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The retention characteristics were found for cholesterol and 19 of its esters with saturated and
unsaturated carboxylic acids containing 1 to 22 carbon atoms using high performance liquid
chromatography in the normal and reversed-phase systems. HPLC on silica gel in a mobile phase
consisting of heptane and 2-propanol or ethyl acetate is especially suitable for analysis of the
esters of the lower acids, while chromatography on an octadecyl silica gel sorbent in a water—
—tetrahydrofuran or acetonitrile—dichioromethane mobile phase can be successfully used for the
separation of esters with acids containing 10—22 carbon atoms, that can differ in the presence
of double bonds in the acyl or through cis—trans isomerism.

Cholesterol (cholest-5-en-313-ol, I) and its esters with carboxylic acids constitute
a group of compounds that is important in biology and technology. Primarily, it
is well known that cholesterol and its esters form an important component of animal
fats; technical applications include thermography and the optical properties of
cholesterol-based liquid crystals, employed as temperature indicators.

High performance liquid chromatography is an analytical and separation method
that is suitable for the determination of these high-boiling compounds. Compared
with thin-layer chromatography, it is faster, has higher separation efficiency and
more sensitive detection, and, compared to gas chromatography, more volatile
derivatives of these substances need not be prepared. It can also be used to separate
stereoisomers1 and compounds differing in the number and positions of the double
bonds in the molecule2'3.
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Liquid Chromatography of Cholesterol Esters 797

The literature contains a number of works in which HPLC was employed to de-
termine cholesterol and its esters in animal tissues, blood, milk, etc.; however,
mostly only selected esters or a narrow group of these compounds was considered.
Systematic works dealing with the HPLC of cholesterol derivatives include the study
of the behaviour of these substances on normal phases46, the HPLC of cholesterol
esters on reversed phases in nonaqueous eluents3'7 and evaluation of the strategy
of the determination of cholesterol and its esters in lipoproteins using HPLC on
normal and reversed phases8.

In a system with normal phases, the column packing usually consists of unmodified
silica gel, or exceptionally an amine9 or cyanogen1° phase. Useful information on
the behaviour of various cholesterol derivatives on silica gel in 30 various mobile
phases can be found in a series of articles by Japanese authors46. Work with silica
gel sorbents has the disadvantage that the retention of the analyzed substances
depends on the water content in the mobile and stationary phases; this has also been
found for the HPLC of cholesterol esters11.

This factor no longer presents a problem in reversed-phase chromatography.
Octadecyl silica gel is one of the most important sorbents for this method and the
choice of mobile phase greatly depends on the number of carbons (ne) in the esterified
acid and thus on the solubility of the esters. The determination of esters with lower
acids can be carried out using aqueous eluents, while it is preferable to separate
the esters of higher acids in nonaqueous mobile phases. Tetrahydrofuran12 or a mix-
ture of methanol with propanoP3 have been found to be suitable components of the
aqueous phase; however, most workers have employed nonaqueous mobile phases.
These have often contained acetonitrile and 2-propanol14 16, tetrahydrofuran
and chloroform7 or acetonitrile17 or some other solvents1 8

This work is devoted to a study of the chromatographic behaviour of a homo-
logous series of cholesterol esters with carboxylic acids with one to 22 carbon atoms
in systems with normal and reversed phases, in aqueous and nonaqueous eluents,
with refractometric detection.

EXPERIMENTAL

Instruments and Chemicals

The liquid chromatograph consisted of the hign-pressure minipump MC 706 (Mikrotechna,
Prague), refractometric detector RIDK 101, injection equipment LCI 20 and double pen recorder
TZ 4200 (all from LaboratornI pfIstroje, Prague). Three chromatographic columns were em-
ployed. The first (200 X 55 mm) was packed with Silasorb C18, 10 tm, VM =31 ml; the second
(250 x 4 mm) was packed with Silasorb 300 SPH C18, 85 jzm, VM = 27 ml (both sorbents
from Lachema, Brno). In the former case, the specific surface area of the initial silica gel was
248 m2 g and the carbon content after modification with octadecyl silane prior to and after
subsequent silanization with trimethyl chlorosilane was equal to l353% and 14.20%, respectively.
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The specific surface area of the silica gel in the second column prior to modification was 300 m2
g1 and the carbon content in the final product is given by the manufacturer as minimally 12%.

The third column was packed with silica gel Separon SGX, 10 jm (LaboratornI pIstroje, Prague),
VM = 26 ml, specific surface area 500 m2 g1.

All the solvents were of p.a. purity; prior to use the tetrahydrofuran (Laborchemie, Apolda,
G.D.R.) was freed of stabilizer by redistilling and, similarly to the other solvents, was dried
using molecular sieve 5A. Acetonitrile (also from Laborchemie, Apolda, G.D.R.) was only
dried and used without purification.

Chromatographed Substances

The esters of cholesterol and the substance itself are listed in Table I. The formate, valerate,
laurate, palmitate, stearate, behenate, brassidate and erucate were synthesized in the authors'
coworkers laboratory; the remaining esters and cholesterol were the products of Merck, F.R.G.
The purity of the standards was verified by measuring the melting point and transition tempera-
ture to the isotropic liquid.

Procedure

The components of the mobile phase employed for chromatography on silica gel (heptane,
2-propanol, ethyl acetate) and on the C18 phase (tetrahydrofurane, acetonitrile,dichloromethane)

TABLE I

A list of the cholesterol esters

Name of the ester Number of acyl carbons Positional isomer

Formate 1 —

Acetate 2 —

Propionate 3 —

Butyrate 4 —

Valerate 5 —

Capronate 6 —

Enanthate 7 —

Caprylate 8 —

Pelargonate 9
Caprinate 10 —

Laurate 12 —

Myristate 14 —

Palmitate 16 —

Stearate 18 —

Oleate 18 cis
Elaidate 18 trans
Behenate 22 —

Erucate 22 cis
Brassidate 22 trans
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Liquid Chromatography of Cholesterol Esters 79
were freed of traces of water using molecular sieve 5A activated for 3 h at a temperature of 200°C.
The retention characteristics of cholesterol and its esters were measured on silica gel with heptane—
—2-propanol and heptane—ethyl acetate mobile phases; chromatography in the reversed-phase
system on octadecyl silica gel columns was carried out using water—tetrahydrofuran and aceto-
nitrile-dichloromethane mobile phases. Depending on the elution solutions employed, the
samples of cholesterol and its esters were dissolved in tetrahydrofuran, dichloromethane or
heptane, in concentrations of the order of 101 mg m11 and were employed using the LCI 2U
stop-flow injection arrangement in volumes of 5—50 j.tl. The flow rate of the mobile phase
through the columns was 05 ml min1 and the eluate was studied using a refractometric de-
tector. The retention volumes VR of the chromatographed substances were measured and the
values of their capacity ratios k = (VR — VM)/VM were calculated. The dead volume VM was
measured as the elution volume of heavy water D20 in the given mobile phase. The capacity
ratio values given in the tables are the arithmetic means of the results of two measurements.

RESULTS AND DISCUSSION

Reversed-Phase HPLC (RP HPLC)
Water—Tetrahydrofuran Mobile Phase

The solubilities of cholesterol esters in methanol and acetonitrile, solvents com-
monly used in aqueous eluents in HPLC, is very low; experiments employing mobile
phases consisting only of these solvents permits the elution in an acceptable length
of time and sensitive determination by the refractometric method of only cholesterol
and its lowest esters (formate and acetate). Tetrahydrofuran is a suitable mobile
phase component, in which all the analyzed substances are dissolved and can be
successfully separated.

Table II gives the values of the capacity ratio of cholesterol and its esters deter-
mined on a Silasorb C18 column in dependence on the tetrahydrofuran content in
the mobile phase, expressed by the volume fraction (p. It can be seen that the retention
of these substances depends very strongly on the ratio of the two components in the
mobile phase and thus reliable and reproducible results can be obtained only after
careful preparation. Consequently, tetrahydrofuran was freed of traces of dissolved
water by drying using a molecular sieve, as water contents in the solvent can be
as great as several tenths of a percent; the results have shown that a difference of 1%
(v/v) in the water content in the mobile phase produces a change in the capacity ratio
of the more strongly retained esters of up to several units.

As expected, an increase in the tetrahydrofuran content in the mobile phase leads.
to a decrease in the ester retention; the relationship between log k for these sub-
stances and p for tetrahydrofuran in the eluent is linear in the measured range,
reflected in the values of the correlation coefficients r in Table II, which are mostly
smaller than —O995. The ester retention increased with increasing number of carbon
atoms in the esterified acid; the only exception was a slightly greater retention of
the formate than the acetate, probably as a result of the more intense interaction of the
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acetate with the eluent. The highest k value found in 90% tetrahydrofuran for chole-
steryl laurate and the low correlation coefficient value must be attributed to impreci-
sions in the measurement of the capacity ratios in this mobile phase. It can be seen
from Fig. 1 that the dependences of log k for the esters on the number of carbon
atoms in the corresponding acid are practically linear and that the k—ne dependence
is also almost linear. The correlation coefficient values for these two dependences
and for the water—tetrahydrofuran mobile phase are also given in Table II.

Differences were found in the retention of esters differing in the presence of a dou-
ble bond in the ester acyl (n = 18 and 22) and in the cis and trans isomers (Table II).
As expected, the unsaturated esters were eluted sooner, first the cis and then the

TABLE II

Dependence of the capacity ratio (k) of cholesterol esters on the volume fraction of tetrahydro-
furan () in the water—tetrahydrofuran mobile phase on the Silasorb C18 column

Ester (or cholesterol)
Capacity ratio k for ç (THF), %

r1"— —
65 70 75 80 90

Cholesterol 253 172 — 055 027 —0995
Formate 703 370 204 104 039 —0997
Acetate 686 374 186 099 039 —0999
Propionate 891 426 244 112 023 —0998
Butyrate 992 525 245 121 026 —0999
Valerate 1084 581 279 134 022 —0997
Capronate 1141 672 314 146 030 —0998
Enanthate 1290 729 351 156 030 —0998
Caprylate 1545 856 367 170 030 —0998

Pelargonate — 899 385 188 035 —0999
Caprinate 1026 425 198 032 —0999
Laurate — 1211 450 223 053 —0997
Myristate — 1406 563 244 045 —0999
Palmitate — 1475 589 304 041 —0997
Stearate 1721 683 302 042 —0999
Oleate — — 654 229 038 —0999
Elaidate — — 672 266 040 —0 999
Behenate --- — 835 369 047 —0998
Erucate — — 770 363 046 --0998
Brassidate —- — 788 368 045 —0998
r2 O•981 0984 0986 0989 0634
r3 0977 0990 0•993 0979 0•939

" r, r2, r3 correlation coefficients in the dependences log k = a1 + b1p, log k = a2 + b2n,
k = a3 + b3n.
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trans isomer, while the esters of saturated acids were retained more strongly. Figure 2
gives the chromatogram for the separation of a mixture of cholesterol and some of
its esters.

The Acetonitrile—Dichioromethane Mobile Phase

The main advantages of nonaqueous mobile phases are the high solubility of cho-
lesterol, its esters and related compounds in these solvents and also the fact that
the retention of the chromatographed substances does not depend on the content
of the effective elution component in the mobile phase to the same extent as in
aqueous solvents. This was also confirmed by experiments in acetonitrile—dichioro-
methane mobile phase, the results of which are given in Table III. The behaviour
of the analyzed substances on Silasorb C18 in this mobile phase were similar as
in aqueous eluent, i.e. their retention increases with increasing number of carbon
atoms in the ester acyl and with decreasing content of dichloromethane in the mobile
phase. The dependence of log k on the volume fraction of dichioromethane is prac-

15

tog k

1•0

05

0

Fio. 1
The dependence of the logarithm of the
capacity ratio (k) of cholesterol esters on the
number of carbon atoms (ne) in the esterified
acids on a Silasorb C18 column in the
water—tetrahydrofuran mobile phase. ,(THF)
in % (v/v): e 65%, • 70%, D 75%, 0 80%

FIG. 2

The separation of a mixture of cholesterol
esters on a Silasorb C18 column. Mobile
phase: water—tetrahydrofuran, p(THF) =

80%, Fm 0.5 ml min1. RI detection.
Compounds: I cholesterol, 2 acetate, 3
enanthate, 4 laurate, 5 stearate. V eluate
volume
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Liquid Chromatography of Cholesterol Esters 803

tically linear and the log k vs n dependence can also be considered linear (see r2
in Table III, Fig. 3). The different behaviour of cholesterol in the two studied mobile
phases is interesting. While cholesterol was retained less than its esters in the aqueous
phase, as expected, the opposite results were obtained in some nonaqueous media.
This is probably a result of the interactions of cholesterol and its esters with com-
ponents of the eluents. Because of its OH group, cholesterol is replaced on the
surface of the stationary phase in nonaqueous medium more intensely than its
esters.

In contrast to the results obtained in aqueous mobile phase, formate was retained
far less strongly than acetate in aqueous mobile phase.

It was found in a study of the effect of double bonds in acyl of esters and of the cis
and trans isomers and their retentions that, similarly as in the aqueous phase, the
more polar unsaturated esters are eluted sooner than the saturated and the cis
isomers are eluted prior to trans isomers; these differences can be utilized to separate
these substances (Fig. 4). Figure 5 gives an example of the separation of higher
cholesterol esters.

HPLC on Normal Phases

The removal of traces of water from the eluent constitutes a basic condition for the
obtaining of reliable, reproducible and practically useful results in chromatography
on normal phase systems on silica gel sorbent. When water is not removed, the
activity of the stationary phase and the selectivity of the system are so low that it is
even difficult to separate esters from the opposite ends of the homologous series
(i.e. differing by 20 carbons in the acyl) even in undried heptane alone; this is in
agreement with the results described in an earlier publication11.

Tables IV and V give the capacity ratio values for cholesterol esters measured on
a Separon SGX silica gel column in heptane—2-propanol and heptane—ethyl acetate
mobile phases. The retention characteristics for cholesterol are not given as it was
retained so strongly in the mobile phases suitable for the esters that its retention
could not be found under the given conditions. Even though the retention charac-
teristics of the esters in heptane—ethyl acetate and sometimes also in heptane—2-
-propanol mobile phases were determined for only three eluents differing only in
the content of ethyl acetate or 2-propanol, the results can be interpreted unambi-
guously. It follows that the retention of the esters depends strongly on the content
of 2-propanol in the mobile phase, especially at contents below 0l25% (v/v), where
a difference of 0025% leads to a change in the capacity ratio by up to several units.
It is thus necessary to measure the 2-propanol added to the mobile phase very care-
fully. This dependence is not as sharp for mobile phases containing ethyl acetate
(the log k vs log p lines have a lower slope). As expected, the retention of the esters
decreases with increasing content of 2-propanol or ethyl acetate in the eluent and

Collect Czech. Chem. Commun. (Vol. 56) (1991)



FIG. 3

The dependence of the logarithm of the
capacity ratio (k) of cholesterol esters on the
number of carbon atoms (ne) in the esterified
acid on a Silasorb C18 column in aceto-
nitrile—dichloromethane mobile phase.
ç(CH2Cl2) in % (v/v): D 5%, e 10%, •
20%, 30%, 0 40%, 0 50%

FIG. 4

Separation of a mixture of cholesterol esters
of saturated and unsaturated acids on
a Silasorb 300 SPH C18 column. Mobile
phase: acetonitrile—dichloromethane,
(CH2Cl2) = 40%, Fm = 05 ml min. RI
detection. Compounds: I oleate, 2 elaidate,
3 stearate. V eluate volume

FIG. 5

Separation of a mixture of cholesterol esters
of higher alkane acids on a Silasorb 300
SPH C18 column. Mobile phase: acetonitrile—
—dichloromethane, ço(CH2CI2) 40%, Fm =
= 05 ml min1. RI detection. Compounds:
I caprinate, 2 laurate, 3 myristate, 4 pal-
mitate, 5 stearate, 6 behenate. V eluate
volume

Collect. Czech. Chem. Commun. (Vol. 56) (1991)
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TABLE IV

Dependence of the capacity ratios (k) ofcholesterol esters on the volume fraction of 2-propanol
(gp) in the mobile phase heptane—2-propanol on the Separon SGX column

Ester
Capactiy ratio k for go (2-PrOH), %

r"
01 0125 02 05

Formate — 226 l40 035 —0996
Acetate — 479 311 064 —099l

• Propionate
Butyrate
Valerate
Capronate
Enanthate
Caprylate
Pelargonate
Caprinate
Laurate
Myristate
Palmitate
Stearate
Oleate
Elaidate
Behenate
Erucate
Brassidate

577 290
438 219
377 185
337 l70
311 14l
292 136
260 l32
253 127
224 117
205 112
l88 110
F85 103
— 127
— 112
177 097
— 095
— 098

154
112
097
0'84
077
070
065
062
058
055
O•54
053
061
066
046
054
057

027
017
008
—

007
003
001
—
—
—

—

—
—
—
—
—

—0996
—0995
—0993
—0981
---0993
—0989
—0977
—0982
—0984
—0988
—0992
—-0985

—

—

—0991
—

—

a r correlation coefficient of the function log k = a + b log go.

k

FIG. 6

Dependence of the capacity ratio (k) for
cholesterol esters on the number of carbon
atoms (ne) in the esterified acid on a Separon
SGX column in heptane—2-propanol mobile
phase. go(2-PrOH) in % (v/v): e 01%, 0
0125%, • 02% - 20

Collect. Czech. Chem. Commun. (Vol. 56) (1991)
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TABLE V

Dependenct of the capacity ratios (k) of cholesterol esters on the volume fraction of ethyl
acetate () in the heptane—ethyl acetate mobile phase on the Separon SGX column

Ester
Capacity ratio k for çø (Et

———-—--—--——-—
05 10

OAc), %
r"

15

Formate — 341 171 —

Acetate 962 576 311 —0980
. Propionate 529 290 153 —0986

Butyrate 416 222 134 —0976
Valerate 375 174 113 -—0999

Capronate 330 157 100 —0999
Enanthate 295 131 087 —0999

Caprylate 254 119 077 —0935
Pelargonate 228 108 069 —0999
Caprinate 203 100 064 —O999
Laurate 190 088 055 —0999
Myristate 184 090 046 —0991
Palmitate 179 082 044 —0996

Stearate 176 079 042 —0997
Oleate 254 092 061 —0996
Elaidate 239 078 059 —0983
Behenate 158 064 036 —0999
Erukate 198 069 — —

Brassidate 172 071 — —

a r correlation coefficient of the function log k -= a + b log p.

6

2

FIG. 7

Separation of a mixture of cholesterol esters
on a Separon SOX column. Mobile phase:
heptane—2-propanol, p(2-PrOH) = 0125%,
Fm = 05 ml min1. RI detection. Corn-

1 1

ml

pounds: I behenate, 2 caprinate, 3 enanthate,
4 valerate, 5 butyrate, 6 propionate, 7 acetate.
V eluate volume30 20 10

V.
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the log k vs log p dependences are linear with 99% probability (a poorer quality
correlation was found only for the caprylate). The results also confirmed that, in
contrast to reversed-phase chromatography, there is not a linear relationship between
the capacity ratio or its logarithm and the number of carbons in the ester acyl in
systems with normal phases on a silica gel adsorbent (Fig. 6). The retention of the
esters greatly depends on the number of carbon atoms in the acyl of the esters of the
lower acids (for 01% (v/v) 2-propanol in heptane n 12). The differences between
the capacity ratios for the higher esters increase in mobile phases with low contents
of 2-propanol or ethyl acetate (<p <01 and 05%, respectively); however, even under
these conditions, the selectivity of the system will probably still not be sufficient for
the separation of esters with n = 16—22. In addition, the retention times increase
to such a degree that the analysis would take a long time. Consequently, this tested
system of normal phases can be recommended for the separation of low cholesterol
esters; under isocratic elution conditions, esters differing in one carbon atom in the
acyl can be separated, beginning with the acetate and ending approximately with the
capronate. Figure 7 gives an example of the separation of such a mixture. Low esters
can, of course, readily be separated from high esters.

The retentions of the saturated and unsaturated esters and their cis and trans
isomers differed only slightly in the studied mobile phases and this system is thus
not suitable for the separation of the isomeric esters of higher acids.

In conclusion, high-performance liquid chromatography is a suitable method for
the analysis of mixtures of cholesterol esters; the advantages of systems with normal
or reversed phases can be utilized for concrete separation problems. The former
are preferable for the analysis of the esters of the lower alkane acids (n 10), while
reversed phases can be recommended for the efficient separation of higher esters
(n � 10), that can also differ in the presence of double bonds in the acyl chain or
cis—trans isomerism, using both aqueous and nonaqueous mobile phases.
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