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1 CLASSICAL ANALYTICAL METHODS FOR
NATURAL STEROLS, APPLIED TO FAT ANALYSIS

1.1 FAT ANALYSIS BASED UPON CHARACTERISTIC VALUES

As a consequence of the very complex composition of natural fats the analytical
chemistry of lipoids forms a distinct field with special problems. Besides multifarious
types of triglycerides as quantitatively most important fraction, a minor part consists
of an enormous variety of other lipoid substances: monoglycerides, diglycerides,
phosphatides, tocopherols, sterols, sterol esters, hydrocarbons, carotenoids and traces
of several other compounds. The triglycerides forming the main fraction of the fat
consist of a glycerol molecule esterified with three fatty acids. The triglyceride fraction
largely varies in composition, numerous combinations of the fatty acid constituents
in their molecules being conceivable. Evidently, the great number of possible tri-
glycerides still further enhances the complexity of this type of analysis.

One of the purposes of fat chemistry is the determination of all these individual
types of lipoids in a fat, but in the past appropiate analytical techniques were lacking,
At the end of the nineteenth century a complete analysis of a natural fat thus was
by no means possible. Nevertheless, fat analysis had to differentiate between the
various types of oils and fats and to determine the proportion of the constituents of
commercially available fat mixtures. To that end physical data were introduced as
characteristic numbers e.g. refractive number and density. For practical reasons a
chemical approach was usually made by saponification of all glycerides into glycerol
and fatty acids, leaving a minor fraction withstanding this procedure viz. the un-
saponifiable fraction. The saponification thus brings about a first experimental simpli-
fication of the problem of analysing such complex mixtures. Fat chemistry, therefore,
was perforce principally engaged with the fatty acid compasition of the fat mixture,
In this procedure the actual structure of the triglycerides was neglected. Subsequently,
chemical characteristics derived from the fatty acid composition of the fat mixture
were introduced as empiric values. These values, further on denoted as “fatty acid
values” were widely applied in practice as characteristics for the identification of the
various types of fat. The same procedure could be applied to unravel the composition
of commercial fat mixtures.

The features of either the triglycerides as such or alternatively those of the un-
saponifiable fraction could be applied as well for the purpose, but because of analytical
imperfections they were in the past only sparingly used in practice, Considering these
three essentially different analytical techniques, we can divide the methods of fat
analysis into three main groups, based upon the properties of:



1. the fatty acids, viz. fat analysis through the fatty acid composition.

2. the triglyceride fraction as such, viz. fat analysis through the triglyceride compo-
sition or “glyceride (fat) analysis™.

3. the ursaponifiable fraction, viz. fat analysis through guide substances in this fraction
or “guide (fat) analysis™.

1.1.1 Fatty acid values and special applications

In the past the fatty acid composition of a fat sample could be typified only ap-
proximatively by the procedures of the above group 1. All fatty acid values are in
fact rough indications of the actual fatty acid composition. They had to be introduced
since reliable and preferably also quantitative techniques for the determination of all
fatty acids separately were lacking at the time, A variety of fatty acid features was
applied for the characterization of the fatty acid composition. They can be divided
into three sub-groups (KAUFMANN 1958).

The first group essentially uses the chain length of the fatty acids as a characteristic
e.g. the saponification value, determining the mean molecular weight of the total fatty
acid fraction. The REICHERT-MEISSL-WoLLNY (R.M.W.) value is a measure for the
group of lower farty acids, which are both volatile and water soluble. Other instances
are the POLENSKE value, A and B values etc. The unsaturated nature of some fatty
acids forms the basis of the second sub-group e.g. iodine value, hydrogen value,
thiocyanogen value etc. With the data of the third group of fatty acid values special
oxygen containing functional groups are evaluated e.g. hydroxyl, acetyl, and carbonyl
values. KAUFMANN (1958) has denoted these groups as acidimetric, enometric, and
oxidimetric fatty acid values (German “Fettsiurekennzahlen’),

A more simple situation is met when a type of fat contains a specific fatty acid,
Experimental data concerning the percentage of that special fatty acid then can be
applied as a characteristic. Instances are a.o. the specific occurrence of erucic acid in
rapeseed oil, of isovaleric acid in dolphin fat, and of butyric acid in butter fat. Of
old an approximation of the butyric acid content of butter fat is given by the R M.W.,
value. It has been applied in many countries as an empiric fatty acid value in checking
the purity of butter. More exact evaluations of the actual butyric acid content were
devised afterwards, leading to an accurate quantitative determination by means of
chromatographic methods. In an ideal situation the percentages of all fatty acids of
a fat like butter fat may be determined quantitatively e.g. by paperchromatography
or gas-liquid chromatography, These data then could be applied to the control of the
genuineness of that special type of fat. Especially by applying gas-liquid chromato-
graphy, the complete fatty acid composition of a fat like butter fat can be evaluated
at present in a relatively simple and rapid way.

However, the exact knowledge of the complete fatty acid composition dogs not
necessarily solve all problems encountered when analysing complex fat mixtures, In
fact we always have to reckon with the natural variability in fatty acid composition
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shown by several samples of the same type of fat. Natural circumstances like climate,
season, soil composition, and especially breed and feeding in the case of animai fats
exert great influence upon the fatty acid composition. Because of this natural variability
the detection of small amounts of one type of fat in another often will meet with
difficulties. This is illustrated clearly by the varying composition of butter fat. The
R.M.W. value of Dutch butter changes during the year within the extreme limits of
18 and 36, with a mean value of about 25-26 in September—QOctober and 29-30 in
April-May (VAN R 1899, SwavING 1939), these differences being mainly due to
the lactation period and feeding of the cattle.

In the RUKSZUIVELSTATION (GOVERNMENT DAIRY STATION) at Leiden this variation
in R.M.W. value was studicd by TULLEKEN AND VAN SILLEVOLDT (cf. HoTton 1909},
They could establish a statistical correlation between R.M.W. value and refractive
number of Dutch buiter fat, originally based on the analysis of 91,077, later on
followed by the investigation of 745,194 butter samples,

Because of the great range in R.M.W. value, adulteration of butter by foreign fats
(especially by those having high R.M.W. values) cannot be detected unambiguously
in this way. Therefore, the guarantee of the genuineness of Dutch butter is given by
a special procedure of control of the manufacturing process. For individual lots of
cream in the butter factories R.M.W. values and refractive numbers are determined.
The corresponding values of the manufactured butter should agree. A special number
of the National Quality Mark is conferred upon every consignment. In this way the
serial numbers of this mark are linked up with the chemical data of the butter sample,
thus guaranteeing its genuineness. However, upon the mere examination of a butter
sample of unknown origin the chemical proof of an adulteration with moderate
amounts e.g. 209 of vegetable oil cannot be furnished by the R.M.W. value. The
same restricted applicability in detecting butter adulterations is inherent to other fatty
acid values, This restriction is particularly valid when the fatty acid value for butter
fat exhibits a great natural variability and the same characteristic for the foreign fat
is rather near one of the limits of this variability,

On the other hand an example of a fatty acid value low for butter fat and high for
some vegetable fats, is given by the POLENSKE value, by which the volatile but water
insoluble fatty acids can be determined. This value amounts to 16-17 for coconut fat;
9.0-10.5 for palmkernel oil; 1.5-3.5 for butter fat; and less than 1.0 for most other
oils and fats. Consequently, the POLENSKE value is applicable in detecting gross
adulterations of butter with coconut and palmkernel fat. Reviewing the above state-
ments, we must conclude that the natural variability in the butter fat composition
may hamper a reliable detection of foreign fats by means of fatty acid values.

1.1.2 Glyceride (fat) analysis

Some attempts have been reported to imitate high priced and valued fats like butter
fat by mixing foreign fats or special fractionated parts thereof; by transesterification
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of low priced fats with coconut fat, iributyrin etlc.; or by complete synthesis from
glycerol and fatty acid fractions (TAUFEL 1929, 1958). The so-called “Bolzella” fat has
the same fatty acid values as genuine butter (GUex 1957). Consequently, adulteration
of butter with Bolzella fat cannot be detected at all by means of any fatty acid value.
However, we should always keep in mind that fatty acid values serve as a rough
substitute for the actual features of the triglyceride fraction. In this case the possible
deviating characteristics of the Bolzella triglycerides should be inspected by the
methods of glyceride (fat) analysis. Indeed the amount of ether-insoluble glycerides
has yielded a significant difference between genuine butter fat and Bolzella fat
(Hanssen 1960). The use of the BOMER value in detecting admixture of beef tallow
to lard is another well-known instance of the applications of this glyceride analysis.

The experimental difficulties encountered in determining the various triglyceride
types, however, have limited the applications of glyceride analysis in the past. Further-
more, intramolecular and intermolecular exchanges are known to occur during ana-
Iytical operations; therefore, some caution is required in the interpretation of experi-
mental results. Modern methods such as lipase hydrolysis (V. D. WAL 1960); reversed-
phase paperchromatography (KAUEMANN 1959, 1961a); reversed-phase thin-layer
chromatography (KAUFMANN 1960, 1961b, 1962); thin-layer chromatography with
additional procedures e.g. ozonisation-reduction techniques (PRIVETT 1961); molecular
distillation; and gas-liquid chromatography (HUEBNER 1961) now enable a simple
and rapid analysis of the various triglycerides. In the future a more extensive appli-
cation of “‘glyceride values™ in fat analysis is to be expected.

[.1.3 Guide (fat) analysis

Because of the present-day limits of the glyceride analysis and the fundamental limi-
tations of the application of many fatty acid values, nowadays much attention is
paid to the third main group of fat analysis, based on characteristics of constituents
of the small unsaponifiable fraction. Such a component may be used to advantage
as a kind of natural marker, guide substance, or guide, characteristic of certain oils
and fats, thus enabling the analysis of commercial fat mixtures. We have denoted
this third type of fat analysis as ““guide substance analysis™ or abbreviated as “guide
(fat) analysis” (German “‘Leitsubstanzanalyse™). The application of this guide analysis
is based essentially upon the fact that the proportion and types of the minor con-
stituents in a special type of fat were generally found to be constant.

We propose also to introduce a subdivision, based on the types of minor constituents
of this group such as sterols, tocopherols etc. present in the unsaponifiable fraction,
which are applied as natural markers in practice. The largest and most significant
group, viz. the sterol group is the subject of this investigation. However, we shall
first mention some applications of other minor components to problems of fat analysis
reported in the literature,

Several classical colour reactions actually belong to this type of guide analysis e.g.
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the identification of sesame oil by the red colour produced with a furfural-hydrochloric
acid reagent, according to BAUDOUIN and VILLAVECCHIA. A minor phenolic component
of the unsaponifiable fraction, namely sesamolin causes this specific colour reaction,

A group of substances of the unsaponifiable fraction, important for their physic-
logical activity (vitamin E), are the tocopherols comprising several isomers a.o. a-,
8~ y-, d-tocopherol (a-tocopherol = 5,7 8-trimethyltocol; § = §5,8-dimethyl; y =
7,8-dimethyl; ¢ = 8-monomethyl; { = 5,7-dimethyltocol; ¢ = 5,8-dimethyltoco-
trienol ; # = 7-monomethyltocol).

Several authors e.g . ANGLIN et al. (1955), MaHON et al. (1954, 1955) WINDHAM (1957),
and Nazir et al. (1959) have attempted the detection of vegetable oils in butter by
means of the total content of these tocopherols. Whereas the edible vegetable oils
contain amounts of tocopherol between 1000 and 16000 ug/g (LANGE 1950, BLAIZOT
1956, HERRAIZ 1949, VITAGLIANO 1958, BIEFER 1956), the tocopherol content of butter
fat is extremely low, viz. about 10-30 ug/g. According to KRUISHEER (1955) the
tocopherol content of Dutch butter fat varies from [0-40 ug/g.

In an extensive study dealing with the tocopherol content of American butter ANGLIN
et al. (1955) concluded that for summer butter fat 99 % of the samples have tocopherol
contents less than 52 ugfg, 99% of the winter butter fat samples presenting values
even below 30 pg/g. Usually, adulteration of butter with 10% of vegetable oil will
result in a significant increase in the tocopherol content (ANGLIN 1955, NAzZIR 1959).
Samples of butter fat containing 50-70 ug/g of tocopherol are to be considered as
“suspicious” ; contents above 70 ug/g positively indicating adulteration with vegetable
fat. The Canadian Food and Drug Regulations (1954) dictate for pure buiter a
tocopherol content not exceeding 50 ugfg.

The isomer a-tocopherol is the only form occurring in animal fats (Brown 1952),
the vegetable oils containing mostly also considerable amounts of the other isomers.
Therefore, detection of the other isomers in butter might furnish even more concluasive
evidence of adulteration with vegetable oils than does the total-tocopheral content
(SmipE 1954). The method of ANGLIN e al. has restricted application since small
amounts of some vegetable fats e.g. olive oil and coconut fat containing tocopherol
contents of only 10-100 ug/g (HERRAIZ 1949, BLATZOT 1956) cannot be detected with
certainty. No more can this total-tocopherol method reveal the presence of small
amounts of amimal fat in mixtures with vegetable oils. Furthermore, tocopherol
mixtures are widely used as antioxidants nowadays. Too high a percentage of toco-
pherols, therefore, indicates the addition of foreign matter, but not necessarily of a
foreign fat.

By paperchromatography the tocopherol group can be separated into the various
isomers: a.o. a-, -, y-tocopherol. While cottonseed oil and peanut oil have nearly
equal amounts of a-, and y-tocopherols, olive oil and sunflower oil predominantly
contain the a-isomer. In sesame oil and linseed oil only the y-isomer was found,
whereas the presence of soybean oil in mixtures with other oils can be evidenced by
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its specific, large amount of d-tocopherol (BIEFER 1956). An evaluation of the per-
centages of these isomers can thus be applied to the analysis of mixtures of oils and
fats.

The presence of several higher iydrocarbons has been demonstrated in the un-
saponifiable fraction, of which the most abundant one: squalene (CgoHsq) is found in
olive oil in quantities of 10004900 ug/g with a mean value of about 3000 ug/g.
Other vegetable oils mostly contain much smaller percentages of squalene, viz. 40-360
pg/g (HADORN 1950). The presence of olive oil in other edible oils is detected by a
significant increase in the squalene content (PHILIPPE 1944, HADORN 1949, 1950).
However, the so-called rectified B olive oil, i.e. “synthetic olive 0il” prepared by re-
esterifying extracted olive oils or distilled fatty acids, is conspicuous by extremely low
squalene value (WITTKA 1960).

Other minor components e.g. compounds containing phosphorus, coloured caro-
tenoids, anthocyanins are also applicable as natural markers. KuzpzAL ef al. (1960}
have described an identification of ordinary cheese substance in the more special types
of cheese manufactured from goat’s milk. In the latter only small quantities of carotene:
about 0.5 pg/g fat are found, whereas the cow’s milk contains about 6.5 g carotene/g
fat. Consequently, the most likely type of adulteration can be detected by a quantitative
spectrophotometric determination of the carotene content.

The formerly troublesome analysis of the constifuents of the unsaponifiable fraction
is facilitated by modern chromatographic methods. By column chromatography on
silicic acid these constituents are separated, showing elution curves that are charac-
teristic of the oil. The curves of olive oil and other oils e.g. teaseed oil are entirely
different so that adulteration of virgin olive oil with e.g. teaseed oil is detectable
(Jacmnt 1960, CareLLa 1960). By the more simple method of thin-layer chromato-
graphy the unsaponifiable fraction can be fractionated into several components. The
spots on a chromatoplate constitute a definite pattern, often characteristic of the type
of fat (Coprus PEEREBOOM 1961). McGUGAN (1959) describes the pattern of the un-
saponifiable fraction':of butter fat, obtained after separation in a mixture of hexane—
ethyl acetate (95 : 5). Samples of butter fat adulterated with 109, of vegetable or
marine animal oils are characterized by spots appearing in areas where butter samples
show none, or by an increased intensity of spots normally shown by butter fat.

Among the minor constituents of the unsaponifiable fraction the sterols are quanti-
tatively as well as qualitatively the most significant group. This group will be the
subject of this investigation.

1.2 THE PRINCIFAL NATURALLY OCCURRING STEROLS

The most significant substance of the group of sterols i.e. cholesterol has been known
since the eighteenth century as the chief constituent of human gall stones. Cholesterol

6



is the principal sterol of the higher animals; it is abundant in nerve tissue, fat, and
skin. Usually it is accompanied by traces of other sterols, which in a few instances
have been identified as dihydrocholesterot and 7-dehydrocholesterol.

Cholesterol (CaH460) contains a Car carbon skeleton and a hydroxyl group. The
cholesterol molecule (fig. 1) contains 8 asymmetric carbon atoms, resulting in a great
number of possible stereoisomers. In cholesterol and related sterols the secondary
hydroxyl group at Cs projects to the front of the molecule. The two angular methyl
groups at Cyg and Cy3, the Cy hydrogen atom, and the Cy7 side chain all lie at the
same side of the ring system as the Cs hydroxyl group. By convention constituents
projecting to the front of the molecule are described as f-oriented (FIesgr 1959). They

FiG. 1. Cholestero! (Cz:Ha50) (A5-cholestene-3 §-ol) melt. p.: 148°C, melt. p. acetate: 115°C

are joined to the system of the four rings A, B, C, and D by solid lines. Constituents
projecting to the rear or underside of the molecule e.g. the Cy and Cy4 hydrogen atoms
are a-oriented, being represented by broken lines. After hydrogenation of the double
bond at Cjs( two stereoisomers are formed with different conformation at Cs. In
dihydrocholesterol (fig. 2) the juncture between the rings A and B is trans as in trans-
decalin. Sterols belonging to this group are designated as 5a. The rings A, B, and C
of the dihydrocholesterol molecule are of the more stable chair conformation; the ring
junctures B/C and C/D also being trans. Dihydrocholesterol has been detected in
small percentages in animal fats. In the C; epimer viz. coprostanol the ring juncture
AfB is cis as in cis-decalin (5 8 compound). Coprostanol has been found in nature
e.g. in human faeces,

dihydrocholesterol
coprostanol (CsHas0) CHy {C:Hs0)
5 f(-cholestane-3 §-ol) (5a-cholestane-3 S-o)
(A/B: cis) (A/B: trans)
melt. p.: 101°C melt. p.: 142°C
melt. p. acetate: %0°C  HO” IL melt. p. acetate: 110°C

FiG. 2.



Animal fats contain predominantly cholesterol with small percentages of dihydro-
and dehydrocholesterol. In vegetable oils and fats the presence of several closely
related sterols has been demonstrated; these are known as phytosterols (Hessg 1878).
They are structurally related to dihydrocholestero!l, but vary in the degree of un-
saturation and the length of the Cy7 side chain. ANDERSON et al. (1926) separated a
crude corn oil phytosterol mixture into three fractions called: a-, -, and y-sitosterol.
The most important of these sitosterols viz. f-sitosterol, is found widely distributed
in plants and is present in all vegetable oils and fats. The structure of the molecule
differs from that of cholesterol by an ethyl group attached to Cza. By introducing this
group, a new asymmetric C-atom is formed; obviously two configurations (viz. 24-a
and 24-b) are conceivable (fig. 3). The structure of f-sitosterol, having the b-con-
figuration has been established as: 24-b-ethyl cholesterol (4 5-stigmastene-35-ol).

Hg

b %

4 3

20 20
=
Fie. 3.

p-sitosterol (CaoHs00) clionasterol (y-sitosterol (7)) {C2eHs00)
24-b-ethyl cholesterol 24-a-ethyl cholesterol
(d5-stigmastene-3 f-ol) (A5-stigmastene-3 f-ol)
melt. p.: 137°C melt. p.: 139°C
meit. p. acetate: 126-127°C melt. p. acetate: 137°C

A sterol named clionasterol was isolated from the sponge: Cliona celata and has
been shown to be the Cgq epimer of fi-sitosterol viz. 24-a-ethyl cholesterol (fig. 3).
y-Sitosterol is one of the principal sterols of soybean oil (BoNSTEDT 1928) and a minor
component of the sterol mixtures from many other oils and fats (IcHiBA 1935). As is
stated most often in the literature, the structure of y-sitosterol is identical with clio-
nasterol and hence its structure should be 24-a-ethyl cholesterol (BERGMANN 1947,
ELSEVIER’S ENCYCLOPAEDIA 1952).

Another phytosterol belonging to the 24-a seties: campesterol (CagHagO) has been
isolated from rapeseed oil (FERNHOLZ 1941), it is also present in many other oils. The
structure has been proved to be 24-a-methyl cholesterol (45-ergostene-3£-ol). By
hydrogenation of these mono-unsaturated sterols the saturated stanols are formed e.g,
B-sitostanol, y-sitostanol (CzpHs20), structurally related to the Sq-oriented dihydro-
cholesterol. These stanols are minor components of the sitosterol mixtures of several
oils (BonsTEDT 1928, IcHIBA 1935).
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Important di-unsaturated phytosterols are stigmasterol and brassicasterol, of which
the former was first isolated from Calabar bean phytosterols as the sparingly soluble
acetate tetrabromide (WinDpaus 1906b) and is present in many vegetable oils, es-
pecially soybean oil. The structure differs from that of -sitosterol by a second double
bond at Cg having the trans configuration. Brassicasterol has been isolated from
rapeseed oil by WINDAUS (1909b) via its insoluble acetate tetrabromide. Like stigma-
sterol, brassicasterol belongs to the 24-b series, possessing a methyl group attached to
Ca4 instead of the ethyl group in the stigmasterol molecule (fig. 4).

CHy
22 b

23

stigmasterol (CagHazO) brassicasterol (CaaH4e0)
A35,22-stigmastadiene-3 §-ol) {45,22-ergostadiene-3 f-ol)
melt. p.: 170°C melt. p.: 148°C

melt, p. acetate: 144°C melt, p. acetate: 158°C

zymosterol (Caz:H440)
(A48(9),24-cholestadiene-3 8-0l)
melt. p.: 110°C

melt. p. acetate: 107°C

FIG. 4.

A third di-unsaturated sterol: zymosterol, quantitatively the second sterol of yeast
fat, has a carbon skeleton resembling that of dihydrocholesterol, but with two double
bonds at Cse) and Caaes) (48(9),24-cholestadiene-35-01). It has not been found in
the common edible oils and fats.

Besides j-, and y-sitosterol;crude sitosterol preparations contain also a small fraction,
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better scluble in ethanol which has been denoted as ““a-sitosterols”. Further recrystal-
lization of this fraction has yielded more homogeneous preparations: ai-, az-, and
ag-sitosterols, of which the a1~ and as-sitosterols contain two non-conjugated deuble
bonds and are isomers of the formula: CapHys0, whereas ag-sitosterol is believed to
be a homologue: CyoHsoO (WALLIS 1936, BERNSTEIN 1939). The structures of these
a-sitosterols are not established firmly, but nowadays are supposed to be related to the
triterpenoid alcohol: lanosterol, having two methyl groups attached at Cg (ELSEVIER'S
ENcycLOPAEDIA 1952) (fig. 5). However, a recent investigation by Mazur (1958)
suggested the possibility that a;-sitosterol is identical with citrostadienol, isolated
from grape fruit peel oil. The latter substance has been shown to be 4c-methyl-24-
ethylidene-47-cholestene-3 S-ol. '

lanosterol (CzoHs00) (4,4,140-trimethy!
A8(9),24-cholestadiene-3 §-ol)

melt. p.: 140°C

melt. p, acetate: 141°C

F1G. 5.

In addition to these di-unsaturated, non-conjugated phytosterols, several sterols
having at least two conjugated double bonds are found in nature: The most important
sterol of this group: ergosterol, the provitamin of vitamin D3, was first isolated from
ergot of rye by TANRET (1890); it has been shown to be present in several fungi,
yeasts, the yolk of hen eggs etc. In addition to the double bond at Cgzg in the side
chain, the B ring of the skeleton contains a system of two conjugated double bonds,
which causes a specific ultraviolet absorption spectrum with proncunced maxima at:
261, 272, 282, and 294 nm. (fig. 6). The same conjugated system is found in the
provitamin of vitamin Dj3: 7-dehydrocholesterol that occurs in small percentages in
sterol mixtures of animal origin. In some marine invertebrates a.o. the Gastropoda
Buccinum undatum considerable quantities, up to 27%, of provitamin D-like sub-
stances, supposedly 7-dehydrocholesterol, have been found in the sterol mixtures
(Bock 1938).

Under the influence of U.V. radiation ergosterol and 7-dehydrocholesterol can be
transformed into several substances, of which the vitamins Dz and D3 are the promi-
nent ones. In this reaction the B ring of the skeleton is opened, forming a system of
three conjugated dounble bonds and a methylene group (fig. 6). Because of this structure
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the vitamins D2 and D3 do not belong to the group of the sterols, but they are mentioned
because of their structural relationship. These vitamins possess great antirachitic
activit){. The tuna and halibut liver oils e.g. contain large amounts of vitamin Ds.

CHjy
22 b
n
HO' HO

ergosterol (CasHasaO) 7-dehydrocholesterol (CarH240)
(45,7,22-ergostatriene-3 f-ol) (A5, 7-cholestadiene-3 -ol)
melt. p.: 165°C melt, p.: 150°C
melt. p, acetate: 181°C melt, p. acetate: 130°C

vitamin Da (C2sHa30) vitdmin D3 (CavHaq0)
melt. p.: 116°C melt. p.: 82°C
melt. p. acetate: 88°C

FiG. 6. Conjug_ated sterols

. Several sterols and steroids can be isolated by means of their sparingly soluble
molecular compounds with digitonin, a glycosidic saponin. The presence of a free
3p-OH group and a Cje-methyl group in the § configuration in the sterol molecule
is required for the formation of the molecular compound i.e. the sterol digitonide.
When e.g. the configuration at Cyg is inverted (lumisterof) or with 3 a-OH sterols no
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precipitation occurs. In peculiar contrast with the specificity of digitonin in the
group of sterols, is the unspecific behaviour as to a variety of substances like
n-amylalcohol, geraniol, a-naphtol, p-bromophenol etc., also precipitatable by
digitonin (FIeser 1959). Of course in fat analysis no difficulty whatsoever need be
feared from this sitnation.

In the course of this investigation of the sterols present in the common edible
oils and fats, only those which can be precipitated by digitonin solution have been
studied.

1.3 STEROL VALUES IN FAT ANALYSIS

Roughly half of the unsaponifiable fraction of oils and fats consists of substances
belonging to the group of sterols precipitatable with digitonin. In quantitative as well
as in qualitative respect the sterol group is one of the most important classes of
constituents of the unsaponifiable fraction.

Whereas cholesterol is a natural marker characteristic for fats of animal origin,
vegetable oils contain a diversity of phytosterols such as S-sitosterol, stigmasterol,
y-sitosterol, and brassicasterol. This differentiation in sterol composition has found
application in fat analysis, especially in the detection of small amounts of animal fat
in vegetable fat and vice versa.

Generally, mixtures of oils and fats can be analysed by a thorough investigation of
the composition of the sterol mixture isolated with digitonin. Physicochemical proper-
ties of these sterols form the basis of a special type of guide analysis. They result in
a number of characieristic values, the so-called “sterol values” (German “Sterinkenn-
zahlen™). We distinguish:

1. Sterol content of the fat, denoted as: a;

I1. Melting point of the sterol acetates, denoted as: m;

III. Composition of the sterol mixtures, e.g. percentage of cholesterol, denoted as: c.

In oils and fats the sterols are present in the free state as well as esterified with several
fatty acids, viz. the sterol esters. The fractions of these so-called free sterols and bound
sterols were isolated and investigated separately. The above-mentioned three sterol
values were determined not only for the total-sterol fraction, but also for both fractions
of the free and bound sterols separately.

Further on we shall call the complex of sterol values the “sterol (fat) analysis” and
we propose the following notation for the sterol values of these three fractions:

1. Sterol values of the total-sterol fraction are denoted as: ag, #10, co €tc.
2. Sterol valucs of the free-sterol fraction are denoted as: &', m', ¢’ etc.
3. Sterol values of the bound-sterol fraction are denoted as: a’/, m", ¢” ete.

Table 1 presents a survey of this system of sterol values.
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TaBLE 1 Notations of the sterol values applied to fat analysis

Total-sterol Free-sterol Bound-sterol
values values values
I content ao a a’
II melting point of the acetates mg f '
III composition of the sterol
mixture viz, cholesterol per-
centage Co 4 "’
f-sitosterol percentage bo b b
stigmasterol percentage So ¥ 5
etc. ete. ete. ete.

On account of this system of characteristic values sterol analysis now has become an
important tool in fat analysis and has gained a place among the other methods,
Although in the past some of these sterol values were applied successfully to special
problems of fat analysis, no general system of sterol (fat) analysis has been described
in the literature. The various applications of this system of sterol analysis will be
illustrated in the following sections of this investigation.

1.4 APPLICATION OF THE STEROL CONTENT TO FAT ANALYSIS (sterol value a)

1.4.1 Gravimetric methods

The isolation of sterols from natural sources is facilitated by WINDAUS® discovery
(1909z) of the sparingly soluble compound given by cholesterol and the glycosidic
saponin : digitonin CssHgeOg, from Digitalis purpurea. The stero! digitonide formed
by this reaction has recently been proved to be a real molecular compound (BEHER
1957).

Cs6HpoOz9 + CarHyggO ———> CpgHpaOnp . CorHysO
digitonin cholesterol cholesterol digitonide

Applying this reaction KLOSTERMANN (1913, 1914a, 1914b) has devised a quantitative
method for the determination of the sterol content of cils and fats. In the case of a
determination of the 7ofal sterol content the method starts with saponification of the
sample. By adding an excess of hydrochloric acid the fatty acids are separated. This
is followed by extraction with an ether-petroleum ether mixture, washing this extract
with water. A 1% ethanolic digitonin solution is added; the precipitate of the sterol
digitonides is collected by filtration and the sterol content is cafculated from the
amount of dried precipitate. This procedure has been improved by many authors a.o.
SPRINKMEYER ef al. (1914) and KUHN ef al. (1914, 1915).
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The method is far superior to the older procedure of BiiMer (1898}, who isolated
the unsaponifiable fraction of a fat by successive extractions of the soap solution
with ether. The sterols are purified by repeated crystallizations of the unsaponifiable
fraction. According to MARCUSSON et al. (1914) and BERG ef al. (1914¢) the sterols
can be isolated from the unsaponifiable fraction by applying digitonin precipitation.
Theoretically, no reliable sterol contents can be obtained in this way, since even after
eight extractions some cholesterol still remains in the soap solution (KLOSTERMANN
1914b). Surprisingly, this troublesome method is apparently preferred in several even
recent publications (SCHRAMME 1939, HADORN 1954b, WoLrF 1953). TULLEKEN (cited
by ScroorL 1909, Cobex ALM. NED. 1914) devised a simplification of the procedure
by replacing the numerous extractions by perforation.

A significant improvement of the gravimetric procedures for the determination of
the sterol content of oils and fats has been introduced by DEN HeErRDER (1950, 1954,
1955). Adding the digitonin directly to the soap solution, the sterol digitonides pre-
cipitate quickly. The precipitate is filtered and contaminating soaps are removed by
washing with water. This so-called “precipitation in the soap™ method of DEN HERDER,
has been recognized and standardized internationally (I.U.P.A.C. 1954). Later
identical results were published by Cannon (1955, 1956, 1957, 1938).

The total-sterol contents of oils and fats, mentioned in this investigation, have been
determined by this method (cf. also NeD. NorM 1961).

Experimental procedure:

Weigh about 15 g of fat in a conical flask of 300 ml. Add 10.5 mi of a 40% potassium hydroxide
solution and 20 m! of 96 %4 ethanol. Connect an air cooled condensor to the flask, heat on a water
bath (while shaking) until the mixture has become clear. Continue boiling during 3 h. Then add
60 ml of water, 180 ml of 96%; ethanol and 30 ml of a 1% solution of digitonin (R. BRUNSCHWIG)
in ethanol 96 % at a temperature of about 40°C. Aliow to cool and keep at room temperature during
16 hrs. Collect the precipitate by filtering through a filter paper in a Biichner funnel. Wash with
water until free of soap, then once with 96 97 ethanol and once with ether. Transfer the precipitate,
dried at 3040°C, into a tared weighing bottle.

b a
10.a %

Total sterol content: ao = f X

wherein:
a = weight of fatin g
b = weight of digitonide in mg

The sterol content is calculated from the weight of the digitonide by multiplying with
a factor f: the quotient of the molecular weights of the sterol and the digitonide.

In the case of cholesterol, f amounts to: 13?8166_60_1 = 0.2393. The factor: 0.241,

mentioned in many papers and handbooks of fat chemistry, is based on the oid in-

correct formula of digitonin Cs5HesOss. When the fat sample consists of pure vege-
table fat a factor: f= — = (.2510, based upon the mean molecular weight of

1652.04
a f-sitosterol-stigmasterol mixture (1 : 1), applies (cf. BAUER 1943). In routine
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analysis of fat mixtures good results are obtained with mean values of 0.245 or even
of 0.25 (DEN HERDER 1953), as was already shown by WiNDaus (1910). According to
a practical interpretation of the NEDERLANDSE NORM NEN 1046 (1961) the following
quantities of fat are recommended:

30 g of fats with a sterol content of about 0.05 %] e.g. palm oil.

15 g for sterol contents of 0.05-0.209; ¢.g. coconut fat, palmkernel oil, lard, tallow
ete.

10 g for sterol contents of 0.20-0.509; e.g. butter, White grease and several liquid
oils.

5 g for sterol contents exceeding 0.50%; e.g. maize oil.

The quantities of solvents and reagents are proportionally reduced on the basis of
the above procedure for 15 g of fat. Obviously, the quantity of digitonin solution,
however, always is 30 ml. The purity and precipitating properties of the digitonin
will have to be examined periodically (SCHOENHEIMER 1933). The necessity of a cor-
rection: 0.02%; for the solubility of the sterol digitonides in the soap solution as
advocated by DEN HERDER (1955) is questioned (Roos 1961b).

The sterols of oils and fats occur partly in the free state, partly esterified with fatty
acids. A portion of the sterols is associated with carbohydrates forming glycosides
denoted as sterolins or phytosterolins, which have been detected in many vegetable
oils, e.g. in soybean oil in percentages of about 0.005-0.03. The commercial soybean
lecithins are extremely rich in these phytosterolins: 1.1-2.89; and contain also about
0.509; of free and 0.65%, of esterified sterols (JANTZEN 1934, THORNTON 1940). The
free-sterol fraction has been isolated for the first time by MARCUSSON et al. (1913}, by
precipitation of the free sterols with an ethanolic digitonin solution. After some hours
an excess of ether is added and the precipitate is filtered. This rapid and efficient
procedure has been aitered by several authors e.g. FrirzscHE (1913), SPRINKMEYER
et al. (1914), OLIG (1914}, the latter proposing the addition of warm chloroform or
benzene before the filtration of the precipitate; by HawLEy (1933) and finally by
DEN HERDER (1955), who recommends the addition of enough of a chloroform-ethanol
mixture to retain the fat in homogeneous solution,

In this investigation the content of free sterols is determined according to DEN
HERDER :

Weigh 50 g of fat in a 500-ml conical flask. Add 135 ml of a 1%{ ethanolic digitonin solution and
67 ml of chloroform, Then add such a quantity of a chloroform—ethanol (1 : 2) mixture that the fat
dissolves at 25-40°C, the solution remaining homogeneous. Switl occasionally or mix by 2 mechanic
mixer and allow the mixture to stand during 16 hrs at such a temperature that the solution remains
clear. Collect the precipitate by filtering through a paper filter in a Biichner funnel and wash out
successively with 50 ml of chloroform-ethanel (1 : 1) and 50 m! of ether, If the precipitate is not

free from fat, extract the filter and precipitate during 20 min in an extraction vessel with ether. The
precipitate, dried at 30-40°C, is transferred quantitatively into a tared bottle,

%

Free sterol content: o' = f X
10.q
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wherein:
a = weight of fat in g

= weight of digitonide in mg
f = 0.25 in routine analysis of fat mix{ures,
When analysing very hard fats, the solution is stirred at a temperature of about 40°C. The filtration
has to be carried out with a Biichner funnel, warmed with water of about 50°C. The above procedure
is suitable for fats having a free-sterol content of about 0.06-0.15%,. In the case of much higher
free-sterol contents the quantity of the fat sample can be reduced to about 25 g, When analysing
fats with low free-sterol contents e.g. palm oil an amount of fat of 100 g has to be saponified.

Recently a method has been described by which the precipitation of the digitonides
is accelerated by the addition of an aluminium chloride solution (Browx 1954,
VaHOUNY 1960a). Furthermore, some promising procedures were reported, by which
the free sterols are separated from the bound sterols by column chromatography before
their quantitative determination (TRAPPE 1942, KRUCKENBERG 1948, WYCOFF 1957),
A similar micro device based on a paperchromatographic separation of cholesterol
and cholesterol esters on silicic acid coated paper is described by QUAIFE ef al. (1959).

KLOSTERMANN et al. (1914a, 1914b) discovered that 80-909; of the cholesterol of
animal fats and especially of butter fat occurs in the free state. The phytosterols of
vegetable oils, however, are present in the free and the esterified state in nearly equal
amounts. These authors have determined the total-sterol and free-sterol contents of
several vegetable and animal fats and have calculated the percentages of bound
sterols by difference.

The bound-sterol contents given in this investigation were determined experimentally
according to the following procedure.

The combined filtrate and washings,obtained after filtering the free-sterol digitonides
are freed from volatile solvents by heating on a water bath. The bound sterols present
in the remaining fat are determined quantitatively after saponification according to
the above “precipitation in the soap” procedure.

1.4.2 Other procedures

Several other methods have been proposed for a reliable quantitative determina-
tion of cholesterol, as will be discussed now. Sterols form precipitates with several
other agents e.g. lithium chloride (ZWIKKER 1917), calcium or manganese chlorides
{(Hackmann 1950), perchloric acid (LANGE 1949), and also with other saponins e.g.
nagitine (DELsAL 1943) and the more specific tomatine (KaBara 1961), but these
methods have not found much application in practice. DREKTER ef al. (1936) have
devised a method for the precipitation of cholesterol from blood serum by a pyridine—
sulfur trioxide reagent. The sample is dissolved in benzene and a pyridine-acetic
anhydride mixture is added. The cholesterol is then converted by pyridine-sulfur
trioxide to its pyridinium sulfate, which precipitates after addition of petroleum
ether. By this method, however, a lower content of free cholesterol is obtained as
compared with the digitonin procedure.
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The following methods have been proposed, but these are seldom used in actval
practice: 1. a titrimetric method based on the digitonin precipitation (THUESEN 1943);
2. a nephelometric method for cholesterol digitonide suspensions (PoLLAK 1952); 3. a
peculiar method based on the inhibition by cholesterol of the erythrocyte haemolysis
produced by digitonin (ScHMIDT-THOME 1942) ; and 4. aititrimetric method, detertining
the amount of chromic acid required for the oxidation of cholesterol (STAUB 1947,
WAGHORNE 1952). Especially in the clinical literature several colour reactions suitable
for the determination ;of the cholesterol content of blood serum are described. These
methods are mostly based on the LIEBERMANN-BURCHARD reaction, given by an acetic
anhydride-sulluric acid reagent. The absorption of the blue-green coloured reaction
mixture is determined colorimetrically, In many clinical laboratories the experimental
procedure, described by SCHOENHEIMER et ai. (1934) and SPERRY et al. (1950) is applied.

Unfortunately, the absorption depends not only upon the sterol content but also
upon the structure of the sterol molecule. When the sample contains exclusively
cholesterol, the SCHOENHEIMER-SPERRY method gives accurate results. By a modifi-
cation of this method the cholesterol content of pure animal fats and derived food
products thus can be determined correctly (RIFFART 1934, Roos 1958). The presence
of considerable amounts of other sterols like A7-stenols, 7-dehydrocholesterol or
24-dehydrocholesterol (desmosterol), however, necessitates special, more complicated
measurements {MOORE 1952, IDLER 1953, AviGAN 1960). The rate of the LIEBERMANN-
BURCHARD reaction with A7-sterols or poly-unsaturated sterols is much higher than
with normal /5-mono-unsaturated sterols like cholesterol. The former sterols are
denoted as fast-acting, the latter as slow-acting sterols. There is also a difference in
colour intensity between the sterols of the slow-acting group. For the phytosterols
from vegetable oils extinction coefficients of 50-80%; of that of cholesterol have been
observed (IDLER 1953, Cook 1961) (see fig. 31). Because of these differences an ap-
plication of the LIERERMANN-BURCHARD reaction to the analysis of mixtures of animal
and vegetable fat encounters many difficulties.

Other colour reactions, mentioned in the literature, e.g. with TSCHUGAEFF’s reagent:
acetyl chloride and zinc chloride in acetic acid, or with iron{(III)chloride-sulfuric
acid might present similar problems. Because of this diversity of extinction coeflicient,
the time-honoured gravimetric method, by which the isolated sterol digitonide remains
available for a subsequent preparation of the sterol acetates and sterols, is to be
preferred in fat analysis. In recent papers two original methods are proposed. WEBSTER
et al. (1959) and VAHOUNY ef al. (1960a, 1960b) describe a colorimetric determination
of the digitonin part of the digitonide molecule by anthron reagent. By MICHAELS
(1958) an analogous method using an orcinol-iron{(IIl)chloride reagent is mentioned.
In these procedures the sterol part of the digitonide molecule remains intact and
available for further processing.

The spectrophotometric determination of cholesterol at 200-220 nm, proposed by
WEIGENSBERG et al. (1959} appears also very promising.
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1.4.3 Applications

Mean values of the percentages of the total-, free-, and bound-sterol fractions in

several oils and fats, gathered from the literature (KAUFMANN 1%41a, LANGE 1950,
VITAGLIANO 1958, DEN HERDER 1955) and from numerous own experiments, are given
in table 2.
The total-sterol content ie. the sterol value ao, has already been applied to many
problems of fat analysis. Obviously, adulteration of fats with a low sterol content by
a fat of high sterol content produces a significant increase in the sterol content of the
mixture. Samples of palm oil e.g. contain only 0.03-0.05%, of phytosterol. When a
sterol content exceeding 0.06 % is found, most likely the sample of palm oil is admixed
with another oil or fat. In the same way adulteration of a first quality, pure lard
(ap = 0.08°;) with refined inedible animal fat, e.g. the so-called White grease (@ =
0.2-0.4%) is detectable. Consequently, “lard”, presenting a sterol content exceeding
0.2%, is adulterated. Theoretically, it is also possible that parts of inferior quatity of
the animal tissues like brains and intestines were melted out during the manufacture
of the fat (Roos 1956). However, this procedure has also to be considered as an
adulteration of the fat, According to MEYER (1961) a differentiation between pressed
and extracted cocoa butter can be based on the percentage of sitosterols. Whereas
pressed cocoa butter contains about 0.27-0.42 % of sitosterols, the sitosterol content
of cocoa extraction fat, as measured with the LIEBERMANN-BURCHARD reaction, is
much higher viz. 1.0-2.0% (cf. chapter 7, 5).

Another example of the usefulness of the total-sterol content in fat analysis is given
by the analysis of the “synthetic butter fat” Bolzella, of which all fatty acid values
were equal to those of pure butter fat. However, a differentiation of this fat from
butter fat is enabled by a determination of the sterol content, which showed a much
lower value {ap = 0.08 %) than butter fat with ap = 0.3 % (HaNsseEN 1960, Roos 1958).

By prolonged heating or in processing a fat, ¢.g. refining, hydrogenation, the sterol
content may change. Some examples are given of a small decrease in sterol content
during the refining processes e.g. of rapeseed oil (KAUFMANN 1950), hog greases
(Roos 1956, 1958), and olive oil (VITAGLIANO 1958) (see table 3).

TaBLE 3 Changes in sterol content of fats during the refining processes, according to KAUFMANN
er al. (1950), Roos (1958), and VITAGLIANO ¢ al. (1958) respectively.

Olive oil

Rapeseed 0il  Hog grease “retiificato B
L)

7 %% A
crude oil 0.60 0.37 0.46
neutralized 0.58 0.30 0.39
bleached 0.27 0,29 0.36
deodorized 0.15 0.30 0.365
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During the hydrogenation process the sterol content decreases gradually. MARCUSSON
et al. (1914) followed this decrease during the hydrogenation of a whale oil sample:
0.13-0.10-0.07-0.07-0.05 and 0.02%,. Part of tha cholesterol may be hydrogenated to
the dextro-rotatory isomers coprostanol and dihydrocholesterol, which causes a de-
crease in the originally higher levo-rotation of the sterol mixture. In another part of
the cholesterol the structure of the 38-hydroxyl group is changed; therefore this
fraction is no more precipitable with digitonin.

During the heating of oils and fats e.g. in frying chips a considerable decrease in sterol
content results (LARSEN 1943). The sterols are changed to oxidized or polymerized
steroids like cholestadienes etc., which do not precipitate with digitonin, In the
LiEBERMANN-BURCHARD reaction these steroids may produce strong colours. After
excessive heating the sterol content of the fat may diminish to low values or even to
zero. Furthermore, the structure of the remaining sterols sometimes can be altered
considerably (see chapter 4).

1.5 MELTING POINT OF THE STEROL ACETATES AS A CHARACTERISTIC
VALUE (sterol value m)

1.5.1 Procedures

In 1901 B&MER (1901b, 1902) discovered that the presence of small amounts of phyto-
sterol acetates from vegetable oil resulted in a significant increase in the melting point
of pure cholesterol acetate prepared from butter fat. Later on this well-known phyto-
sterol acetate test (“Phytosterinacetatprobe’™) was introduced in several countries in
checks on the purity of butter samples, having suspiciously low R.M.W. values viz:
[8-25.

The melting point diagram (fig. 8) demonstrates the increase in melting point of
cholesterol acetate {melt.p.: 114.3°-115.2°C) upon. addition of even small amounts
of the higher melting phytosterol acetates (melt.p. : about 118°~135°C). Crystallization
from 969, ethanol enriches the phytosterol acetate content in the sterol acetate
mixture. Consequently, still higher melting points are obtained after this procedure,
If after several crystallizations a melting point exceeding 116-117°C is obtained, the
presence of phytosterol acetates and, therefore, of vegetable oil in the butter sample
has been proved. Amounts of 2%; of cottonseed oil in cod liver oil and 1 % of sesame oil
in butter could be detected after three respectively five crystallizations (BOMER 1901b,
1902). When analysing a mixture of butter with 24 9 of margarine (ap = 0.19,), DN
HERDER (1950) attained a sterol acetate melting point of 117°C after ten crystallizations.

Theoretically, this phytosterol acetate test only proves the presence of a foreign
sterol viz. phytosterol in the butter fat. Strictly speaking, the presence of the major
constituents of the vegetable fat viz. the triglycerides is rof demonstrated. This re-
striction has to be considered in all methods of guide analysis.
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The sterol acetate melting point, being an important characteristic value, has found
application in several other problems of fat analysis. The sterol digitonides isolated
via the method of “precipitation in the soap™ are converted into the acetates by the
acetylation procedure of WinDAUs (1909a), altered by several authors e.g. KLOSTER-
MANN (1913), OL1G (1914), KUHN ef al. (1914, 1915), STEUART (1923), HADORN ef al.
(1954a), and DEN Herper (1955). In this investigation the method described by the
last mentioned author has been used throughout.

Dissolve 100 mg of sterol digitonide in 1 ml of acetic anhydride and heat during 15-20 min in a
glycerol bath at 145°C., Cool to about 80°C and add 4 ml of 96 %, ethanol. Heat to boiling and filter
the warm solution. Carefully bring the liquid to gentle boiling and add dropwise so much water
(about 0.5-1.5 ml) that the sterol acctate is on the verge to precipitate but at the boiling point still
remains in solution. Cool during 2 hrs at room temperature and then during 4 hr in ice water. Filter
the precipitate in a micro Biichner funnel (fig. 7) and wash with 1 ml of 809 ethanol. Purify this
crude sterol acetate by two crystallizations from 1 ml of hot 96 % cthanol, Wait till the solution has
reached room temperature and then cool during 4 hr in ice water. Dry the precipitate during 1 hr
at about 30°C and then during 10 min at 100°C. Determine the end-melting point of this precipitate
carefully.

22
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N
Fis. 7. Glass micro Biichner funnel for sterof acctate
precipitates, used at the RuKSZUIVELSTATION, mentioned
by Ouc (1914), and SPRINKMEYER et al. (1914) and 3
described in detail by DeN HerDER (1955), (cf. CANNON ™~

1958). 8]

Some authors prefer a simple crystallization of the sterol acetate from the acetic
anhydride solution (HADORN 1954a). In table 4 the melting points of the phytosterol
acetates from a variety of oils and fats are compared. It should be noted, however,
that the various authors have not used the same procedure in preparing the sterol
acetates. Table 2 presents mean values of the melting points of the acetates of the
total-, free-, and bound-sterol fractions, calculated from our own experimental data, The
melting points are not affected considerably by the quality of the fat sample, as indicated
by the percentage of free fatty acids and the peroxide number (VITAGLIANO 1961).
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