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Abstract The synthesis of structured triacylglycerols
(TAG) by the enzymatic reaction between sn-1,3-diacyl-
glycerols (sn-1,3-DAG) and conjugated linoleic acid
(CLA) isomers was studied. Both the substrates of the
reaction were produced from vegetable oils, the sn-1,3-
DAG from extra virgin olive oil and the CLA isomers from
sunflower oil. The enzymatic reactions between these
substrates were catalyzed for 96 h by an immobilized
lipase from Rhizomucor miehei (Lipozyme IM) and the
reactions carried out in solvent were monitored every 24 h by
using high-performance liquid chromatography-evaporative
light scattering detector (HPLC-ELSD). The enzymatic
reactions were carried out in different reaction media
(hexane, isooctane and solvent free) and with different
CLA/sn-1,3-DAG ratios. Total % acidic composition and
structural analysis data were evaluated to verify the
presence of CLA isomers in sn-2- position of synthesized
TAG. The results showed good levels of CLA incorpora-
tion in sn-1,3-DAG, from 19.2% of TAG synthesized in
solvent free conditions with a 0.5:1 substrate ratio, to
47.5% of TAG synthesized in isooctane with a 2:1 sub-
strate ratio. It was observed that for all the reaction media,
the best sn-2- acylic specificity was obtained with a 0.5:1
substrate ratio.
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Introduction

The term conjugated linoleic acid (CLA) refers generically
to a class of positional and geometrical isomers of conju-
gated octadecadienoic acids, two of which (cis9, transl1
and transl0, cis12 CLA) are known to possess biological
activity [1].

Many studies have shown beneficial effects of CLA
isomers on human and animal health; it has been demon-
strated that the main CLA isomers protect against
tumorigenesis [2], stimulate the immune system [3], pre-
vent diabetes [4], reduce the incidence of atherosclerosis in
rabbits [5, 6] and hamsters [7]. Moreover dietary CLA
reduce body fat mass and affect gene expression of proteins
regulating energy metabolism in mice [8].

Endogenous production of CLA isomers by humans is
very limited, therefore, a very large proportion of CLA
found in the body tissue is from dietary origin [9].

At present, there is a great interest in CLA as nutritional
complements and different products are now commer-
cially available [10] as free fatty acids (FA) or alkyl ester
mixtures.

Many studies have been carried out on the synthesis of
structured triacylglycerols (TAG) containing CLA isomers
by lipase-catalyzed reactions, among which esterification,
transesterification or acidolysis reactions [11-13]. McNeill
et al. [14] developed a method for the enzymatic enrich-
ment of cis9, trans11 and trans10, cis12 CLA isomers and
for the incorporation of each enriched fraction into palm
oil TAG with Rhizomucor miehei lipase. Another piece
of research dealt with the preparation of regioisomers of
structured TAG containing 1 mol of CLA and 2 mol of
caprylic acid [15]. Villeneuve et al. [16] proposed a
chemoenzymatic synthesis of structured TAG containing
CLA in the central position and lauric acid at the external
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ones. The enzymatic approach in structured lipids syn-
thesis is attractive since the reaction conditions are mild
and a control of the FA distribution is possible even if the
main drawback is represented by the occurrence of an
acyl migration phenomena, in particular regarding the
intermediate diacylglycerols (DAG) [17]. It has been
demonstrated that absorption and metabolism of FA
depend on the esterified position on the TAG backbone;
in fact, it is well known that the ones located at the
central sn-2- position are rapidly absorbed; in fact,
pancreatic lipase quickly hydrolyzes the sn-1- and sn-3-
positions to give sn-2-monoacylglycerols (MAG), easily
absorbed [18].

This research was carried out with the objective of
synthesizing structured TAG containing CLA isomers
starting from sn-1,3-DAG, obtained from extra virgin olive
oil (EVO) and CLA, obtained from sunflower oil. The
sn-1,3-regiospecific immobilized lipase, Lipozyme IM,
from R. miehei was used; different CLA/sn-1,3-DAG ratios
and different reaction media (hexane, isooctane and solvent
free) were studied to obtain high incorporation of CLA
isomers into the free sn-2- position of sn-1,3-DAG.
The reactions carried out in solvent were monitored using
high-performance liquid chromatography-evaporative light
scattering detector (HPLC-ELSD). The regiospecific
analysis of the structured TAG was carried out using the
a-MAG procedure.

Materials and Methods
Materials

The linoleic acid conjugated methyl esters mixture (cis9,
transll and transl0, cisl2-octadecadienoic acid methyl
esters, containing <1% linoleic acid methyl ester; catalog
number 05632) was purchased from Sigma-Aldrich
(St. Louis, MO, USA).

Lipase from R. miehei (Lipozyme IM), immobilized on
an anionic exchange resin, 42 U/g, was obtained from
Fluka (Chemika, Buchs, Switzerland).

Solvents and reagents were of analytical grade, pur-
chased either from Sigma-Aldrich or Fluka; the HPLC
grade solvents were from Carlo Erba Reagents (Milan,
Italy) or J.T. Baker (Mallinckrodt Baker B.V., Deventer,
Holland).

Methods
Production and Isolation of sn-1,3-DAG

The production of sn-1,3-DAG was carried out as repor-
ted in a previous work [19]. The typical FA mol%
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composition of the sn-1,3-DAG was: palmitic acid
(C16:0; 12.2%), palmitoleic acid (C16:1n-7 + n-9 isomer;
0.8%), stearic acid (C18:0; 1.9%), oleic acid (C18:1n-9
+ n-7 isomer; 78.7%), linoleic acid (C18:2n-6; 5.0%),
linolenic acid (C18:3n-3; 0.5%) and arachidic acid
(C20:0; 0.3%).

Preparation of CLA Isomers from Sunflower Oil

The alkaline hydrolysis of sunflower oil, the LA purifica-
tion with urea and the alkaline isomerization of LA to CLA
isomers were carried out following the procedures reported
in a previous work [20]; the phase of LA purification
was carried out three times. The FA mol% composition
of the obtained CLA isomer mixture was determined
after methylation reaction [21] and high-resolution gas
chromatography (HRGC) analysis. CLA isomers were
identified in comparison with CLA standard mixture.

A typical CLA mixture FA mol% composition was:
C18:1n-9 + n-7 (1.2%), C18:2n-6 (0.3%), and total CLA
(98.5%) with the following isomeric distribution: ¢9,711
(48.1% isomer/total CLA), t10,c11 (47.9% isomer/total
CLA), t,t isomers (2.1% isomer/total CLA) and other CLA
isomers (1.9% isomer/total CLA).

Production and Isolation of TAG

The substrates sn-1,3-DAG and CLA isomers, in different
CLA/sn-1,3-DAG molar ratios (0.5:1; 1:1; 2:1), were
reacted with Lipozyme IM, 15% by weight of substrates.
The used enzyme was previously dried: it was washed
three times with fresh dry ethanol, filtered under vacuum,
oven-dried at 50 °C and then stored in an anhydrous
ambient [22]. The reaction was stirred (100 rpm) for 96 h,
in an amber closed vial in a dark place, at 40 °C in solvent
free conditions and in two different organic solvents,
hexane and isooctane (1 ml/70 mg by weight of total
substrates). The reactions carried out in solvent were
monitored as follows: every 24 h an aliquot (20 pl of the
total reaction volume) was withdrawn and stopped by
filtering (0.2 um nylon membrane filter, Corning Incorpo-
rated, Corning, Germany). The mixture was dried under a
nitrogen stream. The residue was dissolved in chloroform/
methanol (2:1, v/v); 10 pl were analyzed by HPLC-ELSD.
The analyzes were carried out using a gradient pump,
Models 305 and 307 (Gilson, Middletown, WI, USA), a
Lichrosorb Si-60 column (5 um, 250 x 4.0 mm i.d.,
Merck, Darmstadt, Germany) and an ELSD (Sedex 55,
S.E.D.E.RE., France), operating at 40 °C and a nitrogen
pressure of 240 kPa. The chromatograms were acquired
and the data handled using the Class-VP software
(Shimadzu, Kyoto, Japan). The samples were analyzed by
gradient elution: the mixture hexane/isopropyl alcohol
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(95:5, v/v) was maintained for the first 6 min at a flow rate
of 0.7 ml/min, then it was changed to the mixture hexane/
isopropyl alcohol (80:20, v/v) at a flow rate of 1.0 ml/min,
that was held for 20 min; then the column was recondi-
tioned with hexane/isopropyl alcohol (95:5, v/v) with a
flow of 0.7 ml/min.

At the end of the reaction (96 h), the mixture was
washed with hexane and filtered. The TAG synthesis
products were subjected to thin layer chromatography
(TLC) to isolate the TAG fraction from trace amounts of
reaction reagents and by-products (MAG and DAG frac-
tions), using silica gel plates (SIL G-25, 20 x 20 cm,
0.25 mm, Macherey-Nagel, Germany). A mixture of
petroleum ether/diethyl ether/formic acid (70:30:1, v/v/v)
was used as the developing solvent for the TLC. The TAG
fraction (Rf =~ 0.75) was scraped off and extracted from
silica by a mixture of hexane/diethyl ether (50:50, v/v;
10 ml x 3); the organic extracts were pooled and the sol-
vent was evaporated using a nitrogen stream. The TAG
fraction was analyzed to obtain total and positional FA
mol% compositions.

Analysis of Total FA Composition (% mol)
of the Synthesized TAG

To evaluate the total FA composition of the synthesized
TAG, 3 mg were dissolved in 1 ml of hexane and then
0.2 ml of 2 N methanolic KOH were added; after 3 min,
water was added and the upper organic phase, containing
the FA methyl esters (FAME) was dried over anhydrous
Na,SO, and then concentrated under nitrogen stream for
HRGC analysis. The apparatus and the chromatographic
conditions for HRGC analyzes of FAME were the same as
reported in a previous work [19].

Structural Analysis of the Synthesized TAG: Chemical
Procedure using o-MAG

To carry out the structural analysis, TAG were subjected to
partial chemical hydrolysis with the Grignard reaction as
reported by Turon et al. [23]. The obtained a-MAG were
transesterified and the FAME analyzed by HRGC as
described for total TAG.

The acidic composition (% mol) of the sn-2-position
was calculated applying the following formula

A2 =3 XAt—Z XA|(3)

where

A, % intrapositional composition of FA esterified in
sn-2-position

A, % total composition of FA esterified in all the three
sn-positions of TAG

A3 % intrapositional composition of FA esterified in

sn-1(3)-positions.

Statistical Analysis

Three samples for each reaction medium were analyzed
and the results were reported as mean values £ standard
deviations (SD).

Results and Discussion

The enzymatic esterification of the sn-2- position of sn-1,3-
DAG with CLA isomers showed many advantages over
chemical procedure [24]: mild reaction conditions, fewer
side products, the reaction by filtration is easily stopped,
easy recovery of the enzyme giving an opportunity for its
reuse. Anhydrous Lipozyme IM was found to give the best
yield of esterification with respect to not anhydrous Lipo-
zyme IM and to the other screened lipases, both sn-1,3-
specific and aspecific (data not shown) and, therefore, was
selected for use in the subsequent studies.

All the reactions carried out in a solvent were monitored
every 24 h for 96 h by using HPLC-ELSD; the Figs. 1 and
2 show the % composition of the acylglycerol species
TAG, sn-1,3-DAG and sn-1,2-DAG for the reactions
carried out in isooctane and in hexane, respectively, at
three different CLA/sn-1,3-DAG ratios (0.5:1, 1:1, 2:1; A,
B and C, respectively). The values were reported as % area,
calculated by area normalization without considering the
FA area. The MAG % composition was not represented
because it was always <2.7%.

The best TAG% production after 24 h was obtained in
isooctane (42%) with a 1:1 CLA/sn-1,3-DAG ratio, even if
for all the reactions the highest TAG% was reached after
96 h, from 67.2% for the reaction carried out in hexane
with a 0.5:1 ratio to 87.3% for the one carried out in iso-
octane with a 1:1 ratio. The sn-1,2-DAG % composition
was always <12.1, for all the considered reactions; their
presence in the reaction medium could be due to hydrolytic
phenomena catalyzed by Lipozyme IM, both on sn-1,3-
DAG and on synthesized TAG or could be due to intra-
molecular isomerization of sn-1,3-DAG, even if the
sn-1,3-DAG are more stable than sn-1,2-DAG [25]. The
reactions performed with a 0.5:1 CLA/sn-1,3-DAG ratio
were mainly subjected to these phenomena.

No particular differences were observed by the com-
parison of the composition trends of the reactions carried
out in the two different solvents; however, all the enzy-
matic syntheses, catalyzed by anhydrous Lipozyme IM,
gave good results.
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Fig. 1 Composition (% area) of enzymatic reactions in isooctane,
catalyzed at 40 °C by anhydrous Lipozyme IM. CLA/sn-1,3-DAG
ratio: 0.5:1, 1:1, 2:1; A, B and C, respectively

After 96 h the reactions were stopped and the TAG
obtained were analyzed to determine their total FA mol%
composition and subjected to structural analysis in order to
verify the FA regiodistribution in the glycerol backbone.
Tables 1, 2, and 3 show the FA% compositions of struc-
tured TAG, a-MAG and sn-2-position, obtained after 96 h
with three different CLA/sn-1,3-DAG ratios (0.5:1, 1:1,
2:1, respectively) and in three different media: (1) isooc-
tane, (2) hexane, (3) solvent free.

The % incorporation of CLA isomers in sn-1,3-DAG
increased by increasing the CLA/sn-1,3-DAG ratio; the
lowest value was 19.2% in solvent free conditions with a
0.5:1 CLA/sn-1,3-DAG ratio, while the highest one was
47.5% in isooctane when the ratio was 2:1. The CLA
isomer % contents in TAG obtained at the final reaction
time were generally higher than those reported in the
literature [15, 16]. Obviously the values higher than
33.3% could be indicative of the occurrence of acyl
migrations. It should be noted that these percentages were
mainly represented by ¢9,¢11- and #10,c12-CLA isomers,
reported as primarily responsible of the beneficial
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Fig. 2 Composition (% area) of enzymatic reactions in hexane,
catalyzed at 40 °C by anhydrous Lipozyme IM. CLA/sn-1,3-DAG
ratio: 0.5:1, 1:1, 2:1; A, B and C, respectively

physiological effects of CLA family, while the #~CLA
isomers, which could be formed from ¢9,711- and ¢10,c12-
isomers because of isomerization processes, were present
in low percentages (about 2.5%); this value was, in any
case, higher than that one obtained with the chemical
procedure [20], perhaps because the enzymatic reaction
temperature was higher.

The composition, mol%, of the other FA esterified in the
structured TAG was similar to that one of EVO used for the
enzymatic production of sn-1,3-DAG.

To confirm the hypothesis of the occurrence of acyl
migrations and to verify the regiodistribution of CLA iso-
mers in the synthesized TAG, a procedure based on
chemical deacylation of TAG was used; this method uti-
lized the a-MAG class, so that the FA mol% composition
of the sn-2- position was indirectly obtained by calculation.
The use of this structural procedure was suggested from
the results of a previous work [24], which reported
better results when compared with the enzymatic one (pan-
creatic lipase hydrolysis), which may suffer from acylic
specificity.
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Table 1 Structured TAG (0.5:1 CLA/sn-1,3-DAG ratio): total, -MAG and sn-2- position FA compositions

FA TAG* TAG® TAG* »MAG*  «-MAG®  «-MAG®  sn-2-* sn-2-° sn-2-°
C16:0 89+01 94+£03 93+03 89+02 94+02 106+03 87+06 95+06 6.7+ 04
C16:1n-9+4n-7 05+00 06+00 06+00 08+00 05+£00 13£00 00+£00 08x02 —-09+02
C18:0 16+02 17401 1.7£02 21£02 17£00 22£01 05£00 1.6=x0.1 0.8 £ 0.0
C18:1n-9+n-7 603 41 635+37 642+£38 658£06 669£01 652+£20 49.1+£04 567+03 622104
C18:2n-6 40£01 44+£04 424+£02 4302 42£00 41+£02 33+£00 48=+00 43 £0.0
C18:3n-3 05+01 06+£01 05£01 03£01 04£00 03+£00 08+01 1.1+00 0.8 £ 0.0
C20:0 04+00 05+00 03+£00 02£00 03£00 02+£00 06+£00 08=x0.1 0.7 £ 0.0
c9,111-CLA 113+07 89+05 82+05 81+02 76+01 75+£03 17.7+£04 115+£02 9.5+0.2
t10,c12-CLA 112+ 04 86+05 84+04 80£02 76+01 76=£02 17.7+£00 105+£0.1 10.1 0.1
t,t-CLA 07+02 11+01 144+02 08+01 09+£01 05£00 06=£01 15+£03 324+05
Other CLA isomers 0.6+0.1 07+00 124+01 05400 04+£00 05£00 09+£01 12+£0.1 27+03
Total CLA isomers 23.8 19.3 19.2 174 16.5 16.1 36.9 247 25.5

Mean values, mol% =+ SD, n = 3

* Isooctane

° Hexane

¢ Solvent free

Table 2 Structured TAG (1:1 CLA/sn-1,3-DAG ratio): total, -MAG and sn-2- position FA compositions

FA TAG* TAG® TAG* +MAG'  -MAG®  «-MAG®  sn-2-° sn-2- sn-2-¢
C16:0 79+01 79+£03 91+£03 87+£02 106£03 89+03 61+04 24101 94 £ 0.6
C16:1n-9+4n-7 05+00 05+00 06+00 06+00 05+00 05£00 04+£01 04=+£01 0.6 + 0.1
C18:0 13+£02 124+£01 13£01 16£00 17£00 17£01 06=x£00 0300 0.5+ 0.0
C18:1n-9+n-7 534 +36 51.7+£30 540£32 574+£02 560£01 574+£17 454+£03 431+02 472403
C18:2n-6 3601 36£03 38+£02 394+00 43x£00 38+£02 3.0£00 22%00 37+0.0
C18:3n-3 04+01 04+£00 04+£00 04+£00 03£00 04£00 03£00 05+£00 0.3+ 0.0
C20:0 024+00 024+00 02£00 03£00 01£00 03£00 01+£00 06=x0.1 0.1 +£0.0
c9,111-CLA 160+ 10 161 +10 147+10 129+02 134+02 11.8+£04 222+05 215+04 203+04
110,c12-CLA 153+05 1624+09 146+07 126 +00 122+01 113+£03 207+£00 240+03 212402
t,t-CLA 08+02 114+01 09+£01 09£01 05£00 29+£02 04+£01 23x+05 -31£05
Other CLA isomers 0.7+0.1 1.1+00 05+01 07401 0300 0900 07£01 26=£03 -0.1+£0.0
Total CLA isomers 32.8 34.5 30.7 27.1 26.4 26.9 44.0 50.4 38.3

Mean values, mol% =+ SD, n = 3
? Isooctane
® Hexane

¢ Solvent free

The structural analysis showed that CLA isomers were
also esterified in sn-1(3)- positions, occurring because of
interesterification reactions catalyzed by the enzyme in
these positions and because of isomerization processes of
acylglycerol species. The percentage of CLA isomers in the
sn-1(3)- positions increased by increasing the CLA/sn-1,3-
DAG ratio; the lowest value was 16.1% in solvent free
conditions with a 0.5:1 CLA/sn-1,3-DAG ratio, while the
highest one was 44.9% in hexane when the ratio was 2:1.
The reactions carried out in isooctane showed the highest

incorporation of CLA isomers in the sn-1(3)-positions, for
each considered ratio.

The best incorporation of CLA isomers in the free sn-2-
position of sn-1,3-DAG was obtained when the CLA/sn-
1,3-DAG ratio was 2:1, in particular when the reactions
were carried out both in isooctane and in hexane. When the
ratio was 1:1, high values (54.4%) were reached in the
presence of hexane.

It can be concluded that all the enzymatic syntheses
catalyzed by anhydrous Lipozyme IM permitted to produce

&) Springer ANOCS &



132

J Am Oil Chem Soc (2009) 86:127-133

Table 3 Structured TAG (2:1 CLA/sn-1,3-DAG ratio): total, a-MAG and sn-2- position FA compositions

FA TAG? TAG® TAG® -MAG*  o-MAG®  «-MAG®  sn-2-° sn-2-° sn-2-°
C16:0 66+01 66+02 68+02 70+02 7.0+02 70+02 58+04 57+03 63=+04
C16:1n-9+n-7 04+00 044+00 04+00 06+00 06+00 054+00 02+00 01+00 03=+0.1
C18:0 11+02 1.1£01 10401 1.14+00 11+00 11+£00 10£00 10+01 08=+00
C18:1n-9+n-7 409 £28 41.1+24 435+26 428 +01 428 +0.1 438+ 13 37.0+03 37.8+02 428 +03
C18:2n-6 30£00 29403 30+£02 31400 304+00 30+01 27400 27+00 31=£00
C18:3n-3 04+01 03+£00 03+£00 03+00 034+00 03+00 04+00 03+00 04=£00
C20:0 02+00 02+£00 02+£00 02400 024+00 02+00 02+00 02+00 0.1=£00
9,111-CLA 228+ 14 227+14 209+14 214+03 212+03 208408 256405 256+05 21.0+04
110,c12-CLA 221407 222412 203+09 212+00 21.0+02 204+06 238400 247403 20.1+02
1,+-CLA 16+04 14+£01 25+03 14+01 16+01 17+01 21+£03 08=+£02 40=+07
Other CLA isomers 1.0+02 1.14+00 11+01 08+01 11+£01 11401 13+02 12+01 10+0.l
Total CLA isomers 47.5 474 44.8 44.8 44.9 44.0 52.8 523 46.1

Mean values, mol% =+ SD, n = 3
# Isooctane

® Hexane

¢ Solvent free

structured TAG with good levels of CLA isomers in the
sn-2- position; in particular the reactions carried out with a
0.5:1 CLA/sn-1,3-DAG ratio gave the lowest degree of
acyl migration. The results of the structural analysis,
obtained with the described procedure, showed that the
reactions carried out with a 2:1 CLA/sn-1,3-DAG ratio
gave the best CLA incorporation in thesn-2- position in all
the media that were considered, in particular in ones per-
formed in organic solvents.
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