4, v/v. The order
of elution of the phospholipids from the columns was
first phosphatidyl ethanolamine, followed by the
phosphoinositides, lecithin, lysoleecithin, and

sphingomyelin, While reasonable separations were
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obtained with low load levels of less than 1 mg. of the
phospholipid mixture per gram of silicic acid, some over-
lapping of the fractions did occur. This was particularly
true of the phosphoinositides which were found to be
contaminated with nitrogenous impurities,
Silicic acid chromatography also has been used for
the fractionation of phospholipids derived from cabbage(32)
and human serum(33).
It has been recognized for some time that purifica-
tion of leeithin should be possible by treatment with a
suitable ion exchange agent because most of the phospholipid
contaminants are of an acidie nature(30). The introduction
of ion exchangers with a low degree of cross-linkage
improved the feasibility of such a separation of the
relatively high molecular weight phospholipids, It was
discovered that although it was possible to remove the
acidie phosphatidyl ethanolamine, phosphatidyl serine,
and phosphatidyl inositol compounds by ion exchange, the
leeithin was almost completely converted to the lyso-
compound in the process., However, in 1960, Saunders and
Perrin(34) found the use of the strong anion exchange
resin Dowex 1x4 in the bicarbonate form permitted the
removal of the acidic components of a methanol solution
of egg phospholipids with a reduced amount of leeithin
hydrolysis.
In 1961, Rouser, Bauman, and Kritchevsky(35)
reported the use of diethylaminoethyl cellulose (DEAE) for
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| phospholipid separationa., DEAE is an anion exchange
agent prepared by treatment of cellulose to yield a
material having diethylaminoethyl residues affixed by
ether linkages to the alcohol groups of cellulose, The
relatively low density of ionic sites on the cellulose
fibers results in rather loose binding of high molecular
weight compounds such as proteins., As the cellulose also
acts as a stationary phase in chromatography the material
has a dual nature which has proved to be effective for
the separation of many high molecular weight substances
under very mild conditions, Rouser and co-workers found
that lecithin and phosphatidyl ethanclamine could be
separated from soybean phosphatides by chromatography
on DEAE, The lecithin was eluted first from the column
with ¢hloroform-methanol 7:1 and the phosphatidyl
ethanolamine with chloroform-methanel 3:2., It was found
some oxid.tion products of phosphatidyl ethanolamine also
were eluted with the parent compound,

Since mqmuhm is a hydrolysis product of
lecithin and oocurs only in trace amounts in natural
phospholipid mixtures, this substance is ordinarily
prepared by synthesis or derived from the parent compound
lecithin,

Lysolecithin may be prepared conveniently from '
lecithin by treatment of an ether solution of lecithin with
snake venom Lecithinase A, m: enzyme specifically
catalyzes the release of the fatty aeid constituent in the




p-ester position to yield a'-(acyl) lysolecithin. The

iysolecithin ‘fm during the reaction precipitates out
of the ether solution after a short period of time. The
in 1954, who employed Nais pais and Crotalus admanteus

snake venoms as sources of Lecithinase A. lLater, :
Saunders(37) modified their method slightly and alse
substituted Russell viper venom as the enzyme source,
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‘existence of natural f-lecithin is unlikely. The
isolation of f-lecithin from natural sources apparently
was due to the formation of the p-form by phosphate
migration during the isoclation procedure(45)(46).

|
ﬂa@"e"c"a

+ 9
(CHy) JNCH,CH,0~P~0-CH (111)
| 0
H,C-0~C-R’
Even highly purified lecithin from a natural source
is a highly complex mixture. This is due to the variation

of the tltty aclid residues of the molecule.

The fatty acid composition of the lecithin varies
with the source, Thornton and co-workers(47) found
that soybean lecithin purified by the cadmium chloride
complex method had the following fatty acld composition:

palmitic 15.77%
stearic 6.30%
oleie 12,98%
linclelec 62.92%
linolenic 2.02%

lecithin isolated from hen's eggs 1s considerably
more saturated(2) with stearic and palmitic acids making
up about 36 per cent of the total fatty acids.

In 1950, Baer and Kates(48) reported the first
successful syntheslis of fully saturated lecithins, Baer
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existence of natural B-leeithin is unlikely. The
isolation of pP-lecithin from natural sources apparently
was due to the formation of the p-form by phosphate
migration during the isolation procedure(45)(%8).

|
320‘0"0'3

(OHy) gNOR,H,0~F ~0~CH (am)
o

n,c—o-@-a’

Even highly purified lecithin from a natural source
is a highly complex mixture., This is due to the variation
of the fatty acid residues of the molecule,

Thc'fltty acid composition of the lecithin varies
with the uoﬁrce. Thornton and co-workers(47) found
that soybean lecithin purified by the cadmium chloride
complex method had the following fatty acid composition:

palmitic 15.77%
stearie 6.30%
oleiec 12,984
linoclelc 62.92%
linolenic 2.02%

lecithin isclated from hen's eggse 1s considerably
more saturated(2) with stearic and palmitic acids making,
up about 36 per cent of the total fatty acids.

In 1950, Baer and Kates(48) reported the first
successful synthesis of fully saturated lecithins, Baer
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and Maurukas(49) subsequently simplified the synthesis
in 1952, ‘

Later in 1956, Baer and co-workers(50) were able
to synthesize a fully unsaturated a-leeithin, L-a-dioleyl-
lecithin, By comparison of the natural lecithins with
synthetlic lecithin of known configuration, Baer has shown
that the configuration of the naturally oceurring
lecithins may be designated as hcionginz to the L-a-series
relative to the stereochemical reference compounds D- and
L-glyceraldehyde.

Since Baer's first synthesis of leecithin, methods
have been worked out for the synthesis of almost all
phospholipids of known structure and configuration(l)(6)(51).
An interesting and important synthesis is the preparation
of lecithins of known, mixed fatty acid composition. The
synthesls ar.nixodouoid L-a-lecithins was achieved by
the Dutch scientists de Heas and van Deenen(52) (53) in
1960. Later, these 1nw6st1¢utorn devised a simpler,
partial synthesis by ultilizing snake venom phospholipase
to remove one fatty acid from the B-position of lecithin(S54).
The lyso-compound obtained was then re-esterified with the
desired fatty acid at the p-position,

Lysolecithin: Lysolecithin (IV) is the partial hydrolysis
product of lecithin formed by the loss of the fatty acid’

at the p-position.
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H,C-0-C~R

HO-CH (1v)

nac-o—z-ocnzanas(enB)B
The loss of one fatty aclid residue from the p-position
of lecithin to form the a'~(acyl)lysolecithin is
catalyzed by a component of cobra venom known as
lecithinase A, It has been conclusively demonstrated
that the leecithinase A splits off only the fatty acids
attagched to the P-position of leeithin(55) (56) (57) (58).
While traces of lysolecithin are found in most
phospholipid extracts, the use of snake venom is the
most convenient method for the preparation of lysoleeithin.
In 1954, Hanahan, Rodbell, and Turner(36) found that the
enzyme~catalyzed hydrolysis of lecithin to form lyso-
lecithin proceeds in ether solution on addition of a
small volume or an agueous solution of the snake venom.
According to their procedure, the mixture is shaken
thoroughly @nd the lysolecithin, being insoluble in
ether, precipitates in good yleld after a short interval
of time. As the enzyme will attack other phospholipids
such as phosphatidyl ethanolamine, the lyso-compounds of '
other phospholipids present in the reaction mixture will

also be formed.
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Phosphatidyl Ethanolamine: At one time it was believed
that phosphatidyl ethanolamine constituted the alechol-

insoluble portion of a phospholipid mixture., The aleochol-
insoluble fraction was called cephalin and was believed to
differ in structure from lecithin by containing ethancla-
mine as the base rather than choline, Accordingly,
cephalin was assigned the structure (V) corresponding

to the compound phosphatidyl ethanolamine.

|
CH,-0-C-R
¢
RY~C=0-CH (V)
? +
“'z’°'§'°“'a°‘a"3

Eventually it was discovered that although the
structure (V) suggested for phosphatidyl ethanolamine
is correct for a major constituent of soybean and brain
p@mpmumu,_ the compound itself is quite soluble in
the warm ethanol used as a basis for the separation of
the two major fractions. Thus the alechol-soluble fraction
consists of phosphatidyl choline, phosphatidyl ethanolamine
and other minor contaminants. The alechol-insoluble
fraction still is occasionally referred to as the cephalin
fraction but it is incorrect to designate any specific :
phospholipid as a single compound, cephalin.




phoinositides: The alcohol-insoluble fraction still
has not been adequately characterized. It consists
szu of a group of compounds known as the
inositol phospholipids, mms.xmium-. or lipositols.
While the existence of the phosphoinositide fraetion
has been recognized for some time(59)(60), 1t is only in
the past few years that appreciable progress has been
made in its characterization(36). Apparently this group
consists of simple monophosphoinositides and other more
complex phosphoinositides.
The monophosphoinositides are diacyl esters of

glycerylphosphorylinositol (VI).

f
H,yC-0-C-R
1
RY«C=0~CH (vi)
HO  OH
o
OH
aﬂa-o-x'-o
T ox
HO  OH

Xm= h‘ “. K, or Ca
The hexahydroxycyeclohexane, inositol, apparently is
present to a large extent as myo-inositol(VII).

(vix)




While some investigators previously had speculated that
the most likely site of attachment would be the number 2
position of inositol(61)(62), Ballou and co-workers(63) (64)
(65) have established that the phosphatidyl group is
attached to the number 1 position of myo-inositol in
simple phosphoinositides iscolated from soybean, They
suggest that this compound be designated l-phosphatidyl-
L-myo-inositel,

Polch(66) (67) reported the existence of diphosphoinosi-
tides in beef brain in 1949. Subsequently, in 1961,
Ballou et 81(63)(68) concluded that the myo-inositol
components present in beef brain actually are
triphosphoinositides. The structures of these compounds
are still uncertain at this time,

Other complex phosphoinositides may exist in soybean
phosphatides. Carter and co-workers(69)(70) have
reported the existence of a complex inositol-phytosphingosine
containing lipid in plant seed phospholipids which they
termed phytoglycqlipide. A partial structure (VIII) was
proposed.

oy (CHy) 4 $~§u~g~%—o~§w—mﬁam1

OR ¥ OR Glucosamine
COR Hexuronic Acid
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Physical Properties of the Phospholipids

Iecithin: Pure lecithin is a white, waxy solid which is
extremely hygroscopic. HNatural mxmn containing
unsaturated fatty acids quickly darkens in color and
develops a disagreeable odor and taste. Once isolated
in a pure n'uﬁp, great care must be taken to prevent
its decomposition by protection from heat, light, water
and atmospheric oxygen. Pure lecithin is usually
preserved by dissolving it in anhydrous, absolute
aleohol and storing the solution under nitrogen at low
temperatures,

Although natural lecithin has no definite melting
point, Baer and Maurakas (49) observed sintering points
of 9°® ¢., 120* ¢., and 120°* ¢. for L-a-(dimyristoyl)-
leeithin, Lea~(dipalmitoyl)lecithin and L-a~-(distearoyl)~
lecithin, respectively. They reported that the meniscus
points were much more reproducible and found values of
226-227° C., 225-226° C., and 222-223° C., respectively,
for these same cdmpounds.

The L-a~lecithins possess an asymmetric carbon and
are dextrorotatory(49).

Lecithin is readily soluble in most of the common fat
solvents including ether, chloroform, carbon tetrachloride
and petroleum ether., It is also soluble in pyridine, '
ethanol, methanol and acetic aecid, It is inscluble in
acetone, The fully saturated lecithins, or hydrolecithins,
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have somewhat different solubility properties, being
insoluble in ether, acetone and cold ethanol.

Saunders and Elworthy(71) have reported that purified
natural lecithins can be obtained in erystalline form by
precipitation from acetone-methylethyl ketone mixtures,

The lecithins from natural sources form cloudy,
colloidal solutions with water which are quite stable(72).
Synthetic hydrolecithins also form sols with water but
these settle out rapidly. ‘ |

Leecithin sols may be prepared by a number of methods,
ineluding simple shaking of the solid with water, It
has been found that these sols are easily precipitated by
small concentrations of divalent metal ions but are
stabilized by higher concentrations(71). Recently,
Saunders, Pc:-rin and Gammack(73) have prepared clear
lecithin sols by ultrasonic irradiation of turbid sols
of both egg and unsaturated synthetic lecithins. These
sols were found to contain micelles of molecular weight
about 107, The sols were stable to electrolytes.

Lysolecithin: While lysolecithin resembles lecithin in
some of 1ts physical properties, it is strikingly different
in others. When pure, lysolecithin is a white, hygroscopiec
solid. As with leeithin, precautions must be taken to
retard the degradation of lysoleeithin. Lysolecithin, die
to an unexplained natural tendency for distribution of
predominently saturated fatty acids at the a'-position,
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is considerably more saturated than lecithin and therefore
is less subject to oxidation.

Lysolecithin may be obtained as needlelike crystals
by erystallization from pyridine(74) or from ethanol(37).
Like lecithin, lysolecithin has no definite melting
point, Lysolecithin apparently is dextrorotatory in
pyridine, glacial acetic acid and ethanol solutions but
is levorotatory in chloroform solutions(75).

Lysolecithin is soluble in chloroform, methanol,
ethancl, pyridine and acetic acid, It is insoluble in
ether, petroleum ether and acetone, Lysolecithin
dissolves in water to give optically clear solutions,
Saunders and Robinson(76) found that thieck fluid solutions
were formed at concentrations of 508 by weight. They
found that lysoleeithin is highly surface active,
concentrations of less than 0,001 per cent w/v lyso-
lecithin reducing the surface tension of water to 45,35
dyne/om. Increasing the concentration of lysoleeithin to
1 per cent produced a further lowering only to 37.6
dyne/em. The eritical micelle concentration of lyso-
lecithin in water was estimated to be less than 0,01
per cent(77). It was also found that no appreciable
lowering of surface tension occurred in chloroform and
ethanol solutions of lysolecithin in the concentration
range 0,001 to 0.1 per cent w/v,

L]

Other Phospholipid Pure phosphatidyl ethanolamine is a
white, waxy solid which 1s extremely sensitive to
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atmospheric oxidation and light(78), The solubility
properties of phosphatidyl ethanolamine are similar to
those of lecithin. '

Ilittle information is available on the physical
properties of pure phosphoinositides, In contrast to
most of the other phospholipids, they are known to be
relatively insoluble in aleohol, Hanahan and Olley(62)
found that monophosphoinositides prepared from liver
were stable, solid compounds that could be stored for
long periods of time,
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EXPERIMENTAL

Source of lesithin and Lysoleeithin: Since the group
of compounds known as the phospholipids are found in
varying concentrations in all living cells, a large
number of materials from natural sources may be used as
a source of lecithin. Eggs, brain and liver tissue and
soybean oll are excellent sources. As the lecithin used
in the pharmaceutical, food and cosmetic industries
usually is derived from soybean oil, a soybean phosphatide
, mixture was chosen as the starting material. Soybean
oil contains from 1.6 to 3.0 per cent phosphatides,
Commercial lecithin derived from soybean oil ordinarily
is a yellow, granular substance. Asolectin®, the soybean
phosphatide mixture used in this study, contains roughly
equal amounts of lecithin, phosphatidyl ethanolamine
and phosphoinositides amounting to approximately 95 per
cent of the total. The remaining 5 per cent consists
mainly of oll, waxes and sterols,

]
A
E
g
’

Other Materials and Equipment: U.3.P, grade diethyl
ether and ethanol were used for preliminary solvent
extractions or precipitations, Prior to use, the diethyl
ether was passed through an alumina ¢olumn to remove the
peroxides(79). Reagent methanol was shaken with calcium

L]

*Obtained from Associated Concentrates, Inec., Elmhurst,
long Island, N.Y.
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sulfate and redistilled prior to use. The reagent
grade chloroform was also redistilled before using,
The deionized water was prepared by passing distilled
water through a mixed bed resin (Bio-Rad AG 501-X8 (D))
followed by redistillation,

The silicic acid (Mallinckrodt, 100 mesh) and
alumina (aluminum oxide, reagent, Merck) were activated
by heating overnight at 110° ¢. The Dowex 1X4 resin
(50-100 mesh) was obtained in the chloride form., It
was converted to the bicarbonate form by placing the
resin in a large chromatography column and washing it
first with 2 liters of 5 per cent sodium hydroxide
solution. The resin was then washed with distilled
water until the wash was neutral to litmus., This was
followed by 5 liters of 5 per cent sodium bicarbonate
solution and the resin again rinsed with deionized water
until neutral to litmus, About 2 liters of absolute
methanol were then allowed to drain slowly through the
ecolumn in order to remove most of the water from the
resin,

The applicator used for preparation of the silica
gel plates for thin-layer chromatography was of the type
designed by Mutter and Hofstetter(82). The S8ilieca Gel
d‘(mpnrod according to Stahl) was applied on 20 x 20 em,
plates to a thickness of approximately 250 mierons. The
plates were activated before use by heating at 110° ¢.
for 60 minutes,
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The developing solvent mixtures for the thin-layer
chromatography were chloroform-methanol-glacial acetic
acid-water 65:25:8:4, v/v, and chloroform-methanol-water
65:25:4, v/v. The solutions were prepared with redistilled,
reagent grade methanol and chloroform, The glacial acid,
reagent grade, was used without redistilling.

The ninhydrin spray was mpu-od by dissolving
0.2 per cent ninhydrin in bu‘uml saturated with water,
’l‘hc ammonium molybdate-perchloric acid spray was prepared
by dissolving 3 g. of ammonium molybdate in 50 ml, of
water, 5 ml., 6N HCl and 13 ml. of 70 per cent perchloric
acid,

Isolation of Leeithin by Ion Exchange: The method used

for isolation of lecithin was essentially the same as
that used by Saunders and Perrin(80)(81) for the
preparation of pure lecithin from egg yolk.

- Two hundred g. of Asoclectin were extracted with 1
liter of 95 per cent ethanol by shaking on a mechanical
shaker for 6 hours. The solution was decanted off and
the residue extracted again with an equal volume of
fresh solvent. The two extracts were pooled and
evaporated to dryness at room temperature with a Rineo
rotary evaporator. About 50 g, of residue was obtained.
This was dissolved in a minimum of ether and the crude
lecithin precipitated by pouring the ether solution into
& volume of acetone 4 to 5 times greater than that of ‘
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the ether aolui:i.on. The solvent was decanted off and
the procedure repeated 3 times,

The residue was redissolved in 1 liter of absolute
methanol and shaken for no longer than 5 minutes with
100 g. of Dowex 1X4 resin (50-100 mesh) in the bicarbonate
form. After the lecithin solution had been rapidly
decanted from the Dowex 1X4 resin it was evaporated to
dryness with the rotary evaporator at room temperature.
About 20 g. of residue were obtained, A spot test with
0.2 per cent ninhydrin in methyl cellosolve was performed
on & few mg. of the residue. The test was negative
indicating essentially complete removal of phosphatidyl
ethanolamine,

Two hundred g. of Mallinekrodt silicic acid (100
mesh) were slurried with chloroforme-methanol, 4:1 by
volume, and packed into a 2.1 ineh diameter column. The
lecithin was dissolved in & minimum volume of chloroform
and added to the column., After the solution had soaked
into the silicic _acid packing, the inner walls of the
column were carefully rinsed with a small volume of
chloroform which was also allowed to soak into the
silicic acid. This was repeated once and then a sufficient
volume of the chloroform-methancl 4:1 mixture was added
to the column to provide enough head for a reasonable
flow rate. In some of the columns about 20 per cent
Celite was added to the silicic aecid to improve the flow
rate of the column,
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The first material to move down the column was
observed as a sharp yellow band., Saunders and Perrin(81)
observed a similar band in the chromatographic separation
of egg lecithin and have suggested it may consist of
highly colored pigments. This fraction was disgarded
and the bulk of the lecithin fraction was collected in
the next 1000 to 1500 ml. of solvent, The lysolecithin
was retained by the column but could easily be eluted by
changing the eluting solvent to pure methanol. Fig. 1
shows the silicic acid chromatography of a sample of the
residue obtained by treatment of soybean phospholipid
with Dowex 1X4. The lecithin was eluted easily with
chloroform-methancl 4:1, v/v, and the lysolecithin with
anhydrous methanol,

The lecithin fraction was evaporated to dryness at
room temperature with the rotary evaporator and the
residue dissolved in ether and precipitated in acetone.
This was repeated 3 times,

The purified lecithin obtained by this procedure was
& nearly-white, waxy solid. It was dissolved in anhydrous,
absolute ethanol and stored under nitrogen in the
freezing compartment of a refrigerator., The yield from
such an isolation varied considerably but was usually
6 to 8 g. i

——

B T

Preparation of Lysolee t Lysolecithin was prepared by
Saunders modification(37) of Hanahan's method(36). The
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procedure was the same as for the preparation of purified
lcaithin up to the point of the separation of leeithin
from lyscleecithin by adsorption chromatography on siliele
acid. At this point, the residue obtained from the
treatment with the anion exchange resin was dissolved in

1 liter of ether, Ten mg. of lyophilized Vipera russellii
venom* dissolved in 10 ml, of water were added and the
flask shaken for a few minutes. The lysoleeithin
precipitated out overnight and the solvent was decanted
off, The lysolecithin was washed with ether and then
with agetone. The lysolecithin then was dissolved in a
minimum amount of chloroform and precipitated by pouring
it into a 6 times greater volume of ether. This was
repeated 4 times. The lysoleecithin was dissolved in

200 ml. of warm absolute ethanol and centrifuged to
remove traces of ethanol insoluble material. The alecholie
solution was decanted off, evaporated to dryness in a
rotary evaporator and recrystallized from warm ethanol.
The yield was loy, amounting to 2 to 3 g. for an alecholie
extract of 100 g. of Asolectin, The purified 17:01&@1&1;15
was dissolved in anhydrous, absolute ethanol and nterﬁ‘ 4
under nitrogen in a refrigerator.

Results and Discussion: The identity of the purified
lecithin and lysolecithin was confirmed by their solubility’

*Obtained from Miami Serpentarium, Miami 56, Ploridas
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properties and infrared spectra. The purified leeithin
was found to be soluble in ether, chloroform, methanol,
and ethanol, and was insoluble in acetone. The lyso-
lecithin was scluble in chloroform, methanol and ethanol,
and was insoluble in ether and acetone, The infrared
spectrum of the lecithin was essentlially the same as the
infrared tracing obtained for a sample of L-a-(dimyristoyl)-
lecithin generously provided by Dr. Erich Baer of the
University of Toronte. The infrared spectrum of the
purified lysolecithin was nearly identical to the
literature spectrum for lysolecithin(36).

The purity of the purified lecithin and lysolecithin
was estimated by thin-layer chromatography on Silica Gel
G. The chromatograms for purified lysoleeithin, purified
lecithin, Asolectin and Armour sterile lecithin are
shown in Fig. 2 and 3. Two different developing solvent
mixtures which have been found effective for the thine
layer chromatography of phospholipids were used(82) (83) (84).
The chromatograms, Fig. 2, were obtalned using chloroform-
methanol-glacial acetic scid-water 65:25:8:4, v/v, The
chromatograms, Pig. 3, were obtained with chloroforme
methanol-water 65:25:4, v/v, as the developing solvent,
The phospholipid samples were applied to the silica gel
plate in amounts of approximately 500 mierograms from
2 per cent chloroform solutions. The chromatogram on the
left in each figure was developed with ninhydrin spray
and the chromatogram on the right with ammonium

s A
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molybdate-perchloric acid spray. The ninhydrin spray
detected phospholipids with free amino groups while the
ammonium molybdate-perchlorie acid spray was used as a
universal indicator.

The chromatograms were compared with those given in
the literature for mixtures of synthetic phospholipids(82)
(83) (84%). The purified lecithin was detected as a single
spot with the molybdate-perchloriec acid gpray in both
Fig., 2 and 3., The ninhydrin plates did not reveal the
presence of contaminating amino compounds. The lysoleeithin
was stained with difficulty with the molybdate-perchlorie
acid and appeared only as & faint spot in both figures.
The chromatograms showed that the purified lysolecithin
contained traces of contaminates, prineipally a ninhydrin-
reactive material suspected to be lyso-phosphatidyl
ethanolamine,

The thin-layer chromatograms indicated the soybean
lecithin was obtained in @ high state of purity. The
lysoleeithin lypurintly contained traces of other
compounds. This suggests that, at least with soybean
lysolecithin, 1t may be desirable to prepare the
lysolecithin by direet treatment of previously purified
lecithin,
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PART II, DEVELOPMENT OF A RECORDING FILM BALANCE

THEORY AND PAST WORK

Surface Pllms: Probably any discussion of surface films
must begin with J. Willard Gibbs, who in 1878 derived
the exact rolutiea:ﬁip between adsorption and surface
tension. According to thermodynamics, proecesses which
oceur spontaneously are accompanied by a decrease in
free energy. If a solute lowers the free surface energy
of a solution there must be a greater proportion of
solute to solvent at the interface than in the bulk of
the solution. The Gibbs equation for binary systems is

PHQL-‘—l-(m (1)
(rT) (da)

where I' is the excess surface concentration of one
component, & is the activity of the solute, R is the
gas constant, T the absolute temperature and y is the
surface or interfacial tension. [I' is called the surface
concentration of splute per unit area of interface, It
is not strictly a concentration term as it represents a
number of moles divided by an area.

If a solute causes a decrease in surface tension,
(dy/da) 1s negative and the surface concentration of the
solute is greater than the concentration in the bulk
solution. If the solute causes an increase in surface
tension, (dy/da) is positive and the surface concentration




of the solute is less than the concentration in the bulk
solution. This phenomenon 1s exhibited by some electro-
lytes and is called negative adsorptioen,

While very large decreases in surface tensions as a
result of accumulation of a surface active agent at an
interface are possible because the surface tension can
approach that of the solute, negative adsorption will
result in only small changes in the surface or inter-
facial tension. This is because it represents a situation
where solute is being rejected from the surface. Thus
the surface tension of the solution differs but slightly
from the surface tension of the pure solvent.

The experimental verification of the (ibbs equation
by direct measurement of the amount of substance adsorbed
at the surface of solutions has been attempted by various
methods. Initially, gross discrepancies between theory
and experimental results were frequently found. More
recent experiments, particularly those which have ultilized
tracer techniques(85)(8°), have shown closer agreement
between experimental values obtained for surface adsorption
and those values predicted by the Gibbs equation.

Spreading and Formation of Films: The spreading of liquids
on other liquids or solids was not well understood prior

to 1922, In that year, Harkins and Feldman(87) elearly
explained the spreading process in terms of thermodynamics.
They proposed that any material could spread on any




substance providing the spreading process was accompanied
by a decrease in free energy. According to this theory,
a substance w:lil spread only if the work of surface
adhesion, W,» between substance and subsolution is
greater than the work of cchesion, wc, of the substance
to be layered. The difference between these terms is
called the spreading coefficient. The spreading
cmtﬁnim_ﬁ, 3» /a? of substance b on liquid a is defined
as:

Sp/a = Wy =Yg (2)
The work of adhesion, wA, is the work necessary to pull
apart 1 «,2 of the interface ab and is given by the
equation of Dupre':

Va=" Y%+t T * T (3)
where 7y, 1s the surface tension of the subsolution a,
1% is the surface tension of substance b, and Yab is
the interfacial tension of the interface ab. In terms
of nurrico free energy this equation represents the
disappearance of ;mt surfaces a and b and the appearance
of unit interface ab. The work of ecohesion, "a' is
defined as

ue = ﬂ'yb (%)
where y, is equal to the free surface energy of 1 om.2
of substance b, More specifically, it is the work required
to break apart a bar of 1iquid 1 em.? in area to yleld two

]
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-ﬁrtmu which have & combined area of 2 em.2, Thus
equation (1) may also be represented as:
Sp/a = Ya = (¥ + Yg) (5)

If spreading is accompanied by a decrease in free
energy, i.e., the spreading coefficient is positive,
then spreading 1s spontaneous. The equation for the
spreading coefficlent predicts a substance will spread
on & liquid of higher surface tension. For this reason
almost all organic liguids will spread on a clean water
surface, By the same token, virtually any liquid should
spread on a e¢lean mercury surface.

Equation (5) applies for pure liquids and is called
the initial spreading coefficient., As the thin spreading
liquid b becomes saturated quickly with a, a semi-initial
spreading coefficient is defined

Spe/a ™ Ya = (Yoo *+ Yaps) (6)
where the prime indicates b is saturated with a. If the
semi~-initial spreading coefficient is also positive, this
indicates b will spread on a even when b is saturated
with a.

If the two liquids become mutually saturated then a
final spreading coefficient is defined:

Spr/ar = Ygr - (Ype + Ygape) (7)
If this value becomes negative, as is often the case,

then b will not spread on a. If spreading had occurred
initially before mutual saturation, then the ligquid b
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Will retract to form a lens. In this instance, the
surface will have a tension corresponding to a Gibbs
monolayer for a saturated solution of b in a,

Fillm Pressure: If the surface tension of a liquid 1s
lowered by the addition of a solute, then, as predicted

by the Gibbs equation, the solute must be adsorbved at

the surface or interface. This adsorption may be sufficient
to produce a molecular layer or film of solute molecules

on the surface, The monolayer may be considered to

exert a film pressure, m, which may be defined as

" = Yso1vent = Ysorution (8
where 7&@1Vint is the surface tension of the solvent and
7nolution is the surface tension of the film covered
solution. One way to view the film preasure is to
consider it as being a forece which has the tendency to
expand the surface, as opposed to surface tension which
tends to contract the surface. The surface pressure
has also been ltkihéd to a two-dimensional pressure,
Surface pressure has the units of dyne/em. and can be
measured directly by a number of means.

Harkins (88) has said that a film exists wherever a
layer which has a different composition from the body of
the liquid or solid is present at the boundary surface,
The area and shape of the film are independent of the
gravitational forees which &re present, If the area and
shape of the layer depend on both surface and gravitational
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rmia, & lens is saild to exist.
' In general, films may be formed at the gas-liquid
interface by:

(1) adsorption from a vapor

(2) adsorption from the solution

(3) spreading of the substance by placing the

solute itself, usually dissolved in a volatile
solvent, directly on the surface.

Pllms may be classified as monolayers where the film
is the thickness of one molecule, and as duplex films
where the film 1s thick enough that the two interfaces
are independent and possess their own characteristic
surface tensions.

When a monolayer of an insoluble substance such as
a fatty acid 1s layered on the surface of water and the
avallable surface area slowly reduced, the surface
pressure will increase to a maximum and the film will
¢ollapse. If the film pressure 1s plotted versus the
area per molecule it constant temperature, an isotherm
is obtained which is analogous to the familiar pressure~
volume isotherms of gases,

Monomolecular films have been found to exhibit 6
different surface phases in contrast to three-dimensional
systems which possess only 3 states of matter(89)(90).
These 6 phases have been designated as: (1) gas phase,
(2) 1iquid expanded phase, (3) intermediate liquid
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.phlsc, (%) liquid condensed phase, (5) superliguid phase
and (6) solid phase., The phase relations of monlayers
have been discussed in detail by Harkins(91), Dervichian(92)
and Adam(93).

There are a number of factors which may influence
the isotherm for a monolayer of a particular substance,
The type of isotherm obtained is largely a funetion of
the temperature., Increasing the temperature results in
expansion of the isotherm. The subsolution also may
| have a considerable influence on the behavior of the
5 monomolecular film, In general, this may be related to
the affinity of the polar group of the film-forming
substance for the water of the subsolution. It appears
that the greater the solubility of this polar group in
the subsolution, the higher is the surface pressure a

: fluid monolayer can resist before collapse ocours(92).

 In agreement with this, it has been found that films

of triglycerides or esters in the fluld state collapse

. at pressures below 20 dyne/cm. and fatty acids withstand

2 pressures up to 30 dyne/em. Lecithin, which possesses a
highly polar group, forms monolayers which ean be

] compressed to pressures well above 40 dyne/om.

As would be expected, the pH and ionic strength of
the subsolution are important factors. pH has been ‘
observed to strongly influence the behavior of fatty acid
monolayers. At low pH values the films are contracted
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due to suppression of the ionization of the earboxyl
groups of the fatty acid. Expansion of the film occurs
at high pH values,

Harrap(9%) has shown that the surface pressure of
insulin monolayers is at & minimum at the isoelectric
point, Changes in the ionie strength of the subsolution
exerted the least effect at pH values near the iscelectric
point. |

 Harkins and Myers(95) have studied the effect of
caleium ion on stearic acid films. The effect of the
caleium ion was to convert the liquid film into a solid
film. This was considered to be purely a chemical effect
resulting from formation of calcium stearate.

When chemical effects are absent, the effect of a
neutral salt is to inecrease the area of the monolayer.
Some substances such as phenanthrene, which do not give
a film on water, yield films on concentrated salt
solutions. The nhnr§ chain fatty acids such as myristic
acid also have been studied on concentrated salt
solutions,. _

MacRitchie and Alexander(96) found that the addition
of dextrose to protein films appreciably increased the
stabllity of these films at higher pressures. The
isotherms were alsc displaced to slightly higher areas
per molecule. The explanation for this was thought to
be the effect of suerose on hydrogen bonding of the
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- protein film with the subsolution.

As might be expected, there is no general rule
which may be ultilized to predict the behavior of mixed
films. The properties of mixed films apparently range
from near ideal behavior, as seen with two similar long
chain fatty acids, to the extreme of what appears to be
complex formation.

A general observation is that solutions of two
liquid type films ordinarily yleld a mixed film of the
same type. Addition of a solid type film to a liquid
type may condense the liquid run; In such a system
the molar ratio determines whether contraction or
expansion occurs,

Schulman(97) has found that mixed monolayers in which
one of the components is & erooked molecule such as olelc
acid are unstable at pressures above the collapse pressure
of the oleic acid., At this point, the oleic acid appeared
to be forced out of the film, The squeezed~out oleic
acid formed a visible lens. It was then possible to
compress the film to the collapse point of the second film
component.,

m question of whether actual complex formation
occurs in mixed monolayers has been & subjeet of
controversy for nearly 30 years, The question may be in
part a matter of terminology. If the term complex is
restricted to include only molecular associations with
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definite dissociation constants and equilibrium pressures,
then apparently some of the conclusions drawn by certain
investigators over the past 20 or 30 years may be
Questionable,

Dervichian(98) has shown that in some cases the
observed expansions or contractions of mixed films should
probably be explained simply in terms of changes in
physical state rather than by complex formation, This
has been shown to be true with mixtures of fatty acids.
Dervichian has also questioned the practice of assuming
complex formation merely because of the existence of
definite breaks in the plots obtained by plotting
molecular area per molecule versus the mole fractions
of the components at a fixed film pressure. The breaks
in the plots often correspond to definite molecular
ratios of the two film species., Such a plot of mixed
lecithin and cholesterol films shows breaks correspond~
ing to two different molecular ratios: cholestercl 3, |
leelithin 1 and c;xolutcrel 1, lecithin 3. Dervichian
pointed out that.certain preferred orientations of long
chaln components which make up such a film might logically
be expected and that the breaks in the cholesterol-lecithin
Plot could well represent ratios which are preferred by
reasons of symmetry alone rather than as a result of
complex formation.
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In 1935 Schulman and Hughes(99) observed that large
chﬁngea in film pressure and surface potential could be
obtained by the injection of soluble surface active
materials beneath an insoluble monolayer, This
phenomenon was termed film penetration. Schulman has
considered film penetration may result in the formation
of definite compounds or complexes, The fact that films

which have been penetrated may be more stable to surface
pressure than either of the two film components has
been clted as evidence for the existence of complexes,
Schulman and Cockbain(100) have proposed that in
order for stolchiometrie complexes to be formed by film
penetration, strong polar and strong or moderately strong
van der Waal's interactions must be possible between the
two film components., Schulman and co-workers have
studied & number of systems in which film penetration was
believed to have resulted in complex formation. These 5
systems include cetyl aleohol and sodium cetyl sulfate(101),
octadecylamine and soluble organic acids such as benzoie
a01d(100) and cholesterol and saponin(102).
At least two investigators, Harkins(103) and
Dervichian(92) (98) have questioned whether Schulman
and his co-workers have actually demonstrated the tianttnco
of stoichiometric complexes in penetrated films. Harkins
found that equilibration during the compression of a
cetyl aleohol film penetrated by sodium cetyl sulfate




'waa attained very slowly. He observed that if the

compression was carried out very slowly over a period
of 12 hours, the kink in the compression isotherm which
schulman had attributed to complex formation did not
appear, Harkins did find, however, that these films
could be compressed to pressures as high as 60 dyne/om.
before collapse ocecurred. Harkins coneluded that while
complexes may exist in mixed films, Schulman had not
proved that they do exist. Jolly(104) has since
observed that Harkine failure to reproduce Schulman's
data may have been due to the fact insufficient time was
allowed for the sodium cetyl sulfate to penetrate the
insoluble cetyl aleohol film before the compression was
begun.

Dervichian has criticized the idea of complex
formation by film penetration for much the same reason
he opposed the concept of complex formation in mixed
inscluble films. It is Dervichian's belief that Schulman
and his oolluﬁ;ratorn have falled to consider that the
rate changes in the penetration or ejection of a soluble
surfactant from an insoluble monolayer may be due
simply to echanges in the cohesive forces in connection
with the passage from one regular molecular arrangement
in the monolayer to another,

The situation at this time is that there appears to
be no conclusive evidence that chemical complexes exist in




mixed monomolecular films, This does not, however,
alter the fact that some special interaction, dependent

on the ratios of the species making up the monolayer,
does occur in some systems.
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THE MEASUREMENT OF FILM PRESSURE

Theoretically any method for the measurement of
surface tension allows the calculation of the f£1lm
pressure. However, some of the common methods, particularly
those involving caplllarity, are not well suited for
measurement of film pressure,
Agnes Pockels(105), in 1891, was the first to
employ a long rectangular trough, filled to overflowing }
with water, for the study of surface films. This basic |
apparatus, with which a film is layered on the surface
of a clean liquid and then compressed or expanded by
means of movable barriers has since been used and
modified by many investigators. The principal refine-
ments have been made by Langmuir(106), Adam and
Jessop(107), and Harkins and Nutting(108). This classical
apparatus is frequently referred to as a horiibntul film
balance in order to distinguish it from the vertical~
type film balance.developed by Wilhelmy(109) in 1863.

Ihe Horizontal Film Balange: A modern horizontal film
balance consists of a rectangular trough with a moving

barrier that compresses the surface film against a fixed
floating barrier. The floating barrier usually consists
of a strip of mica attached to the walls of the trough
with paraffined strips of platinum or gold foil, The
mica strip is attached to a torsion devise so that a
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lateral displacement of the float causes a twist in the
torsion wire. A mirror arrangement is commonly employed
to follow the displacement of the float, A calibration
arm upon which calibration weights may be placed is
attached to the torsion wire. The apparatus may then
be calibrated by noting the displacement produced by
addition of a known weight.

The horizontal film balance actually measures the
difference between two surface tensions, which meet the
float at two different contact angles., Harkins and
Anderson(110) have derived the mathermatical relations
involved and have concluded that the horizontal force
on the ficat is gimply 1ts length times the difference
in surface tensions and is independent of the tilt of

the float or the way the liquid surface wets its surface.

The Vertical Fllm Balance: The Wilhelmy or vertical pull
type of film balance has several advantages over the

horizontal type. Perhaps the most important advantage
is that it is far less expensive to construet a high
precision vertical film balance than a horizontal type.
It is also a much more versatile instrument than the

horizontal type and can be used for ordinary surface

-

tension measurements, interfacial tension measurements,
and the study of soluble films as well as insoluble
surface films.




Basically the Wilhelmy balance consists of an
immersion plate, usually glass or platinum, which is

attached to the arm of a balance. The plate is partially

immersed in the film-eqvercd‘subsolution. Whon'the plate
is partially immersed in a liquid, there is a downward
pull on the plate which is directly propbrtion@l to the
surface tension. If a film is layered on the liquid, the
surface tension is reduced and the plate will rise until
buoyancy compensation is reached.

The theory involved in the Wilhelmy method is quite
simple(110). For a plate of perimeter p partially
immersed in a liquid, the downward pull on the plate,

Fd' is equal to

pycos & ' (9)
where y is the surface tension of the liquld and & is the
contact angle it makes with the plate. If the contact
angle is zero then: 4

Sl (20)

The upward force, ?u, on the plate due to buoyancy is

gdhtw
where g is the acceleration due to gravity, 4 the density
of the liquid, h the depth the plate is immersed, t the
thickness of the plate, and w the width of the dry plate.'
If the surface tension is reduced by filﬁ formation, the
plate will rise until the reduction in downward pull




(-ra) is balanced by the decrease in buoyancy (-r“).
Thus we have the relation:
A ’d = A ru (11)

Pay=gdtw A h (12)
The change in h may be measured by a cathetometer.

Usually, however, a galvanometer mirror 1s mounted with g
its center in the axis of rotatation of the beam, and 4
the deflection of the beam observed., In this case, i
A h 1s proportional to the change in the scale reading, ﬁ
A 3, and

~pay=kas (13)
The constant of proportionality, k, 1s obtained by _
determining the change in scale reading, A S, caused o
by placing calibration weights, M, on the balance pan
with the immersion plate in the subsolution. Thus

k=g aM/ A S (14)
Thus the surt;eq‘preunura, which is equal to the reduction 4%
in surface tension, is ‘

m=-ay=kas/p (15)




DESIGN OF APPARATUS

Construction of Sensing Devige: The apparatus constructed
for use in this study was a modification of the Wilhelmy

or vertical type film balance. The modification involved
the use of a displacement type transducer element as a
sensing device instead of the customary analytical balance.
The photograph, page 56, depicts the general appearance

of the transducer element and other apparatus components
as they are employed in the film balance,

Transducers, or strain gages, rely on changes in
resistance induced in certain strain-sensitive filaments
as the means whereby very small displacements may be
detected. The two transducers which were evaluated in
this study were model G7A unbonded, displacement
transducefu manufactured by the Statham Instrument
Company*,

The transducer element consists of a small frame
which supports a movable armature by 2 thin cantilever
plates. Four sets of strain sensitive filaments are
strung under initial tension between the frame and
armature. A probe is attached to the armature and extends
through a small opening in the stainless steel case which
houses the transducer element, When the armature is ;
displaced longitudinally due to force applied to the

#12401 West Olympic Blvd., Los Angeles 64, california
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probe, two sets of filaments are elongated, while the
other two sets are shortened. The elongated filaments
increase in electrical resistance and the shortened
filaments decrease in resistance. The change in the
electrical resistance of the filaments is proportional
to their change in length, The transducer is wired so
that the filaments are connected in a Wheatstone bridge
- eireult, A change of ruutmq in the filaments alters
the electrical balance of the bridge so that an electric
current is caused to flow in the output eireuit. Thus,
if the bridge of a transducer element is balanced at
Zero output before the displacement is applied, the
unbalance elestrieal output is direetly proportional

to the displacement of the transducer probe.

Pig. 6 shows the diagram of the external eircuit
mumomtmtmweorwmmnmum
d.c. amplifier. The circuit used a 100 ohm, 5 watt
potentiometer as a voltage divider whereby the input
current from a'12 volt storage battery was maintained
at a fixed value as indicated on a milliammeter. Two
2 watt wire-wound potentiometers of resistance 25,000
ohms and 1,000 ohms were wired in series to provide a
coarse and fine adjustment for balaneing the bridge.
The d.c, amplifier used was a Hewlett-Packard Model 4254
Microvolt-Ammeter. The voltage range on this instrument
was from 10 microvolts end scale to 1 volt end secale.
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The output of the transducer element could be read
‘directly from the meter of the amplifier or cobtained
from the traeing of the recorder which was operated
off the amplifier, The recorder was a model G-11A
Varian Graphic Recorder,

The transducers used were Statham models G7A~0.15-350
and GTA-0.30-350. The model G7A~0,15-350 transducer was
the more sensitive of the two, undergoing a maximum
probe displacement of i 0,015 ineh full scale with an
applied force of 40.15 oz. A foree of +0.30 oz. was
required to produce maximum displacement of $0.015
ineh with the model G7A-0.30-350. Both transducers
had a bridge resistance of approximately 350 chms.

In order to inecrease the sensitivity of the
transducer, an aluminum extension arm was attached to
the transducer probe. The length of the extension arm
was 11.5 em. The immersion plate was suspended from
the tip of the extension by a length of small diameter
~aluminum tubing to which a small hook and ring had been
attached at opposite ends., The transducer itself was
mounted on an adjustable rack whieh in turn was
supported by & heavy brass base equipped with leveling
screws, .

The usual vertical type film balance relies on the
buoyaney effect in order to measure changes in film
pressure, 1.,e., as the film pressure increases the




partially immersed plate rises out of the liquid a
distance proportional to the reduction in surface tension.
If the buoyancy effect were to cause appreciable displace-
ment of the immersion plate attached to a transducer,
then the entire electrical output of the transducer

could not be aseribed solely to changes in the film
pressure. If such were the case it would be necessary

to position the immersion plate so that the bottom edge
Just comes in contact with the surface of the water,
‘While this is an alternative, it is a definite advantage
when working with surface films to have the Plate
partially submerged so that successive determinations
om»u«mmmum;muwmumm

plate to a new higher position and exposing a fresh,
uncontaminated plate perimeter for the next compression,

An analysis of the force-displacement characteristics
of the model G7A transducer allows an estimation of the
effect of buoyaney changes during a typlcal compression
of a surface t'iin.

The probe of the @7A-0.30-350 transducer will undergo
maximum displacement of 0.015 inch or 0.0381 em., 1f a
weight of 9.5 grams is applied normal to the base. The
maximum £ilm pressure likely to be encountered is on the ,
order of 50 dyne/em. If the dimensions of the immersion
plate are 1.50 by 0.0145 em,, or approximately 3 om, in
perimeter, this constitutes a force of roughly 150 dynes.




The displacement a force of 150 dynes would produce then

is equal to:
(159_ mqga.ala_l au.!
(9.5 8.) (980 em./sec.%)

or approximately 6,14 x 10~ em, The effect due to
buoyanecy would be equal to the mass of the water no
longer displaced multiplied by the acceleration due to
gravity, or: (1.5 em.)(0.0145 em.)(0.000814 em. )

(1 g./om.3) (980 om./sec.?) or 1.35 X 1072 dyne. 4s

the total force involved 1s 150 dynes, the error due to
buoyaney effects in terms of per cent would be

approximately
9_,%&; X 100

or 0,009%. This would be the approximate error produced
‘by buoyancy if the plate was suspended directly from the
transducer probe. The use of an aluminum extension

arm increases the buoyancy effect to a degree directly
proportional to its length. This has been calculated as
inereasing the error due to buoyaney approximately four-
fold. As the extension also inereases the sensitivity by
four-fold its use was probably justified.

Qonstrustion of Auxiliary Equipment: The aluminum extension

arm for the transducer probe was hand-shaped from 1/8 ineh’
aluminum rod, The arm was flattened on two sides tapering
gradually to the tip. The bottom edge was also tapered




to & lesser extent and & small notch was made on the
upper edge of the tip for the immersion plate hook
assembly to ride on. The butt of the extension arm was
flattened slightly on both sides normal to the taper

for a distance of approximately 3/16 ineh. A hole 2/56
ineh in diameter was tapped through the center for
attachment to the probe of the transducer., A nylon screw
was used to meke the attachment.

The immersion plate was attached to the end of
the aluminum arm by a 6 em. length of aluminum tubing
(outer diameter 1 mm.) to which & small platinum hook
and ring were affixed at opposite ends with epoxy resin
cement,

The weight of the entire arm assembly attached to
the transducer probe was 0.828 g. The weight of the
aluminum arm itself, ineluding the nylon sorew, was
0.793 g.

The immersion plate consisted of special precision
thickness Corning microscope cover glasses., The dimensions
of these cover glasses were 15 X 50 mm. The thickness
was 0.14 to 0,15 mm, The glass plate was carefully
perforated in the center of one of the 15 mm, sides
about 3 mm, from the edge. The d.tmm of the hole
was about 1 mm., in diameter. A sand blaster equipped with
& fine abrasive and a small tip was used to perforate the
cover glass, It was found the results appeared to be




more reproductible if the surface of the cover glass
was also entirely depolished by the abrasive. The
perimeter of each glass immersion plate was individually
measured with a vernier gauge and stored prior to use in
individual, labelled containers. The perimeters of 24
immersion plates prepared in this manner ranged from
3.00 to 3,03 om.

An immersion plate was also prepared from platinum
foil 0,0005 inch in thickness. This immersion plate
was also perforated near one edge and its surface
depolished by sand blasting with fine abrasive. The
dimensions were measured by a cathetometer and found to
be 5.10 X 2.0% em., The weight was 0,282 g.

The platinum immersion plate was found to have no
- particular advantage over the depolished glass immersion
plates, The metal plate of course was not subject to
breakage whereas the glass plates were extremely fragile,
On the other hand, the glass plates were inexpensive,
easy to prepare, and could be cleaned more easily. The
platinum foil was difficult to depolish, tending to
eurl up at the corners. As the total weight which could
be attached to the probe of the transducers was limited,
the lightness of the glass plates was also an advantage.

A film trough was constructed to be used in
¢onjunction with the transducer elements previously
described. The general features of the trough are shown




in Pig. 4

The film trough was constructed of 0.2% inch
stainless steel plates which were welded together and
then milled so the upper surface was perfectly flat,
The upper inner walls of the trough were also carefully
milled to provide a rectangular enclosure of known
dimensions. The inner dimensions were found by measure-
ment to be 9.99 by 39.32 em, The trough was provided
with a hollow chamber beneath the upper reservoir
through which water from a constant temperature bath was
eirculated., One end of the trough had a well designed
to accomodate the immersion plate of the apparatus,
The threaded red which moved the moving barrier of the
trough was made to extend beyond the cover for the
trough thus providing for external manipulation of the
trough when covered. The threaded drive rod was carefully
machined from brass. The barrier yoke was found to
traverse a distance of 0.508 em. per complete revolution
of the drive rod. The fixed barrier of the trough was |
adjustable and was aligned parallel to the moving
barrier used to compress the film,

A cover constructed of 2% m. stainless steel
and Plexiglas was constructed to fit closely over the
top of the trough., The general features of the cover are
shown in Plg. 5. ﬁw drive rod extended through a Teflon
seal in one end which allowed the drive rod to turn




freely but was also reasonably air-tight. A eircular
hole was made in the Plexiglas top of the cover at one
end to allow passage of the immersion plate. A disk of
‘Plexiglas with an opening approximately 4 mm. in diameter
in its center was used to seal the larger opening. The
length of aluminum tubing used to attach the immersion
plate to the extension arm of the probe passed through
the small opening in the disk.

Additional openings in the cover were provided for
sample introduction, the placing of & thermometer, and
hoses for e¢irculation of water through the hollow chamber
in the trough. The sample introduction opening was
covered during the course of a MGMﬂ.m.

The cover itself bolted down on a Neoprene rubber
covered steel base to give a tight fit, Wwhile the cover
did not provide an absolutely air-tight enclosure nor a
good thermal barrier, it did allow gontrol of the
temperature and humidity at temperatures near room
temperature. Watér at 25.0° C. from a constant
temperature bath was e¢irculated through the hollow
chamber beneath the trough.

Lalibration of the Apparatus: The first step in the use
of the apparatus was the calibration of the transducer

output and confirmation that the response was linear,
This was done by suspending small platinum weights
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ranging from 5.18 mg., to 123.65 mg. from the end of the
aluminum extension arm,

Before use the callibration weights were washed
thoroughly first with ether and then with acetone and
dried to constant weight in an oven., The calibration
welghts were weighed on & microbalance and stored in a
dust-proof container in a dessicator between calibrations.

The following are typical data from the calibration
of the two transducer units,

TABLE I
Calibration Wt. Output, Mierovolts Output, Mierovolts
in Mg, G7A=0.15-350 A-Q, 30~
5.18 123 68
11.18 265 148
23.49 552 313
40,27 949 540
63.04 1490 843
89,96 Jra 2120 1200
123.65 2940 1650

A comparison of the relative sensitivities of the
two transducer units may be obtained by inspection of the
plot shown in Pig. 7. The Q7A~0.15+350 transducer was
approximately 1.8 times as sensitive as the G7A-0.30-350 '
transducer, and was employed for the majority of the
experiments. The plot also shows that the electrical
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ouput of the ipparatua was direetly proportional to the
force applied at the end of the probe,

O I e

The relationship between the transducer output and
the surface pressure was calculated from the calibration
data. This was done by multiplying the applied weight
by the acceleration due to gravity, thereby obtalning
the forece in dynes which produced a certain observed
electrical output, Dividing this force by the electrical
output in mierovolts, gave the number of dynes per
microvolt,

For example, from the calibration data given for
the G7A-0.15-350 transducer, the mean value for the
relationship between applied force and electrical output
was calculated to be 0,.0412 dyne/mierovolt. The surface
pressure for any given measurement was then calculated
from the relationship: i

An analysis of the possibility that changes in the |
buoyancy of the immersion plate might introduce a signifi- |
cant error in the measurement of film pressure has been
presented earlier. It was concluded on the basis of
the force-displacement characterlstics of the transducer
that such effects would be very small. The negligible ;
effect of buoyancy was also ch@ct'd experimentally by
attaching an immersion plate to the end of the aluminum




arm, partially immersing the plate in water and then
adding the calibration weights to the arm. The calibra-
tion plot remained linear and had the same slope as

T o A R S e

previous calibration plots,

The sensitivity of the film balance was limited by
the stability of the signal obtained from the d.c..
amplifier. The amplifier nolse waz estimated to be
approximately 1 mierovolt, The drift was found to be a
maximum of 2.4 microvolts over a 2 hour period, The
error due to drift during this time period can be
anlculﬁted in terms of 1ts effect on the film pressure
using the calibration data for the GT7A-0.15-350 transducer:

+ 0.10
= W= serimeter o on plate, om,

Thus, the error would be % 0.03 dyne/em. for an immersion
plate with a pcrlynter of 3.0 em,




EXPERIMENTAL

Materials and Equipment: Triple-distilled reagent

grade benzene was used as the spreading solvent for the
sample solutions. The water used in the subsolutions
was prepared by passing distilled water through a mixed
bed ion exchange column and then redistilling the
deionized water. The paraffin (m.p. 65-70° C.) used

to coat the film trough was melted and extracted several
times with hot ethanol,

The sample solutions were delivered to the surfaces
of the subsolutions in volumes ranging from 0,010 to
0.100 ml. Calibrated micro-pipettes were normally used
to deliver the solutions for the compression experiments
with the film trough although a 0,100 ml. capacity
Hamilton mieroliter syringe with a Chaney Adaption was
also used with equal success in some of the experiments.
In the titration experiments the volume increments were
conveniently added by means of 0,010 and 0,025 ml.

cw&t’ gas chromatography syringes,

Experimental Methods: Two different methods were used

for the evaluation of the apparatus and the preliminary
investigation of the properties of leeithin and lysoleecithin
at the air/water interface. The first of these involved
the conventional technique of compressing the monolayer
with the moving barrier of the film trough. In the
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second method, successive volume increments of the sample
solution were added to a surface of known, constant area,

In a typiecal compression experiment the film trough
was steamed and carefully washed with Aleonox solution.
The trough then was rinsed thoroughly with distilled
water and with methanol,

The trough was dried in an air stream and placed in
a large drying oven. After the trough was sufficiently
hot a thin film of paraffin was melted onto the edges of
the trough. After the trough had been wax-coated it was
allowed to cool slowly to room temperature and then
rinsed with deionized water and finally filled so the
surface of the water was slightly above the edge of the
trough. The surface of the water was swept clean with
strips of Teflon sheet to remove foreign particles
floating on the surface. The moving bar of the film
balance was then placed in a position directly against
the fixed barrier. The trough was covered with the
stainless lm:"l and Plexiglas cover which bolted down
to the Neoprene-covered base upon which the trough rested.
The drive rod for the moving barrier extended through
the Teflon seal in one end of the cover. Two shallow
polyethylene containers filled with water-saturated
filter paper were enclosed inside the cover with the
trough., Hoses from the trough were attached to the
constant temperature bath,
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The pointer dial was attached to the drive rod and
the moving barrier moved to the end of the trough
opposite the fixed barrier. This provided a final sweep
of the surface prior to layering of the film, The
position of the moving barrier during the compression
of the film was determined by reference to a circular
scale fastened flush to the end of the trough cover,

The transducer element was positioned so the tip
of the extension arm was directly above the opening in
the Plexiglas top of the cover. A depolished glass
immersion plate was attached to the probe extension
assembly. The aluminum connection tubing passed through
a small hole in a Plexiglas disk which in turn fit tightly
into the circular opening in the Plexiglas top of the
trough cover. The transducer platform was then lowered
so the immersion plate was partially submerged in the
water and the bridge balanced so there was zero output.
Then an appropriate amount of the film-forming
substance tuuo'lm in benzene was layered on the clean
water surface, It was essential that the solution be
added slowly or the benzene film spread to the edges of
the trough and dissolved the wax coating. The appropriate
amount of the sample was calculated from the substance's
- molecular weight and a knowledge of the area occupled por‘
molecule at the surface. The quantity of material added
was less than that required to form a compact monolayer

313




over the entire surface avallable, The system was flushed
with nitrogen to aid in removal of the volatile solvent

and compression begun as soon as the tracing on the record-

ing indicated equilibrium had been attained. The
compression was carried out by moving the barrier a

fixed distance at specified time intervals. The unbalance
electrical output of the transducer was read directly

off the amplifier meter or obtained from the recorder
tracing.

The second method used for obtaining the compression
isotherm for a monolayer was less precise but was judged
to offer a substantial advantage in convenience., In
this method the immersion plate was partially submerged
in the subsolution contained in a shallow, eircular
polyethylene tray. The dimensions of this tray were
155 by 8.5 mm. The isotherms for the films were obtained
by adding small volume increments of the sample solution.
Since the surface area available remained constant as
increasing amounts of solvent were added to the interface
the effect was essentially the same as the standard
compression of a film, i.e., the area available per
molecule was gradually reduced,

The procedure used in this method was as follows:
The polyethylene tray was washed with Alconox solution,
carefully rinsed with deionized water and dried., The
tray was placed in the bottom of a large erystallizing

*




dish which was positioned on a steel base equipped with
leveling acrcwn.‘ Since rapid evaporation of the volatile
solvent used to layer the film was desired the top of the
erystallizing dish was only partially covered with transparent
plastic film. The plastic film provided some protection

from air currents and air-borne contaminants,

The sample solution was added to the surface of
the subsolution in discreet volume increments, The
volm increments were added elther at regular time
intervals or after the film had reached equilibrium as
indicated by the recorder. The total volume added was
usually about 0,20 mil.

The film balance was also used to obtain approximate
surface tension values for certain of the subsolutions.
The bridge was balanced with the immersion plate
suspended above the surface of the subsolution. Then the
plate was lowered until the lower edge touched the
surface, The gntc was then detached from the surface by
slowly raising the plate. The maximum output of the
transducer at detachment from the surface was directly
proportional to the surface tension. The surface tension
was onlculitcd from the relation:

0.0412 micerovolt) (output, microvolts
?(W’“') - ¢ [+ on p s om,

As a rough check of the accuracy of the method the
surface tensions of distilled water and reagent benzene were
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determined at room temperature (23.0° C.,). The values
obtained were 72.28 dyne/cm. for water and 28.47 for

benzene,

A s R - L -

Films of Palmitic Aeid: The isotherms obtained by
compression with the film trough and by the titration

method for monolayers of high purity palmitic acid are
shown in Fig. 8 and 9. These isotherms were obtained at
room temperature in an air conditioned laboratory. In
mimﬂmo did the room temperature vary by more than
0 2 C. during the course of a single experiment,

The compression isotherm for palmitic acid at

23.5%° C. was obtained by rapid compression of the film
at low w values and then slow compreasion at 2 minute
time intervals during the steep portion of the isotherm,
The tracing of the compression isotherm obtained with the
recorder clearly indicated the n values observed during the
steep portion of the isotherm were not equilibrium values.
The compression was carried out over a total time of 1.5
hours. The subsolution was freshly redistilled deionized
water, The limiting area for the monolayer, obtained by
extrapolation, was approximately 21 X2 per molecule.

~ The titration isotherm at 22.0° C. was obtained by
adding sample volume inerements of 0,025 ml, at low w
values and 0.010 ml. volumes at high w values., The total
volume of sample solution added was 0,250 ml., The
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readings were obtained from the amplifier meter after
equilibvrium was attalned as indicated by the recorder.
The subsolution was 0.005 N HC1l in deionlzed water, The
total time required for the experiment was 3 hours, The
limiting area per molecule was approximately 26 x“ per
molecule,




RESULTS AND DISCUSSION

The experimental surface tension values obtained
at 23.0° C. of 72.28 dyne/em. for water and 28,47
dyne/em. for benzene by the detachment method compared
favorably with those given in the International Critical
Tables (111) of 72.28 * 0,05 dyne/em. for water at
23° C. and 28,88 T 0.03 dyne/om, for benzene at 20° ¢.*

The 1sotherms obtained for palmitic acid were very
similar to those reported by Harkins(112) for palmitic
acld at comparable temperatures. The isotherm obtained
by compression was somewhat more contracted than those
given by Harkins. This may have been due to the presence
of metallic contaminants leeched out from the metal of
the trough by the subsolution. The isotherm obtained by
the titration method was also similar to the literature
isotherm. The curve is slightly expanded at low =
values, presumably due to the influence of the benzene
solvent, but the extrapolation value for the limiting area
is comparable to the value obtained from Harkin's data.

The recordings obtained for a number of compression
isotherms for palmitie acid indicated that equilibrium
was approached very slowly at high film pressures for
this ;ubatmuo. ‘

*Calculated value rgr benzene at 23° C.: y(air) = 31,58 -
0.137t + 0.00001 t= ; 0.2 = 28,48 0.2 dyne/cm.
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Palmitic acid was observed to exhibit sharp decreases
in film pressure following a small reduction in surface
area per molecule., This initial rapid fall in film
pressure was of short duration, ordinarily less than
2 minutes, and was followed by a slow equilibration of
much longer duration. As the time required for complete
equilibration films would have been prohibitively long,
the films were compressed at regular time intervals
after the equilibration effect became less significant,
as indicated by the recorder, Titration isotherms were
obtained in a similar fashion although the time intervals
required between addition of the sample increments were
much longer.

While the isotherms obtained by the titration method
are less accurate and less informative than those obtained
by compression with the film trough, the method has the
advantage of great simplicity. The use of the small
polyethylene trays also avolds the necessity of waxe
coating the edges and walls of the container. Several
of these polyethylene trays were obtained and a series '
of isotherms for a given substance could be obtained in
the course of a few hours., Another important advantage
of the method was that only small volumes of the :
subsolution were required. The volume of subsolution
employed in the experiments was only 50 ml, The capacity
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of the conventional film trough was 1140 ml, The small
volumes required was a particular advantage in subsequent
experiments with lysolecithin subsolutions, Lysolecithin
was obtained by a complicated separation procedure and
conservation of material was an important factor, A
disudvantase of the method was the tendency for the
benzene used as the spreading solvent to produce &
slight expansion in the adsorption isotherms. In
addition, as the trays were only partially filled with
the subsolution, the surface of the subsolution could
not be awept clean before the sample was added,

The analysis of the force-displacement characteristics
of the Statham G7A transducers and the calibration data
obtained for these elements indicated that a sultable
sensing device for a recording film balance could be
assembled from these components. The results of surface
tension measurements and the reproduction of standard
isotherms for palmitic acid strongly supported the view
that the dltt‘obtainnd with the apparatus was comparable
with that obtained with other conventional film balances.

While the use of a transducer element as the sensing
device for a film balance is not a radical departure
from a conventional Wilhelmy type apparatus, it does
offer certaln substantial advantages. The prineipal
advantage of the apparatus is that a recorder may be
conveniently operated with the film balance, Other




investigators have previously devised film balances with
- some sort of recording device, These recording devices
have ineluded complicated photographic techniques(113)
or mechanical contrivances such as the use of a
kymograph(114), Apart from the fact that the use of a
recorder provides a convenient and permanent record of
each compression isotherm, there are other advantages
which dictate the use of a recorder if possible, The use
of a recorder is particularly advantageous for surface
tension measurements by the detachment method. The
visual determination of the maximum displacement obtained
at the instant of detachment of the liquid surface from
the lmmersion plate is less reliable and reproducible
than obtaining the maximum value conveniently from a
tracing of the detachment process.

The use of a recorder also allows the operator of
the film balance to estimate the rapidity with which
equilibrium is reached during the compression of the
film. Another advantage 1s that the present apparatus
could be easily modified to provide automatic recording
of the compression isotherm as the film is compressed
slowly over a period of hours by means of a motor
connected to the drive rod of the film trough.

While the error due to meter drift over a 2 hour
period was estimated to be approximately 4 0.03 dyne/cm.

for ‘m immersion plate of perimeter 3.0 em,, the

L]




instantaneous error due to meter noise in the apparatus i
would be less than one-half this value, While this
represents a satisfactory degree of sensitivity for

most film pressure measurements, the sensitivity could
be increased appreciably by the use of larger immersion
pPlates. Recently, extremely sensitive semiconductor
strain gages have been developed and are commercially
available(115). It is likely that it would be possible
to design a film balance with many times the sensitivity
of the present apparatus using a semiconductor strain
gage as the sensing device. The use of a more sensitive
detection device would necessarily have to be accompanied
by simllar improvements in temperature control of the
apparatus,




PART IIXI, A PRELIMINARY STUDY OF THE SURPACE PROPERTLES |
OF SOYBEAN LECITHIN AND LYSOLECITHIN :

PAST WORK

While monclayers formed by lecithin have been studied
extensively for a number of years, most of these investiga-
tions have been conducted with erude phosphatide mixtures
or with lecithin samples which very likely were contaminated
by other lipid components. It is only recently that
developments both in 1solation techniques and synthetic
methods have made the phospholipids readily available
in a state of high purity.

Anderson and Pethica(116), in 1956, were among the
first to study monolayers of synthetic leecithin. They
found that distearoyl lecithin formed liquid films at
20® C. The effects of changes in the pH and ionic
strength of the subsolution were studied. It was found ;
that for pH values less than 7, and sodium chloride ’
concentrations less than 1,0 molar, the curves for the
synthetic leecithin were all identical. The films
expanded at higher pH umu and dissolved at very
high pH values. Very high sodium chloride concentra-
tions were also found to expand the film, The closest
stable packing of the films was found to be about 39 A2
per molecule,

In 1962, the Duteh workers, van Deenan, de Haas,

el
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Houtamuller, and Mulder(117) reported an extensive study

of the behavior of synthetie phospholipid films, both

simple and mixed, These workers found that the effect of
increasing the chain length of the fatty acid residues in
synthetle lecithins was similar to that observed with

fatty acids, 1.e., the long-chain compounds L-a~(distearoyl)-
lecithin and L-a~(ditetracosanyl) leeithin produced

liquid condensed films, whereas the shorter c¢hain

lecithins, Lea-(dipentadecanoyl)leeithin and L-a-(didecanoyl)~
lecithin gave liquid expanded films. L~a~(diheptanoyl) -
lecithin and L-a-(dibutyryl)leeithin were water soluble

and failed to form stable films,

It was found the degree of saturation also affected
the compression isotherms., The films of L~a~(dioleoyl)-
lecithin were found to be considerably more expanded than
films of L-a~-(distearoyl)lecithin or (at~oleoyl-p-
stearoyl)-L-a-lecithin,

The mixed films of cholesterol and synthetie leeithin
showed that with eéquimolar mixtures the effect of
choleaterol was to aonﬁﬁano the leclithin film. This
effect was less pronounced with the saturated leeithins.

Lysolecithin 1s highly water soluble and for this
reason would not be expected to form surface films ‘
capable of being compressed. Hughes(118) claimed to have
obtained liquid expanded type monomolecular films of
1ysoleeithin on water which could be compressed to




65.5 A% per molecule before collapsing. Robinson(75)
has suggested that the lysolecithin used by Hughes may
have been contaminated by a considerable amount of
lecithin,




EXPERIMENTAL

Materials and Equipment: The recording film balance and
auxiliary equipment used in this study have been
previously described. The purified lecithin and lyso-
lecithin were isolated from a commercial soybean
phosphatide mixture (Asolectin) by methods which also
have been previously described.

The benzene used as the spreading solvent for the
lecithin sample solutions was triple-distilled reagent
grade benzene, The deionized water was prepared by ion
exchange treatment of distilled water followed by
redistillation.

The analytical grade sodium chloride, Pluronic P68,
and the Asolectin and Armour Sterile Lecithin® were all
used without further treatment or purification.

Lecithin Films: The recording film balance was used to
study the bahav&gw,ar purified soybean lecithin films on
various subsolutions. The adsorption isotherms were
obtained by compression with the film trough and also by
spreading small volume increments of leeithin solutions on
& surface of fixed area until film collapse ocewrred. For

*Genercusly provided by the Armour Pharmaceutical Co.,
Kanakee, Illinois




the sake of convenlence, the latter method has been

referred to as the titration method. The surface pressure

determinations for a single film was obtained over a
period of time ranging from 1.5 to 3 hours. As with
palmitic scid films, a rapid, initial decrease in film
pressure following each compression was observed with

lecithin films., This was followed by a slow equilibration

of longer duration. This effect was much less pronounced
with the lecithin films and the n-area isotherms were
obtalned under essentially equilibrium conditions.

Isotherms for leecithin on deionized water were
obtained by both compression and titration., The effect
of the degradation with time of leecithin in benzene
solution on the adsorption isotherms of lecithin was
studied by the titration method.

In addition, the effects of Pluronic P68 and lyso~
leclithin subsolutions on lecithin films were studied by

the titration qaw. Surface tension measurements were

obtained for these subsolutions by the detachment method.

Surface films were also obtained for two different
commercial soybean phosphatide mixtures and their
behavior compared with purified lecithin,
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RESULTS AND DISCUSSION

Fig. 10 shows the w versus area isotherms obtained
for purified soybean lecithin layered on deionized water
by the titration method and by compression with the film
trough. In order to plot the adsorption isotherms in
terms of film pressure vmun area per molecule, an
average molecular weight of approximately 79% for pure
soybean lecithin was calculated from the data of
Thornton, Johnson and Ewan(47) for the fatty acid
composition of soybean lecithin, The concentration of
leeithin in the benzene solutions used for sample
spreading was approximately 10~/ molar. The compression
isotherm for leeithin in Pig. 10 is slightly more
expanded than the titration isotherm. This can be
attributed in part to the fact that the titration
isotherm was cbtained at a room temperature of 21.0° C.
whereas the compression was carried out at 25.0° C. by
eirculation of water from a constant temperature bath
through the film trough.

A considerable variability in the lecithin isotherms
was observed dependent on the relative age of the
lecithin sample solution. Fig. 11 shows the titration
isotherms at 23° C. obtained for lecithin at times of *
24 hours, 48 hours and 33 days after the sample solution
had been prepared. The sample solutions were stored in




- T

2
»
()
4,  Ocompression method,
30[ 280 C
| © titration method,
21.0°C
)
20— ' e
O 5
~N
Ll O
P
>.. ®
() O
L 2
— @
| —— @
()
@
(J
@
&N
e
..
o Qs . |
- 9.0.0 0 0’00000 09
00 00

o2

AREA PER MOLECULE, A

Fig. 10. lecithin films on delonized water,

-




46§_ TIME ELAPSED AFTER  SOLUTION I '}

PREPARATION:

© 24 ' hours
}  0 48 hours

300 ’33' -‘days

20j

DYNE / CM.

T,

10 i ‘

100 i 200 P
o2 ; ; J _
|

&B&Am tEEB MOLECULE Al

obtained with aged 1

AT
. A0 solutions.




s T

the dark at room temperature (21-24° ¢,). The effect
_or aging the lecithin solutions was to produce a marked
reduction in the n values obtained at any particular
area per molecule. This contraction of the lecithin
isotherm was particularly evident after a period of 33
days. No attempt was made to ascertain whether the
contraction was a result of physical or chemical change
of the lecithin. Although lecithin is extremely sensitive
to hydrolysis in aqueous media it seems unlikely the rate
of degradation would be rapid in benzene solutions.

The behavior of lecithin monolayers on Pluronic FE8
subsolutions of varying concentrations was studied by
the titration method. Fig. 12 and 13 show adsorption
isotherma obtained for leecithin spread from sample
solutions aged 6 and 21 days, respectively. Although
the isotherms obtained for the leeithin solution prepared |
21 days prior to use were more contracted than those
from the fresher lecithin solution, the overall effect of
?lwmlum#ﬁm“htho same, In general, the =
values obtained for lecithin at specified areas per
molecule can be related directly to the surface tensions
of the Plurcnic F68 subsolutions., The surface tensions
of Pluronic F68 solutions ranging in concentration from
0.00001 to 1.0 per cent, w/v, were determined by the '
detachment method deseribed previcusly. Depolished glass
immersion plates were used for the surface tension
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measurements. The temperature of the solutions was
20.0° C. The experimental values are tabulated below,

TABLE II
Surface Tensions of Pluronic F68 Solutions

1

1x 107
1x 102
1x10"3
1 x 107
1x 107

L % § o {47 - e 3 §
v W RS SR WSS, LT RALT

As the surface pressure in this case is the difference

between the surface tension of the Pluronic F68 solution

and the film-covered Pluronic F68 solution it could be

expected that the film pressure would be proporticnal to

the surface tension of the subsolution. This was found

in general to be the case.

It is of interest that at

intermediate Pluronic P68 concentrations (10™* to 1072
per cent) the lecithin films exhibited proportionately
greater expansions at high areas per molecule. The
possibility that sufficiently strong interactions occur
between lecithin and Pluronic F68 at the surface to
result in actual solvolysis of leeithin is deemed

unlikely due to the fact that the collapse point for the
lecithin monolayers was the same regardless of the

concentration of Pluronic F68 in the subsolution,

-
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The effect of lysolecithin subsolutions on leeithin
films was also investigated. The titration isotherms
were obtained at room temperature by spreading the
lecithin solution (age: 3 days) on lysolecithin
subsolutions ranging in concentration from 12 X 107
to 12 X 10”2 per cent, w/v, in deionized water, The
surface tensions for the lysolecithin solutions are
tabulated below,

TABLE III
Surface Tensions of Lysolecithin Solutions
per cent, w/v _temperature, °C,
1.2 x 1072 21.2
1.2 X 1073 21.2
1.2 x 107 21,3
1.2 x 1072 21.6

The effect on the lecithin films of adding lysoleeithin
to the subsolutions is shown in Pig. 1%. In general the
effect appears.analogous to that observed on Pluronic P68
subsolutions. It was observed that the lecithin film
layered on a subsolution containing 1.2 X 10~ per cent
lysolecithin was greatly expanded.

Purified lecithin films were compared with films
produced by Asolectin and Armour Sterile leeithin, Fig. 15
shows the adsorption isotherms of purified soybean
lecithin, Asolectin, and Armour Sterile Lecithin determined
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by the titration method at room temperature. The

lecithin films were spread from sample solutions prepared

5 days previously. Fig. 16 shows compression isotherms

at 25.0° C. obtained with 1 day old sample solutions of

purified lecithin and Asolectin. For comparative

purposes, the film pressures were plotted versus the areas

per mg. In both plots the purified lecithin isotherms

are more expanded than the commercial phosphatide mixtures,
This study indicated that purified soybean leecithin

forms liquid expanded type films on deionized water. The

collapse point for these films was found to be

mmnmuly”x’mrmhcnhmm lecithin was

spread from sample solutions prepared within 48 hours of

the actual determinations. The theoretical 1imi ting

area per molecule for leeithin molecules with their

long axes oriented normal to the water surface is about

%0 %2 per molesule. Anderson and Pethica(116) and

van Deenan et 81(117) have found that films of synthetie

L-a-(distearoyl)lecithin collapse at approximately 40 12

per molecule, van Deenan and co-workers(117) found that

films for synthetic lecithins containing either one or : '

two unsaturated fatty acid residues produced films : 1

tmucmhmw'tmmﬁbthwm .

saturated lecithins. It is believed that the isotherms

obtained for purified soybean leeithin in this study are

in accordance with the unsaturated nature of soybean
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lecithin,

It was observed that the age of the leeithin
solution from which the monolayers were spread modified
mmumatmnmteunwmmm. This
mumwmaumemmm of purified
lecithin films must alsc inelude a careful evaluation of
the history of the leeithin solutions used in the study,
An interesting aspeet of the apparent physical or chemical
degradation of the benzene solutions of lecithin is the
gross similarity of the adsorption isotherms obtained
with aged solutions of purified soybean leecithin and
freshly prepared solutions of commercial soybean
phosphatide mixtures.

The behavior of leeithin films on Pluronie P68 and
lysolecithin monolayers appeared to be similar in nature,
Further investigation under carefully defined conditions
will be necessary before any generalizations can be made
concerning specific interactions between the subsolution
solutes and m lecithin monolayers.




SUMMARY AND CONCLUSIONS

After experimental evaluation of several methods
1t was found that the most convenient separation of

purified lecithin from a commereial soybean phosphatide
mixture was obtained by the treatment of an aleocholie
phosphatide solution with Dowex 1X4 to remove the acidic
phospholipids, As lecithin was partially hydrolyzed to
lysolecithin by ion exchange treatment further purifica-
tion by adsorption chromatography on silielc meid was
necessary,

Lysolecithin was prepared from soybean lecithin
previously treated with Dowex 1Xk resin but which had
ot been chromatographed on silieic acid. The leeithin
was selectively hydrolyzed to lysolecithin by the action
of Lecithinase A.

The infrared spectra of soybean lecithin and
lysolecithin confirmed their identity. Thin-layer
chromatography on Silica Gel G indicated that the lecithin
was obtained in an extremely pure state but that the
lysolecithin contained traces of mwmm.

The film balance developed for the study of
phospholipid films was a modification of the classic
Wilhelmy film balance. The Wilhelmy f£ilm balance was
modified by substitution of a Statham model G7A unbonded
WMWMWMQMQdMlmm
deviece in conventional film balances of this type. The

-'1@3"'




output of the transducer was read directly off the

meter of a d.¢. amplifier connected to the transducer

by a Wheatstone bridge oircuit or alternatively from

the recorder operated off the amplifier. The sensitivity

of the transducer element was increased by attachment of

an aluminum extension arm to the probe of the transducer.
_ The accuracy of a given measurement was limited by the
stabllity of the d.e., amplifier, The error due to meter
‘ noise for a single reading was estimated to be
approximately 20.02 dyne/em. for an immersion plate with
a mium of 3 em, Surface tension measurements on
water and benzene using the apparatus and a detachment
method seemed to indlcate a somewhat higher degree of
accuracy, The error due to meter drift was estimated to
ve £0.03 dw/bn/mg over a two hour period. ‘ &

Surface pressure-area isotherms of high purity |

palmitic acid films were obtained by compression of the
film on a film trough constructed for use with the
transducer sensing device, Surface pressure-area
isotherms were also obtained by a simple alternative method,
This method involved addition of small volume increments
of a benzene solution of the film forming substance to
the surface of the subsolution eontained in a small
polyethylene tray. Wwhile this method was less precise
than compression of a film with the film trough it had the
advantage of simplicity, required a volume of subsolution




less than one-tenth that of the film trough and avoided
~ the possibility of contamination of the f1lm by wax or
other trough impurities.

The surface tension studies with water and benszene
and the reproduction of w-area isotherms for palmitic
acld comparable to those found in the literature for
this substance indicated that the sensitivity and
precision of the recording film balance was well within
the requirements of a film balance. The convenient
recording of the compression isotherm for surface films
was considered a substantial improvement over conventional
film balances which can be modified only with diffieculty
to provide for recording of the compression process.

The preliminary investigation of lecithin films
on delonized water indiecated that purified soybean
lecithin formed liquid expanded films, These films pro-
duced n-area isotherms comparable to those found by other
investigators for films of synthetic, unsaturated
leeithins, The compression isotherms also indicated
leeithin in benzene solutions are highly susceptible to
aging effects. The effect of aging the lecithin solution
was to produce a marked contraction in the compression
isotherms. Leocithin films layered on Pluronie F68 and
lysolecithin solutions of varying concentrations were
found to undergo reductions in the film pressure which
could be roughly correlated with the surface tensions

4
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of the subsolutions., Comparison of purified soybean
luim with two different commercial soybean phosphatide
mixtures showed the purified lecithin produced £ilms
which are considerably more expanded than films containing
& mixture of phospholipids.
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A STUDY OF METHODS OF ISOLATION OF LECITHIN
FROM SOYBEAN PHOSPHATIDE MIXTURES

~ Several of the methods which have proven suitable
for the isolation of leeithin primarily from sources
other than soybeans, were investigated during the course
of this study with the objective of determining which
would be the most convenient for obtaining relatively
large amounts of highly pure leecithin. The leeithin
eventually used in the study was prepared by the ion
exchange method of Saunders and Perrin(80) (81) and has
been described previously., The other methods are
described below,

EXPERIMENTAL l

Reagents and Materials: Asolectin, a commercial soybean
phosphatide mixture, was the source of lecithin in this

study. The petroleum ether (Skellysolve B, b.p. 67-68° ¢.) (‘
used in the chromatography experiments and the U.S.P. §
ether used in-the initial extractions of Asoleectin were «
treated to remove peroxides by passing through an
alumina ecolumn(79). All other reagents and chemicals - L
employed in the isolation procedures were of reagent or

analytical grade unless otherwise specified., The solvents |
used in the column chromatography procedures were ' 4
redistilled in pyrex prior to use,




Isolation of Leeithin by the Cadmium Chloride Complex
Method: The method of Pangborn(27) was followed with
only slight modification. The procedure was as follows:
One hundred g. of Asolectin were dissolved in a
minimum volume of diethyl ether and the phospholipids |
precipitated by pouring the ether solution into a ‘
volume of acetone 4 times that of the ether solution. ﬁ
This was repeated twice. The precipitate was extracted f
with 1500 ml. of absolute alecohol by shaking the mixture |
overnight on a mechanical shaker. The solvent was [
flltered off and the phospholipids precipitated by |
addition of a slight exeess of a saturated solution of f
cuclé. The mixture was refrigerated for 1 hour and f
filtered by suetion. The precipitate was washed several
times with acetone on the filter. The precipitate was \‘
dissolved in 100 ml. of chloroform and the solution ’\
poured with constant mixing into 700 ml. of aleohol to |
which 10 n:l. of 50 per cent agqueous eacza solution had }
been added. The mixture was allowed to stand for 10 &
minutes at room temperature with frequent shaking and f
then filtered by suection. This step was repeated twice. f
The precipitate was suspended in approximately |
150 ml., of petroleum ether and 500 ml., of 80 per cent
aleohol saturated with petroleum ether and containing
0.1 per ecent od(n,‘, was added. The suspension was shaken
vigorously in a separatory funnel until solution was




.‘

complete. The aleoholic layer was drawn off and the
amount of material left in the petroleum ether layer
estimated by evaporation of a small aliquot.,

The petroleum ether was extracted with the 80 per
cent aleoholic mixture described above. One hundred ml,
of the mixture was used for each gram of material
estimated to be in the petroleum ether. The extractions
were combined and concentrated to approximately two-
thirds the original volume by evaporation under reduced .
pressure. The concentrated mixture was refrigerated
overnight at about -5° ¢,

The lecithin - adcla complex was removed from the
ehilled 80 per cent alecoholic mixture by suetion
filtration and dissolved in 100 ml. of chloroform. This
was extracted for 5 minutes with an equal volume of 30 )
per eeht aleohol, 'The cucxa was removed in the aleoholie :
wash, This required about 4 extractions, Completeness of
removal was verified by testing the alecoholic wash for
chloride ion with silver nitrate solution. When
emulsification occurred during the extractions the
mixture was separated by centrifugation.

The cadmium-free chloroform solution was vacuum
distilled to remove the chloroform and the residue
washed with a small quantity of acetone. The residue
was then dissolved in 100 ml. of anhydrous ether and
20 ml. of acetone added. The lecithin was precipitated




ﬁ

L

out of solution by refrigerating overnight, The solvents }
were removed by filtration and the leeithin dried in a |

vacuum dessicator. The purified lecithin was dissolved
in anhydrous, absolute ethanol and stored in the freezing
compartment of a refrigerator. The lecithin was a
runtly-ynilow, waxy material. The yileld was about 10 8.

Isolation of Lecithin by Adsorption Chromatography on

Silicie Aeid: The most suceessful fractionation of
Asolectin by adsorption chromatography on silicie aeid
was obtained by elution of the soya phosphatides from
Mallinekrodt silieie acld, 100 mesh, with 10 per cent by
volume ethanol in petroleum ether, 20 per cent methanol
by volume in chloroform, and methanol, The elution
pattern obtained from a 60 gram silicic acid column is
shown in PFig. 17.

The silicic acid was activated prior to use by
heating overnight at 110° ¢. Sixty grams of the siliecie
acld were slurried with 10 per cent ethanol in petroleum
ether to form a thick suspension., The suspension of 4
sllicic acid was poured into a 1.25 inch diameter column,
The column was equipped with a coarsely sintered glass
Plate support which was covered by a eircular disk of
ether-extracted filter paper. The stopeock at the
bottom of the column had a polished barrel fitted with
a Teflon plug. The top of the c¢olumn consisted of a
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1,000 ml, capacity reservolr., After addition of the
:lurry of silicic acid the sides of the column were
tapped until the upper surface of the silieic aeid
packing was flat and even, The surface was covered
with another ether-extracted disk of filter paper,
Ignited ether-extracted sea sand was then carefully
added to a depth of approximately 0.5 ineh above the
sllieclec acid and covered with a filter paper disk. The
~ 8and prevented the surface of the silicic acid from
being disturbed when the sample or solvent was added

to the column, The solvent was drained from the

column to the level of the upper surface of the sand
_and the sample, consisting of 1,00 gram of Asoleetin
dissolved in a few ml. of 10 per eent ethanol in
petroleum ether, was carefully added to the column,

The stopeock was opened and the sample solution allowed
to soak into the column, The inner walls of the column
were then washed with 10 ml, of 10 per cent ethanol in
petroleum oth;;. After this had soaked into the packing,
150 ml. of the same solvent mixture were added to the
¢olumn, Practions were collected every 30 minutes with
the aid of an automatie fraction eollector, The volume
of the fractions was approximately 10 ml. initially but
diminished gradually to less than 5 ml, toward the latter
part of the separation, 250 ml, of the second solvent,
consisting of 20 per cent methanol in dhloreforn, was




R

added to the column after the first solvent mixture

had passed through the column. The third solvent added
was 250 ml., of anhydrous methanol, The appearance of
the peak obtained by elution with methanol was flattened
slightly due to the greatly reduced flow rate following
addition of this solvent,

The plot shown in Fig. 17 was obtained by
evaporation of the fractions obtained at 30 minutes
time intervals in tared aluminum pans. The pans were
welghed and the weight of the residue found in each
tube plotted versus the tube number.

Isolation of Leelthin by DEAE Chromatography: The DEAE
cellulose (Selectacel®, type 40) used in this study had

& theoretical exchange capacity of 0.9 £ 0.1 meq./g. -
and was supplied in the chloride form.

Fig. 18 shows the elution pattern obtained from
ehromatography of 1.00 g. of Asolectin on a 20 g.
DEAE(C1”) column. The DEAE was slurried with chloroforme
methanol 7:l, v/v, and packed with the aid of a glass
pPlunger into a column with inner diameter 2.5 cm. The
DEAE was then washed with the chloroform-methanol
mixture. Initially a copilous amount of fine white powder
was washed from the DEAE. The washing was continued

#Carl Schleicher and Schuell Co., Keene, N.H.
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until no residue was found on evaporation of a small
volume of the wash. This required 200 to 300 ml, The
flow rate was extremely fast for a eolumn operation and
was regulated with the column stopeock to a rate of
approximately 15 ml., per 5 minutes. The 1,00 g,
sample of Asolectin dissolved in 10 ml. of chloroform-
methanol 7:0 was allowed to soak into the ¢olumn and
the inner walls washed with 10 ml, of additional solvent
mixture. Three hundred ml, of chloroform-methanocl 7:0
were then added to the column and fractions collected
every five minutes with the ald of an automatie fraction
collector. After the first solvent mixture had passed
through the column, 300 ml, of chloroform-methanol
312 were added and fractions collected with this solvent
as the eluting agent, The fractions were evaporated to
dryness in tared aluminum pans and the residue weighed.
The residue obtained from evaporation of each of the
fractions waa tested with ninhydrin reagent in order to
detect the appearance of phosphatidyl ethanolamine, A
positive test was obtained for all fractions collected
after tube number 31. The estimated recovery from the
column was small, amounting to only about 50 per cent of
the total material added to the column,

Hydroaleohollie solutions of 5 per cent KOH were
used for regeneration of the DEAE ecolumns without any
obvious change in the column structure. An attempt to




use aqueous solution of base resulted in the swelling of
the DEAE and formation of a gel which completely blocked
the passage of the regenerating solution through the

¢olumn. PFollowing regeneration, the eolumn was washed
with large volumes of anhydrous methanol until no residue
appeared in the wash. The column was then washed with
200 ml, of ehloroform-methanol 7:1 immediately before
use. Conversion of the ion exchange sites to the O™
form did not appear to alter the elution pattern,

As exposure of leeithin to other ion exchange
resins has been observed to result in hydrolysis of
leeithin to lysolecithin, material obtained from the
first peak of DEAE chromatography of soybean phosphatides
was rechromatographed on silieie acid, A 250 mg. sample
of this material was placed on a2 40 g, silicie acid
c¢olumn and eluted first with chloroform-methanol 3:2
and then with 51 per cent methanol in ehloroform. As
Fig. 19 shows, two distinet peaks were obtained,

Material from the first peak was ether-soluble and
acetone~insoluble and probably was leeithin. The
material from the second peak was insoluble in ether
and in acetone and likely consisted of lysolecithin,
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RESULTS AND DISCUSSION

The major disadvantage of preparation of leeithin
by lon exchange treatment with Dowex 1X4 is the method
is limited to the isolation of leeithin, The cadmium
chloride complex method is similarly limited to the
preparation of leeithin. Purified lecithin prepared
from lamm phosphatides by the cadmium chloride method
was rechromatographed on silicic acid., The results
strongly suggested appreciable contamination of the
lecithin. In addition, Saunders and Elworthy(72) have
found that lecithin prepared by the cadmium chloride
complex method retains traces of cadmium which influence
the surface properties of the lecithin., For these
reasons, it was decided that the leeithin prepared by
this method was unsuitable for studies with lecithin
films,

Asolectin was successfully separated into 3 major
fractions by chi-éutmphy on silieiec acid. The third
fraction eluted from the column was identified as
lecithin by its infrared spectrum. The first fraction
gave a strong ninhydrin reaction and apparently consisted
predominently of phosphatidyl ethanclamine. The second
fraction, which was eluted with 20 per cent methanol in
chloroform gave a faint ninhydrin reaction and probably
was the phosphoinositide fraction.




A disadvantage of separation of lecithin by adsorption
chromatography on silicic acid is the necessity for very
careful monitoring of the ecolumns to prevent overlapping
of the fractions. In order to assure that the leeithin
fraction was c¢leanly separated, rechromatography of the
fraction would be necessary. The major advantage of
the method 1s that other phospholipid components are
also separated.

. As leeithin is eluted first from DEAE eolumns it
appeared DEAE chromatography might be a convenient
method for obtaining purified leeithin. However,
rechromatography on silicic aeid of the lecithin fraction
from a DEAE column indicated the leeithin was a mixture
apparently consisting of lecithin and lysolecithin,

While isolation of purified soybean lecithin by
chromatography on DEAE or silicic acid was found to be
less convenient than the ion exchange method of Saunders
and Perrin the procedures may prove to be of some value
for the 1solation of other phospholipid components of
¢ommercial soybean phosphatide mixtures,
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