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Normal-Phase High Performance Liquid Chromatographic
Separation and Characterization of Short- and Long-Chain

Triacylglycerols
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Summary

Short- and long-chain triacylglycerols (SLCT) are a
family of lipids prepared by chemical or enzymatic
interesterification of triacetin, tripropionin and/or
tributyrin, and long-chain (Cye118) hydrogenated vege-
table oils. In this study, a normal-phase cyanopropyl
high-performance liquid chromatographic (HPLC)
method was developed for the separation and quantifi-
cation of SLCT. The method is capable of separating
SLCT mixtures, free fatty acids and the neutral lipid
classes of saturated long-chain triacylglycerols, diacyl-
glycerols and monoacylglycerols. To characterize the
specific SLCT classes, a normal-phase HPLC procedure
using a non-modified silica column was developed to
separate the SLCT into individual isomers based on to-
tal carbon number and position of fatty acids on the
glycerol backbone. Online coupling with a mass detec-
tor (LC/MS) allowed the identification of the individual
triacylglycerol structures.

Introduction

Recently, mixed short-and-long-chain triacylglycerols
(SLCT) have become commercially available for use as
alternative reduced-calorie fats. SLCT are prepared by
sodium methoxide-catalyzed interesterification of
short-chain triacylglycerols, e.g. triacetin, tripropionin
and/or tributyrin, and fully hydrogenated long-chain
vegetable oils using variable mole ratios of reactants.
The SLCT interesterification products are a mixture of

three types of SLCT triacylglycerol structures; the first
type contain two short-chain and one long-chain acyl
residue (SSL), the second one short-chain and two long-
chain acyl residues (LLS), and the third three long-
chain acyl residues corresponding to interesterified hy-
drogenated vegetable oil substrate [1].

SLCT obtained by chemical interesterification have
completely random TAG structures when the reaction
occurs at temperatures that maintain phase homogene-
ity [2]. Our interest in this low-calorie class of restruc-
tured lipids is the development of directed enzymatic
routes for their synthesis.

A suitable new method for the characterization of
SLCT should allow detecting SLCT of randomized or
non-randomized composition in the presence of other
lipid classes, such as long-chain triacylglycerols (TAG),
free fatty acids (FFA), monoacyl- (MAG) and diacyl-
glycerols (DAG). Like all complex lipid mixtures, it is
difficult to separate and detect most of these individual
components using a single chromatographic method.
The gas chromatographic (GC) determination of fatty
acids as their methyl esters (FAME) is routinely used to
characterize the fatty acid profile of a lipid. Since SLCT
contain the short-chain acyl groups — acetyl, propionoyl
and/or butyroyl - the quantitative recovery of FAME
from the reaction medium is difficult because of their
volatility and partial solubility in water [3]. In addition,
the determination of individual lipid class profiles by
GC analysis requires a pre-separation step with subse-
quent derivatization.

Lipid analyses by high-performance liquid chromatog-
raphy (HPLC) has become very attractive with the in-
troduction of the evaporative light-scattering detector
(ELSD) for peak detection and quantification and by
the interfacing for HPLC with a mass spectrometer for
component identification. For example, Huang et al. [4]
developed a method for the identification and quantifi-
cation of SLCT from canola oil and triacetin/tri-
propionin in foods after total fat extraction by super-
critical fluid extraction (SFE) with carbon dioxide. The
method included online particle beam HPLC-mass



spectrometry to identify individual triacylglycerols in
SFE fat samples and reversed-phase HPLC with ELSD
for individual TAG quantification. This method al-
lowed for the separation of individual SLCT and distin-
guished them from the medium-chain TAG of hydroge-
nated coconut oil in 55 minutes. The method, however,
did not give data on residual TAG from the hydroge-
nated vegetable oil. The study also did not include
SLCT containing butyroyl residues. Finally, the capabil-
ities of this RP-HPLC method were rather limited for
the concomitant analysis of residual FFA, DAG and
MAG, if present.

Mixtures of lipid classes are more amenable to separa-
tion by silica-based normal-phase HPLC rather than re-
versed-phase HPLC. Christie and Hunter reported that
they were unable to separate 1(3)-long-chain diacetyl
TAG from their isomeric 2-acyl-sn-glycerol counter-
parts by silica or reversed-phase columns. However,
they were able to separate 1(3) long-chain diacetyl TAG
of defined stereochemistry on a diol-bonded phase [5].
The separation of free fatty acids (FFA) and neutral
lipids was initially reported by El-Hamdy and Christie
[6] on a normal-phase cyano column (NPcy) using a
mobile phase gradient of methyl -butyl ether (MTBE),
hexane and acetic acid. Foglia and Jones subsequently
obtained a complete baseline separation of all neutral
lipid classes including free fatty acids, alkyl esters, TAG,
DAG and MAG esters using a distinctly improved gra-
dient program [7]. The lipid classes were quantitated by
use of an ELSD. As the latter HPLC method was opti-
mized for the compositional analysis of alkyl esters de-
rived from fats and oils, it had to be further modified to
meet our needs for the analyses of a series of SLCT sam-
ples obtained from the interesterification of triacetin
and hydrogenated soybean oil from residual fatty acid
esters, free fatty acids, triacylglycerols, 1,2- and 1,3-di-
glycerides, and 1 (2)-monoglycerides.

In this paper, we describe the analysis of SLCT. This
technique provides a general approach for the charac-
terization of neutral lipids in natural and modified lipid
mixtures.

Experimental
Materials

As areference standard for HPLC analysis, a Salatrim™
mixture from interesterification of hydrogenated soy-
bean oil and triacetin and tripropionin (23SO) was ob-
tained as a gift from Pfizer Central Research (Groton,
CT, USA). The SLCT mixture analyzed in this study
was produced by lipase-catalyzed reaction of hydroge-
nated soybean oil (Nabisco Foods, Indianapolis, IN,
USA) and triacetin (Mangos and Foglia, unpublished
results).

The following lipid standard, purity 99 %, was obtained
from NuChek Prep, Inc. (Elysian, MN, USA): methyl
stearate, tristearin, distearin, monostearin; each compo-
nent was 25 % of the mixture. Stearic acid was obtained

from Sigma Chemical Co (St. Louis, MO, USA). All sol-
vents used were HPLC grade: methyl #-butyl ether
(MTBE) was obtained from J.T. Baker Inc.
(Phillipsburg, NJ, USA) and hexane was obtained from
Burdick and Jackson (Muskegon, MI, USA). Glacial
acetic acid was analytical reagent grade obtained from
Mallinkrodt (Paris, K'Y, USA). Solvents used to make
up HPLC gradients were degassed by helium sparging
prior to chromatography.

Methods
HPLC Analysis of Reaction Mixtures

Over the time course of the reactions, samples contain-
ing approximately 25 mg of lipids were removed period-
ically and added to 1 mL of a hexane-chloroform-acetic
acid mixture (190:50:1) containing tributyrin as the in-
ternal standard. The samples were then filtered through
disposable Fluoropore™ PTFE membrane filters
(Millipore, Bedford, MA, USA). Two drops of the fil-
trate were diluted in 0.5 mL hexane-MTBE-acetic acid
(95:5:0.4 v:v) and analyzed by HPLC:

In method 1 (NP-N-HPLC), analyses were made on a
Phenomenex (Torrance, CA, USA) cyanopropyl (CN)
column (250 x 4.6 mm i.d.) with a guard column (30 x
4.6 mm i.d.) of the same phase. Separation was obtain-
ing using a binary mobile phase gradient of hexane (sol-
vent A) and MTBE (solvent B), each containing acetic
acid (0.4 %), at a flow rate of 1.0 mL min~! [7]. The gra-
dient used in this study was modified for the purpose of
separating single long-chain TAG and di- and mono-
acylglycerols from the newly formed short-and-long-
chain TAG molecules. The initial ratio of solvent A to
solvent B (100:0) was increased linearly to 90:10 over
the first 6 min, then increased linearly to 20:80 over 10
min. Reequilibration of the column with solvent A was
completed after 6 min. HPLC was conducted using a
Hewlett-Packard (Wilmington, DE, USA) 1050 series
liquid chromatograph with solvent cabinet, autosamp-
ler, and quarternary pump module. A Varex model IIA
evaporative light scattering detector (Burtonsville, MD,
USA) was used for analyte detection.

In method 2 (NPg;-HPLC), separation was conducted
using a Hewlett-Packard (Wilmington, DE, USA) 1050
series liquid chromatograph with solvent cabinet,
autosampler, and quarternary pump module. Separa-
tions were made isocratically on a Chromegasphere
Si60, 3 pm, 250 x 4.6 mm (ES Industries, Cherry Hill,
NJ, USA) at a flow rate of 0.5 mL min~l. The mobile
phase used was hexane : MTBE : acetic acid (82.5:17.5:
0.4 %). Sample volume was 20 puL. Mass spectrometer
hardware and parameters were: online LC-MS, HP
Model HP5989A quadrupole mass spectrometer cou-
pled to a HP1050 liquid chromatograph via direct liquid
APClI interface HP5998A (Hewlett-Packard, Palo Alto,
CA, USA) operated in the positive ion mode. Parame-
ters: EM voltage —2906; HED voltage ~10%, scan range
100-1000; threshold -50; sampling —2; Quadrupole tem-
perature 150 °C, CapEx 100; Drying gas N, 330 °C,
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Figure 1

NPcn-HPLC chromatogram of the products from the Carica papaya latex-catalyzed interesterification be-
tween triacetin (TAc), adsorbed to silica powder, and hydrogenated soybean oil. 1 = stearic acid, 2 = tristearin,
3=LLS;,4=LLS;, 5=SSL1, 6 = SSLy, 7 = diacylglycerols, 8 = monoacylglycerol. (S) = acetyl residue, (L) =

palmitoyl or stearoyl residues.

nebulizing gas N,, 350 °C. Computer method:
APCIPOS. Full mass spectra were recorded every 0.7 s
in the mass range from 100-1000 over the entire elution
profile and stored on the computer hard drive. Subse-
quently, single ion profiles were recalled from the
stored data and analyzed for both molecular and frag-
ment ions. Values for characteristic [M-RCOO]* ions
were taken from the literature [8].

High-temperature capillary gas chromatography
(HTGC) equipped with an FID detector was used for
quantification of SLCT mixtures using cold on-column
injection using a previously published protocol [9].

Results and Discussion

The separation of FFA, TAG, DAG, and MAG mix-
tures in the Carica papaya latex (CPL)-catalyzed
interesterification of hydrogenated soybean oil (SO)
and triacetin obtained with this modified system is
shown in Figure 1. Under the conditions used, there was
resolution of four acetyl-containing SLCT. With the un-
availability of a commercial SLCT standard the follow-
ing structures were assigned to the newly formed SLCT
according to their elution time and proposed composi-
tion: LLS;, LLS,, SSL;, SSL,. The two groups of SLCT
of interest are represented by the abbreviations LLS;
and SSL;. The first group contains one acetyl residue (S)
and two stearoyl and/or palmitoyl (L) residues on the
glycerol backbone, whereas the second group contains
two S residues and one L residue. The SLCT are well
separated from accompanying hydrolysis products of
the SO substrate resulting in the appearance of long-

chain free fatty acids, diacylglycerols (DAG) and
monoacylglycerols (MAG). Hydrolysis occurred be-
cause of the water present in the CPL catalyst [9]. The
sensitivity of the ELSD under the optimum detector
conditions, 40 °C at a nitrogen flow of 1.5 L min~1, was
not sufficient enough to detect triacetin. Triacetin could
only be detected at very high concentrations at a reten-
tion time (tg) of 12.1 min (peak not shown in Figure 1).

This NP~y HPLC system was used to optimize the enzy-
matic interesterification of triacetin and hydrogenated
soybean oil throughout the tests to reduce hydrolytic
side reactions and to increase the yield of the desired
SLCT. Salatrim™ 23S0, which contains almost 90 %
by wight of SSL [8], was the targeted SLCT to mimic a
chemically produced SLCT composition. The latter was
obtained by random interesterification of hydrogenated
soybean oil and the tri-short triacylglycerols (SSS)
triacetin and tripropionin in a 11:1:1 mole ratio, respec-
tively [1]. To confirm retention times, this material was
used as a reference mixture of SLCT. All TAG compo-
nents in the mixture had at least one long-chain fatty
acid residue. The fatty acid composition (% by weight)
of this material was 26.24 % for C2:0, 3.28 % for C3:0,
7.77 % for C16:0 and 55.88 % for C18:0 by GC. The sep-
aration of the components of 23SO is shown in Figure 2.
Tributyrin was used as internal standard. Compared to
the reverse phase HPLC chromatographic procedure
published by Huang et al. [4], where acetyl-distearoyl-
glycerol eluted at tg = 50 min, the separation of the
TAG molecules in 235O with the NPcy system was
achieved in 9 minutes, but in reverse elution order of
SLCT.
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Figure 2

NPcn-HPLC chromatogram of a commercial SLCT (23SO): 1= LLSy; 2 = LLSy; 3 = mixed SSL of acetic and
propionic acid; 4 = SSLy; 5§ = SSLo; 6 = diacylglycerols. S = acetyl residues; L = palmitoyl or stearoyl residues;

IS = internal standard (tributyrin).

The chromatogram in Figure 2 shows separation of the
group of mixed, propionoyl and acetyl-containing SLCT
from the LLS as well as SSL triacylglycerols. The rela-
tive concentrations of the grouped SLCT structures of
acetyl-containing compounds (group 1: LLL, group 2:
LLS: LLS; + LLS,, and group 3: SSL: SSL+SSL,) were
found to be in good agreement with values calculated by
a statistical model for random interesterification [1].
The compositional data for 23SO for SSL : LLS : LLL
were found to 88.5:11.1: 0.4 % by weight, respectively.

To stretch the chromatographic system (NPcn-HPLC)
to its limits and to investigate the elution behavior of
SLCT, separation of a lipase-catalyzed SLCT contain-
ing acetic (A), propionic (P), and butyric acid (B) was
conducted. Figure 3 shows the separation of this mix-
ture of SLCT.

The separation of SLCT with NP-n-HPLC exhibited a
distinct periodicity. The separation is apparently based
on a combination of chain length of the long-chain fatty
acid (LCFA) moieties (stearic and/or palmitic acid) and
some type of polarity factor related to the short-chain
fatty acid (SCFA) present. It was assumed that all three
SCFA esterified to the glycerol backbone in the SLCT
impart some diacylglycerol or monoacylglycerol charac-
ter, respectively, to the TAG molecule of LLS and SSL.
This observation seemed to be comparable to the fre-
quently reported influence of acyl carbon number, re-
duced by the number of double bonds, on the partition
number of TAG during RP-HPLC.

As expected the use of this model, developed for non-
polar phases, for estimating peak retention times of
SLCT that contain saturated SCFA and LCFA, did not
result in a satisfactory explanation for their observed

elution order. The equation especially failed in the case
of the elution sequence for the following three TAG
compounds: the LLS, diacetyl-stearoylglycerol, tri-
butyrin, and the mixed SSL, acetyl-butyroyl-stearoyl-
glycerol. Tributyrin eluted shortly after LLS, but sur-
prisingly before the mixed SSL. It, therefore, can be as-
sumed that an acetyl residue esterified to the glycerol
backbone has a much larger effect on the elution char-
acteristics of SLCT than does a propionoyl or butyroyl
residue.

Quantification of Acetylated Triacylglycerols

Tributyrin was used as an internal standard to correct
for changes in volume during sample preparation. A
SLCT calibration curve was established from the peak
area ratio of total 23SO peak areas to the internal stan-
dard tributyrin (data not shown). As previously shown
[4], quantification approaches utilizing HPLC with
ELSD detection were not entirely linear using
tributyrin but proportional to some power of the con-
centration of the corresponding compound due to its
partial volatility under the conditions used. Absolute
concentrations of SLCT, therefore, were determined
using high-temperature capillary gas chromatography.

Identification

The process of chemical interesterification results in a
random distribution of the SCFA and LCFA esters onto
the glycerol backbone. The molar ratios of the LLL and
SSS reactants determine the relative concentration of
the various possible SLCT products and their isomeric
structures. The distribution of SLCT species for a ran-
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Figure 3

NPcn-HPLC chromatogram of an SLCT obtained by enzymatic interesterification of 23SO and tributyrin. 1=
stearic acid; 2 = tristearin; 3 = LLSg; 4 = SSsL; 5 = LLSA; 6 = SgSaSB; 7= LSSA; 8 = LSpSA; 9 =LSASp; 10 =
LSaSa;11=SALSA;12=1,3-monostearin. Sa = acetyl; Sp = propionyl; and Sp = butyroyl residues, respectively;

and L = palmitoyl or stearoyl residue.

dom interesterification reaction can be precisely pre-
dicted from the mole ratio of the fatty acids present in
the reaction mixture. To use the mathematical model it
is necessary that excess tri-short-chain TAG (SSS) be
removed from the final SLCT product. Based on the
model for SLCT interesterification [1], 20 isomeric
SLCT structures for 23SO were predicted to occur at
0.1 % by weight or greater. This model also predicted 9
SLCT structures having a concentration of 1 % by
weight or higher. Separation on NPy resulted in the
detection of only 7 compounds. Group 3 (SSL) was ex-
pected to contain 4 isomers amounting to 73.76 % by
weight of total SLCT: 1,2-diacetyl-3-stearoylglycerol
(SSL), 1,3-diacetyl-2-stearoylglycerol (SLS), 1,2-di-
acetyl-3-palmitoylglycerol (SSL), 1,3-diacetyl-2-pal-
mitoylglycerol (SLS), accounting for 43.25, 21.63, 5.92,
and 2.96 % by weight, respectively. Due to the variabil-
ity in fatty acid content in SO and small deviations of
predicted vs. actual SLCT weight percentages, the exact
identity of the two SSL components separated by NPy
was not possible.

Separation of SLCT Isomers

Separation of the single SLCT isomer structures was
achieved on a normal-phase silica column (NPyg;) using
an isocratic mobile phase of hexane:MTBE:acetic acid
(Figure 4). Identification was made on an online LC/MS
quadrupole mass spectrometer coupled online via direct
liquid APCI interface and operated in the positive ion
mode. Full mass spectra were taken in the mass range
from 100-1000 (m/z) over the entire elution profile. Sin-
gle ion profiles were analyzed for both molecular and

fragment ions. Values for characteristic [M-RCOO]*
ions were taken from the literature [8]. The major ions
for the peaks separated by HPLC were as follows.
Masses for ions [M-RCOO]* were calculated for the fol-
lowing diglyceride fragments: m/z 607, DG 36:0 (18:0-
18:0); m/z 579, DG 34:0 (18:0-16:0); m/z 383, DG 20:0
(18:0-2:0); m/z 355, DG 18:0 (16:0-2:0); m/z 100, DG 4:0
(2:0-2:0).

Conclusion

The present high-performance liquid chromatography
system using a normal-phase cyanopropyl column
(NPcn HPLC) initially was developed to separate neu-
tral lipid classes. With further modifications, we have
now found that the method is additionally able to sepa-
rate SLCT containing the short-chain acids butyric,
propionic and acetic. The SLCT eluted in a time window
between the long-chain TAG from hydrogenated vege-
table oil and their respective diacyl- and monoacyl-
glycerol derivatives. Complete separation could be
achieved of the major components of SLCT mixtures
that contained one or two moles of the short-chain fatty
acids studied. The separation of symmetrical and asym-
metrical SLCT-containing acetyl and propionoyl resi-
dues also was feasible. This is in contrast to results ob-
tained on reversed-phase columns [4], where separation
of SLCT is based on total number of carbon atoms and
double bonds only. Separation of SLCT by NPg;-HPLC
combined both the power of RPgps-HPLC and NPcn-
HPLC in regard to acyl positional differences and total
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Figure 4

NPsii-HPLC chromatogram of an SLCT obtained by chemical interesterification of hydrogenated soybean oil
and triacetin and tripropionin at a 1:11:1 ratio (% by weight). For peak identification, see Table 1.

Table I. Triacylglycerol (TAG) structures for SLCT separated by
NPsii-HPLC.

Peak* Ry (min) major ions proposed
(m/z) structure
1 6.851 579, 607 18:0-18:0-16:0
3 8.124 397,369 18:0-3:0-16:0
4 8.770 397, 607 18:0-18:0-3:0
S 9.160 383, 607 18:0-2:0-18:0
7 10.721 383, 607 18:0-18:0-2:0
8 10.980 579,355 18:0-16:0-2:0
10 14.889 397,173 18:0-3:0-2:0
1 15.392 369,173 16:0-3:0-2:0
12 16.151 383,173 18:0-2:0-3:0
13 16.680 383,397 2:0-18:0-3:0
14 17.136 355,369 2:0-16:0-3:0
15 20.001 383,159 18:0-2:0-2:0
16 20.879 355,159 16:0-2:0-2:0
17 21.917 388 2:0-18:0-2:0
18 22.609 355 2:0-16:0-2:0

* Peak numbers correspond to SLCT found in Figure 4

acyl carbon number of SLCT. Thus, identification of
SLCT is possible using NPg;-HPLC and an online-
coupled mass spectrometer.

Separation of SLCT by NPy also is suitable for detect-
ing low levels of unreacted triacylglycerols, free fatty ac-
ids, and di- and monoacylglycerols in edible fats and
oils, as well as the broad range of lipid classes of short-

and-long-chain TAG that may be encountered in the
analysis of this class of lipids. The data show that this
versatile HPLC method was effective in detecting the
progress of unreacted triacylglycerols and the ratio of
hydrolysis in the enzyme-catalyzed interesterified mix-
tures.
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