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Abstract Using a 1,3-regioselective lipase as a catalyst,

soybean oil and olive oil were interesterified with the

short-chain triacylglycerol tributyrin (1,2,3-tributyryl-

glycerol) to produce mixtures of structured triacylgly-

cerols (SL-TAG). The SL-TAG were purified by

column chromatography and analyzed by both normal-

phase (silica column; NPSIL) and reversed-phase [octa-

decyl silane (ODS) column] high-performance liquid

chromatography (HPLC). Individual SL-TAG molec-

ular species were detected by evaporative light-

scattering detection, and characterized by mass spec-

trometry. NPSIL HPLC successfully separated the newly

synthesized SL-TAG into two groups of TAG: one

composed of one butyryl group and two long-chain fatty

acyl groups (from soybean or olive oil); the second was

composed of two butyryl groups and one long-chain

fatty acyl group. The SL-TAG species were further

analyzed by reversed-phase HPLC which gave a more

detailed separation of the TAG species present in the

two SL-TAG.

Keywords APCI mass spectrometry evaporated light-

scattering detection � Low-calorie structured lipids �
Reversed-phase and normal-phase high-performance

liquid chromatography

Introduction

The nature and type of fatty acyl residues in a partic-

ular triacylglycerol (TAG) species govern its metabolic

fate and putative health benefits as well as its physical

and chemical properties. To impart the selected de-

sired properties to a TAG molecule, intentional mod-

ification of its fatty acyl composition can be done by

directed interesterification [1]. Certain microbial lip-

ases preferentially catalyze interesterification rather

than hydrolysis when the reaction medium contains

limited water content. In such a fashion, by using a

regioselective lipase the interesterification of natural

fats and oils can be modified to have a predetermined

composition and/or distribution of fatty acyl groups on

the glycerol backbone [2–4]. Such modified lipids are

termed structured lipids (SL) and the production of SL

by lipase-catalyzed interesterification has become a

topic of much recent interest. From a health perspec-

tive, SL can be designed for nutritive and/or thera-

peutic purposes targeting specific metabolic conditions.

The low-calorie SL developed by Nabisco food

group is called SALATRIM, an acronym for short and

long-chain acyl triacylglycerols, and is produced by
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chemical (e.g., sodium methoxide) catalyzed esterifi-

cation [5]. In such molecules, the short-chain (e.g.,

acetic, propionic, and butyric) fatty acyl groups provide

fewer calories than long-chain fatty acyl groups. Thus,

SL-TAGs composed of long-chain and short-chain

fatty acyl groups have a lower caloric content than

common long-chain acyl TAG molecules.

In this study, soybean oil or olive oil were inter-

esterified with tributyrin (1, 2, 3-tributyrylglycerol) in

lipase-catalyzed reactions to produce SL in the form of

TAG molecules. Rhizomucor miehei lipase immobi-

lized on a macroporous anion exchange resin (RM IM)

was used as the biocatalyst. The SL products were then

partially purified by Florisil column chromatography

[6]. Normal-phase (silica column, NPSIL) and reversed

phase (ODS column) high-performance liquid chro-

matography (HPLC) combined with an evaporated

light-scattering detector (ELSD) and a mass spec-

trometer (MS) were used to separate and characterize

individual molecular species in the interesterified SL-

TAG mixtures.

Materials and Methods

Materials

Tributyrin and silica gel 60 precoated thin-layer chro-

matography (TLC) plates were purchased from Sigma

Chemical Co. (St. Louis, MO, USA). Soybean oil and

extra virgin olive oil were obtained from CJ Co. (Seoul,

Korea). The respective fatty acyl compositions were:

soybean oil (fatty acid, mol%) are C16:0, 13.3; C16:1,

0.1; C18:0, 4.31; C18:1, 24.9; C18:2, 51.23; C18:3, 5.7;

and C20:0, 0.3; olive oil (fatty acid, mol%) is composed

of C16:0, 10.7; C16:1, 1.7; C18:0, 3.5; C18:1, 74.3; C18:2,

3.9; C18:3, 6.7 and C20:0, 0.3. Immobilized lipase (RM

IM) was provided by Novo Nordisk Biochem, North

America Inc. (Franklinton, NC, USA). Hexane, ace-

tone, ethylene chloride, and acetonitrile were from

Burdick and Jackson (Muskegon, MI, USA). Methyl-t-

butyl ether (MTBE) was obtained from J.T. Baker Inc.

(Phillipsburg, NJ, USA). All solvents used were HPLC

grade.

Synthesis and Partial Purification of Structured

Lipids

Tributyrin (0.5 g) was interesterified with an equal

weight of soybean oil or olive oil using RM IM (0.1 g,

10 wt% of substrates) as biocatalyst. A screw-cap vial

placed in a water-jacketed beaker with magnetic stir-

ring at 200 rpm was used as the reactor. Reactions

were run for 24 h at 65 �C. After reaction, each prod-

uct was mixed with 100 mL hexane and applied to a

chromatography column (30 cm · 10 mm i.d.) packed

with Florisil (30 g, 100–200 mesh) to separate the free

fatty acids (FFA) from TAG molecules. After sample

loading the eluate flow rate was adjusted to 2.3 ml/min,

and 90 ml elution solvents (hexane with increasing

amounts of diethyl ether) were sequentially applied to

the column. Fractions containing mainly TAG were

identified by TLC and pooled for subsequent HPLC

analysis. After evaporating the solvent under nitrogen,

each sample was redissolved in hexane (normal phase)

or acetone (reversed phase) and filtered through a

disposable fluoropore polytetrafluoroethylene (PTFE)

membrane filter (Sigma Chemical, St. Louis, MO,

USA) for HPLC analysis [7]. As standards of TAG for

HPLC, 0.5 g of tripalmitin, tristearin, triolein, and tri-

linolein were each individually interesterified with an

equal weight of tributyrin using the reaction conditions

described above.

HPLC Analysis

After column chromatography, an aliquot of the

product was analyzed by HPLC. A Hewlett-Packard

Model 1050 HPLC equipped with a quaternary pump,

autosampler, and evaporative light-scattering detector

(ELSD) Varex MKIII (Burtonville, MD, USA) was

used for the analysis. The operating temperature of the

ELSD was 30 �C and nitrogen was used as the nebu-

lizing gas at a pressure of 1.5 bar. NP-HPLC separa-

tions were made on a Chrompack Si60 (5 lm, 300 ·
3.0 mm i.d., Varian Instruments, Walnut Creek, CA,

USA) at a solvent flow rate of 0.43 ml/min. A binary

solvent system of 15% methyl-t-butyl ether and 85%

hexane (each solvent was fortified with 0.4% acetic

acid) was used as mobile phase using separation

conditions described previously [6]. Nonaqueous

reversed-phase HPLC was conducted on a Beckman/

Altex Ultrasphere ODS column (5 lm, 4.6 · 250 mm,

Fullerton, CA, USA). A binary gradient system com-

posed of acetonitrile and ethylene chloride was used as

the eluant at a flow rate of 0.8 ml/min using the fol-

lowing solvent elution profile: acetonitrile/ethylene

chloride (85:15, v/v) for 10 min; followed by a linear

increase in ethylene chloride to 55:45 over 10 min; hold

for 10 min; followed by a linear increase in ethylene

chloride concentration to 40:60 over 5 min and hold for

5 min. HPLC-MS was performed with a Hewlett-

Packard Model 1050 HPLC coupled with a Rheodyne

7125 manual injector (Cotati, CA USA) and a HP

Model 5989A quadrupole mass spectrometer engine

interfaced with the atmospheric-pressure chemical
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ionization (APCI) attachment (HP Model 103722)

operated in the positive-ion mode. Nitrogen (99.9%)

was used as drying gas (temperature, 350 �C) and

nebulizing gas (temperature, 350 �C; pressure, 50 psi).

Mass spectrometer parameters were as follows: EM

voltage, –2.9 kV; HED voltage, –10 kV; CapEx, 100V;

quadrupole temperature, 150 �C. Full mass spectra

(150–1050 mass range) were recorded every 0.7 s and

ions recorded with a mass error of ±0.2 mass units.

Results and Discussion

The lipase RM IM from Rhizomucor miehei is re-

garded as being sn-1, 3-selective-lipase in the hydro-

lysis and/or interesterification of TAG with a

preference for short-chain acyl groups such as butyryl

(C4) residues. Interesterification of olive oil or soybean

oil with tributyrin is expected to produce a complex

mixture of SL-TAG molecular species (Fig. 1). In the

initial stages of the reaction, TAG molecules are ini-

tially hydrolyzed to diacyl- and monoacyl-glycerols and

FFA. The partial acylglycerols from the oils are com-

posed of several combinations of long-chain fatty acids

and hence form several combinations of monoacyl- and

diacyl-glycerols and several FFA. As interesterification

progresses, subsequent recombination of the partial

acylglycerols and FFA occur to form a complex mix-

ture of SL-TAG molecular species.

The chromatogram for the normal-phase separation

of the SL-TAG product obtained by interesterification

of olive oil with tributyrin is shown in Fig. 2 and pro-

posed TAG structures giving rise to the peaks shown

are listed with the nominal mass in Table 1. Assign-

ment of structure for TAG(s) under each chromato-

graphic peak was made from HLPC-MS analysis of the

observed TAG protonated molecule ([M + H]+) and/

or from the fragmented ion produced by the loss of the

fatty acyl moiety ([M-RCOO]+). The structures (i.e.,

the sn position) reported in the Tables under the

chromatographic peaks was achieved by extracting the

ion chromatogram of specific [M-RCOO]+ fragments

and interpretation of the corresponding spectrum. The

nominal masses for [M + H]+ and [M-RCOO]+ are

reported for each individual retention time peak in the

corresponding Tables. The identification of the

[M + H]+ and [M-RCOO]+ are commonly used for

characterization of TAG in overlapping components

eluting under a HPLC peak using APCI mass spec-

trometry analysis [6–8]. As in previous work [6], with

the APCI-MS conditions used in this study it was found

that fully saturated TAG did not give rise to [M + H]+

ions (peaks 4 and 7, Table 1). In general, for unsatu-

rated TAG species the intensity of the [M + H]+ in-

creased with the degree of unsaturation and/or

concentration of the individual TAG giving rise to that

SL-TAG peak [7]. In line with this analysis it is seen

from Table 1 that for the largest SL peak in Fig. 2

(peak 5) only the [M + H]+ for BBO was observed

whereas [M-RCOO]+ are observed for BBO and BBP-

SL. From the data in Table 1, it is seen that with the

normal-phase HPLC method used in this study, SL-

TAG products containing one butyryl group and two

long-chain acyl residues (peaks 2 and 3, Table 1) and

SL-TAG containing two butyryl residues and one long-

chain acyl residue (peaks 4–6, Table 1) were readily

separated from TAG composed only of long-chain acyl

residues and unreacted tributyrin (peaks 1 and 7, Ta-

ble 1). From the analysis, Fig. 2 shows that SL-TAG

species containing two butyryl and one long-chain acyl

residue (e.g., BBO; BBP) were most abundant in this

interesterified product (peak 5, Table 1). The normal-

phase HPLC chromatogram of the SL-TAG product

obtained by interesterification of soybean oil with

tributyrin is shown in Fig. 3. Characterization of the

TAG species in this SL product was done as above

from an analysis of the observed [M-RCOO]+ and

[M + H]+ ions listed with the nominal mass in Table 2

that characterized the TAG species under the desig-

nated peaks shown in Fig. 3. In this example more

TAG species are present in the SL product since the

fatty acyl composition of soybean oil is more complex

compared to olive oil [9–12]. A similar HPLC separa-

tion profile of TAG species was obtained as above

based on the number of butyryl residues in the SL-

TAG. In this instance, Fig. 3 shows that SL-TAG

Fig. 1 Expected triacylglycerol structures produced in lipase-
catalyzed interesterification of soybean/olive oil with tributyrin.
[L long-chain fatty acyl moiety (C16 and C18) in soybean/olive
oil, B butyryl acyl moiety]
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species containing two butyryl residues (peaks 9–12,

Table 2) are more abundant compared to those con-

taining one butyryl residue (peaks 4–8, Table 2). For

both SL products, SL-TAG species containing one

long-chain acyl residue and two butyryl residues were

expected to dominate as a result of the mole ratio of

reactants used in this study. Within a relatively short

analysis time (17 min), however, both SL products

could be effectively separated by HPLC depending on

their degree of butyryl substitution on the starting

substrate oil.

The application of nonaqueous reversed-phase

HPLC to the analysis of the same SL products allowed

for a more detailed separation of the SL-TAG species

in each product as well as their structural determina-

tion by APCI mass spectrometry. In contrast to nor-

mal-phase HPLC, where SL-TAG separation is based

on the polarity of a given TAG species, in reversed-

phase HPLC the separation of TAG species is based

the concept of theoretical carbon number (TCN),

which is based on the combination of total number

carbon atoms and double bonds of the acyl groups in

the SL-TAG [10]. With this HPLC method, a more

detailed separation of TAG molecules could be ob-

tained, thus allowing for a more detailed identification

of TAG species in each SL product [13, 14]. Figures 4

and 5 show the reversed-phase HPLC chromatograms

of the SL products obtained by interesterification of

olive oil and soybean oil with tributyrin, respectively.

With this method, the SL products were further sepa-

Fig. 2 ELSD chromatogram for the normal-phase HPLC sepa-
ration of triacylglycerols in the structured lipid produced from
olive oil and tributyrin by lipase-catalyzed interesterification.
Designated number on each peak is explained in Table 1

Table 1 Triacylglycerol species present in the structured lipid
product from the interesterified olive oil and tributyrin as sepa-
rated by normal-phase HPLC and characterized by APCI-MS

Peak #a Rt (min) TAGb [M-RCOO]+c [M + H]+c

1 7.5 POO 577, 603 859
OOO 603 885

2 9.9 PBO 383, 409, 577 665
OBO 409, 603 691
PBP 383, 551 ndd

3 10.6 POB 409, 577 665
OOB 409, 603 691

4 14.6 BBS 411, 215 nd
5 15.0 BBO 409, 215 497

BBP 383, 215 nd
6 15.9 BOB 409, 215

BPB 383, 215 497
BBL 215, 407 nd

7 23.7 BBB 215 nd

a Peak numbers correspond to those shown in the normal-phase
HPLC chromatogram shown in Fig. 2
b Proposed triacylglycerol (TAG) structure: B butyryl, P pal-
mitoyl, O oleoyl, S stearoyl, and L linoleoyl
c Fragment ions and protonated molecular mass (nominal mass)
as detected by APCI mass spectrometry
d nd not detected

Fig. 3 ELSD chromatogram for the normal-phase HPLC sepa-
ration of triacylglycerols in the structured lipid produced from
soybean oil and tributyrin by lipase-catalyzed interesterification.
Designated number on each peak is explained in Table 2
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rated into SL-TAG species based on the theoretical

carbon number (TCN) of the TAG species (Tables 3

and 4). The reversed-phase HPLC chromatogram of

the interesterified olive oil product is shown in Fig. 4

and the corresponding mass identification data for the

separated TAG species are listed in Table 3. For these

products, a TAG peak corresponding to BBO (peak 5,

Table 3) is the most abundant TAG species containing

two butyryl residues and one long-chain residue,

whereas for TAG species containing one butyryl resi-

due and two long-chain residues, the dominant SL-

TAG molecules are OOB (OBO) (peak 8, Table 3).

Figure 5 shows the reversed-phase chromatogram ob-

tained for the SL product from soybean oil intereste-

rified with tributyrin, and Table 4 lists the TAG species

identified in this product using the same MS analysis

protocol. In general, TAG molecules containing two

short-chain acyl residues have a lower TCN than TAG

containing one short-chain fatty acyl residue, which

results in their earlier elution in reversed-phase HPLC.

Overall, it was found that the NPSIL HPLC readily

separated SL-TAG species into two classes of SL base

on the number of short- and long-chain acyl residues

whereas the reversed-phase HPLC method was able to

resolve the SL into their individual SL-TAG species

based on their TCN. Although critical TAG pairs

(same TCN numbers) do coelute they can be detected

based on the [M-RCOO]+ ions observed in the APCI-

MS spectrum for that TAG peak (Table 3, peak 4).

The presence of isomeric TAG [8] in a given TAG

peak can also be inferred from an inspection of the [M-

RCOO]+ ions for a given peak (Table 4, peaks 6 and

11).

The SL products prepared in this study have po-

tential use in low-calorie food ingredients and hence a

detailed analysis of their TAG composition was nee-

ded to fully characterize the products for these in-

tended applications. In general the normal-phase

HPLC method effectively analyzed SL-TAG species

composed of short- and long-chain fatty acids in

Table 2 Triacylglycerol species present in the structured lipid
product from the interesterified soybean oil and tributyrin as
separated by normal-phase HPLC and characterized by APCI-
MS

Peak #a Rt (min) TAGb [M-RCOO]+c [M + H]+c

1 7.8 OOL 601, 603 883
OLP 575, 577, 601 857

2 8.1 OLL 599, 601 881
LLP 599, 575 855
LSP 579, 603 ndd

3 8.4 LLL 599 879
LnLP 575, 597 853

4 10.0 OBO 409, 603 691
OPB 383, 409, 577 nd
BPP 383, 551 nd

5 10.5 OBL 407, 409, 601 6,890
OOB 409, 603 nd
PBL 383, 407, 575 664

6 11.1 LBL 407 687
LnOB 405, 409, 599 687
OBL 407, 409, 601 689
LnPB 383, 405 nd

7 11.6 LLB 407, 599 687
OLnB 409, 599 nd
LBLn 407 685

8 12.3 LLnB 407, 597 685
9 14.6 BBS 215, 411 nd
10 15.1 BBO 215, 409 497

BBP 215, 383 nd
11 15.9 BLB 215, 407 495

BBLn 215, 405 493
12 16.8 BLB 215, 407 495

BLnB 215, 405 493
13 23.7 BBB 215 nd

a Peak numbers correspond to those shown in the HPLC chro-
matogram shown in Fig. 3
b Proposed triacylglycerol (TAG) structure: B butyryl, P pal-
mitoyl, O oleoyl, S stearoyl, L linoleoyl, and Ln linolenoyl
c Fragment ions and protonated molecular mass (nominal mass)
detected by APCI mass spectrometry
d nd not detected

Fig. 4 ELSD chromatogram for the reversed-phase HPLC
separation of triacylglycerols in the structured lipid product
produced from olive oil and tributyrin by lipase-catalyzed
interesterification. Designated number on each peak is explained
in Table 3
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shorter times but individual TAG species in the SL

product were better separated using the reversed-

phase HPLC method. These HPLC methods not only

were effective in analyzing products synthesized by li-

pase-catalyzed interesterification but also can be used

to monitor the contents of a desired SL-TAG species

formed by lipid modifications with lipase-catalyzed

reaction.
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