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Abstract The present research deals with the synthesis of
structured triacylglycerols (TAG) by enzymatic treatment
of sn-1,3-diacylglycerol (sn-1,3-DAG) with conjugated
linoleic acid (CLA) isomers using the immobilized lipase
from Rhizomucor miehei (Lipozyme® IM) under different
experimental conditions. In particular, the influence of
reaction parameters, such as temperature, enzymatic load,
reaction time and DAG/CLA ratio has been evaluated
using an experimental design software with a screening
objective. Two responses have been selected, they are the
percentage of CLA isomers in total TAG and in the sn-2-
position and a three-level-4-factor fractional factorial
experimental design was used to screen the variables. The
results showed that the selected experimental variables
have an influence on the enzymatic reaction, in particular,
the DAG/CLA substrate ratio and the temperature, both of
which inversely correlated with CLA incorporation, but
also the enzymatic load and the reaction time, both directly
correlated with CLA incorporation. The best results for
CLA isomer % content both in total TAG (46.3%) and in
the sn-2- position (52.2%) were obtained at 40 °C for 96 h,
with 20% enzymatic load and a 0.5 reactive ratio.
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Introduction

Enzymatic modification of fats and oils for the production
of specific structured lipids has been of great interest for a
long time [1, 2]. Structured lipids are tailor-made fats and
oils with improved nutritional or physical properties
because of modifications to incorporate fatty acids (FA) or
to change the position of existing FA on the glycerol
backbone. Polyunsaturated FA, among which those of the
n-3 series, have been added to natural lipids with the
objective of improving their nutritional value [3-5]. Also
conjugated linoleic acid (CLA) isomers have been used for
designing structured lipids in order to obtain “added
value” lipids [6-10], in fact, some CLA isomers have been
shown to exhibit beneficial effects on animals, such as
antiadipogenic, anticarcinogenic, antiatherogenic, antidia-
betogenic and antiinflammatory properties [11-15]. Few
papers have tested the effects of CLA isomers on humans
and long-term randomized clinical trials, controlled with
placebo, need to be made using large samples of patients to
evaluate the efficacy and safety of CLA isomers [16].

The enzymatic modification of lipids, if compared with
chemical catalysis, is very attractive since the reaction
conditions are mild and a control of the FA distribution is
possible, even if the occurrence of acyl migration of
intermediate partial acylglycerols [17] could compromise
the isomeric purity of the products.

Numerous experimental parameters, among which,
temperature, enzymatic load, time, reaction medium, water
activity [18] affect the enzymatic reactions carried out in
order to obtain structured lipids, with the objective of
improving the nutritional or functional characteristics of
natural lipids. Statistical design strategy is useful for
evaluating the influence of reaction parameters on struc-
tured lipids production and for optimizing the conditions of
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the synthetic reactions. The application of experimental
design in food technology has been successfully demon-
strated through many publications [19-21].

The importance of the different reaction variables can be
determined statistically by conducting a screening experi-
ment. Screening designs are typically used in the early stages
of experimental work when many factors need to be investi-
gated, and it is likely that some of these factors have little or no
effect on the responses measured. Factors that are identified as
important by screening experiment design can be investigated
more thoroughly in subsequent optimization experiments.

This research has been carried out with the objective of
evaluating the influence of some reaction parameters, such
as time, enzymatic load, temperature and DAG/CLA ratio,
in the enzymatic synthesis of structured TAG containing
CLA isomers. The substrates were represented by sn-1,3-
DAG, obtained from extra virgin olive oil and CLA, syn-
thesized starting from sunflower oil. The immobilized
lipase from Rhizomucor miehei, Lipozyme® IM, has been
used because it was found to give the best yield of esteri-
fication with respect to other screened lipases, both sn-1,3-
specific and aspecific [22]. The regiospecific analysis of the
structured TAG has been obtained using the chemical
deacylation of TAG, the analysis of the obtained sn-1(3)-
monoacylglycerols (MAG) and the calculation of the FA%
composition of TAG sn-2- position.

The influence of the reaction parameters has been
evaluated using an experimental design software, pur-
chased from Umetrics AB, MODDE 5.0 .

Materials and Methods
Materials

Linoleic acid conjugated methyl ester (cis- and trans-9,11-
and -10,12-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 purchased from
Fluka (Buchs, Switzerland).

Solvents and reagents used were of analytical grade,
purchased either from Sigma-Aldrich or Fluka.

Modde 5.0 was purchased by Umetrics AB (Umea,
Sweden).

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

The products of the enzymatic ethanolysis reaction of olive
oil were treated for 48 h with anhydrous Lipozyme® IM at
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25 °C under magnetic stirring in an amber-colored opened
vial, in a solvent-free system under vacuum [23]. The
sn-1,3-DAG were isolated by TLC, then an aliquot (5 mg)
was derivatized and analyzed by high resolution gas
chromatography (HRGC).

The FA composition (mol%) of the sn-1,3-DAG, as
mean values of two determinations, was: palmitic acid
(C16:0; 12.7%), palmitoleic acid (C16:1 n-7 + n-9 isomer;
0.8%), stearic acid (C18:0; 1.8%), oleic acid (C18:1
n-9 + n-7 isomer; 77.9%), linoleic acid (C18:2 n-6; 5.6%),
linolenic acid (C18:3 n-3; 0.7%) and arachidic acid (C20:0;
0.4%).

Preparation of CLA Isomers

CLA isomer production was carried out starting from
sunflower oil. The oil was subjected to alkaline hydrolysis
in order to obtain FA; then the linoleic acid purification
with urea and the alkaline isomerization of linoleic acid to
CLA isomers were carried out following the procedure
reported in a previous work [24]; in this research, the
linoleic acid purification was carried out three times
instead of two. The CLA isomer mixture was stored at
—20 °C.

The FA composition (mol%) of the obtained CLA
mixture was: C18:1 n-9 + n-7 (1.2%), C18:2 n-6 (0.3%),
and total CLA (98.5%) with the following isomeric dis-
tribution: 9¢,11¢ (48.1% isomer/total CLA), 10z,12¢ (47.9%
isomer/total CLA), ,t (2.1% isomer/total CLA) and other
CLA isomers (1.9% isomer/total CLA).

Experimental Design

The influence of the reaction parameters on the synthesis
of TAG containing CLA isomers has been studied
by using the Statistical Design Package MODDE 5.0
Four factors, temperature, time, DAG/CLA ratio, enzy-
matic load were considered as variables in the following
ranges:

Temperature, 40-80 °C

Enzymatic load, 4-20% by weight of substrates
Molar ratio, DAG/CLA 0.5-2.0

Reaction time, 24-96 h.

Two responses, % incorporation of CLA in total TAG
and in the sn-2- position, were selected.

A three-level, 4-factor fractional factorial IV resolution
design with a total of 11 experiments, including three
replicated center points, was employed. The reactions were
conducted in random order and in the experimental con-
ditions indicated in the worksheet (Table 1).

The model was then fitted using multiple linear regres-
sion (MRL) analysis.
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rTe::))(l;:es\;\:)?r?rzléfgnz?(}actorial Exp. no. Run order Factors Responses
IV resolution design T" (°C) E1° (%) R Time (h) Total CLA sn-2-CLA
(% mol) (% mol)
1 3 40 4 0.5 24 27.7 26.0
2 10 80 4 0.5 96 9.9 7.6
3 6 40 20 0.5 96 46.3 52.2
4 4 80 20 0.5 24 12.4 16.9
5 8 40 4 2.0 96 9.4 9.7
6 11 80 4 2.0 24 2.4 37
7 7 40 20 2.0 24 12.1 73
8 9 80 20 2.0 96 19.8 20.4
* Temperature 9 5 60 12 1.25 60 27.2 27.6
" Enzymatic load 10 2 60 12 125 60 26.9 27.3
¢ Reactive ratio (DAG/CLA 11 1 60 12 1.25 60 27.8 32.0

ratio)

Production and Isolation of Structured TAG

A solution of sn-1,3-DAG and CLA isomers in hexane
(1 mL/70 mg by weight of total substrates) was reacted
under magnetic stirring (100 rpm) in the presence of
anhydrous Lipozyme® IM, in an amber screw-capped vial,
in different experimental conditions described in Table 1.
The enzyme had been previously washed three times with
fresh dry ethanol, filtered under vacuum, oven-dried at 50
°C and then stored in anhydrous ambient.

At the end of these reactions, the samples were filtered
(0.2 pm nylon membrane filter, Corning Incorporated,
Corning, Germany), then the hexane was dried over anhy-
drous Na,SQO, and evaporated by a nitrogen stream. Products
were subjected to TLC analysis to isolate the TAG fraction
using silica gel plates (SIL G-25, 20 x 20 cm, 0.25 mm,
Macherey-Nagel, Germany), with the mixture petroleum
ether:diethyl ether:formic acid (70:30:1, v/v) as developing
solvent. The TAG fraction (Rf ~ 0.75) was scraped off and
extracted (10 mL x 3) from the silica by hexane-diethyl
ether (50:50, v/v); the organic extracts were pooled and the
solvent was evaporated using a nitrogen stream. The
obtained TAG were derivatized and analyzed to determine
the total and positional FA% molar compositions.

FA Composition (mol%) Analysis of Structured TAG

TAG were transesterified in order to obtain the respective
fatty acid methyl esters (FAME) as follows: about 10 mg
were dissolved in 3 mL of hexane and then 0.5 mL of 2N
methanolic KOH were added; after stirring for 3 min,
water was added and the upper organic phase was dried
over anhydrous Na,SO, and then concentrated under a
nitrogen stream for HRGC analysis.

The analyses were carried out using a DANI 1000DPC
gas-chromatograph (Norwalk, CT, USA), equipped with a

split—splitless injector and with a flame ionization detector.
The fused silica WCOT capillary column CP-Select CB for
FAME (50 m x 0.25 mm i.d., 0.25 pm f.t.; Varian, Super-
chrom, Milan, Italy) was used. The chromatograms were
acquired and processed using Clarity integration software.
The chromatographic conditions were the following: the
injector and detector temperatures was 250 °C; the oven
temperature was 180 °C, then increased to 250 °C at 3 °C/
min; the final temperature was held for 10 min. The carrier
gas (He) flow rate was 1 mL/min and the split ratio was 1:70.

The reported data correspond to the mean values of
three determinations.

Structural Analysis of the Synthesized TAG

A chemical procedure, based on TAG partial hydrolysis with
the Grignard reaction, was used, as reported by Turon et al.
[25]. The obtained a-MAG isolated by TLC (Rf =~ 0.26)
were derivatized and analyzed by HRGC, as described in the
previous section for TAG. The acidic mol% composition of
sn-2- position was calculated applying the following formula:

A2:3XAt—2><A1(3)

where, A, is the % intrapositional composition of FA
esterified in sn-2- position, A, is the % total composition of
FA esterified in all the three sn- positions of TAG, A3, is
the % intrapositional composition of FA esterified in
sn-1(3)- positions.

Results and Discussion
To study the influence of the selected variables on CLA
isomers incorporation in sn-1,3-DAG substrates, the

experimental design was carried out, as previously repor-
ted, by entering the four factors (temperature, time, DAG/
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CLA ratio, enzymatic load) and the two responses (%
incorporation of CLA in total TAG and in sn-2- position),
by selecting the screening objective and by choosing the
three-level-4-factor fractional factorial experimental design
to screen the variables.

Then, the software generated the model, the design and
the worksheet. In Table 1, the experimental conditions for
the enzymatic reactions have been reported, together with
the results of the analytical determinations, that are the
responses shown in the last two columns. Obviously the
best results are those showing the highest mol% of CLA
isomers in total TAG.

However, the control of the FA positional % distri-
bution in total TAG is also important to study the
structure of the synthesized TAG and also to value the
nutritional significance of new lipid matrix. In fact, it is
known that absorption and metabolism of FA depend on
the position occupied in the TAG molecules and that
FA located in TAG sn-2- position are well absorbed as
sn-2-MAG [23]. The results reported in Table 1 show
considerable differences for CLA % in total TAG and in
sn-2- position among the experiments. It can be observed
that the experiment No. 3 (40 °C, enzymatic load 20% by
weight of all substrates, DAG/CLA 0.5, 96 h) gave the
highest incorporation of CLA isomers both in the total
(46.3%) and in sn-2- position (52.2%), while the No. 6
(80 °C, enzymatic load 4% by weight of all substrates,
DAG/CLA 2, 24 h) gave the lowest incorporation of
CLA isomers both in the total (2.4%) and in sn-2-
position (3.7%). Careful consideration should be reserved
to the similarity of the above reported values of the two
responses for each experiment; this occurrence suggest
that a randomization of FA in TAG molecules could have
happened. To confirm this hypothesis, the evaluation of
the FA% compositions of the sn-1- and sn-3-MAG,
obtained from TAG by chemical deacylation, and used to
calculate the FA% compositions of the sn-2- position,
could be useful. For all the experiments carried out, the
results show similar FA% compositions for total TAG,
sn-1(3)-MAG and TAG sn-2- position (data not shown).
As an example, in Table 2 the results have been reported,
as mean values and standard deviations (SD), for the
three centre points (experiments No. 9-11, carried out at
60 °C, for 60 h, with a substrate ratio of 1.25 and an
enzymatic load of 12%). The FA% compositions shown
in Table 2 are very similar and show the presence of
characteristic FA of olive oil, mainly oleic acid, besides
the CLA isomers.

Moreover, it should be observed that the two CLA
isomers are almost equally represented in total and posi-
tional TAG compositions and that minor CLA isomers
(t,t and others not identified) are present in very low
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Table 2 FA % compositions (mean values mol% =+ SD, n = 3) of
total TAG, sn-1(3)- and sn-2- position for TAG synthesized in the
conditions of centre point

FA TAG sn-1(3)- sn-2-

C 16:0 9.3 +0.3 10.0 + 0.2 81+14
C 16:1 (n-9 + n-7) 0.6 £ 0.0 0.6 £ 0.1 0.6 + 0.1
C 18:0 14 £0.1 1.9+£05 04 £ 1.1
C 18:1 (n-9 + n-7) 56.7 + 0.3 56.4 + 0.5 574+ 1.5
C 18:2 (n-6) 3.9+£0.0 39+0.1 4.1 £0.1
C 18:3 (n-3) 0.5+ 0.0 0.5+ 0.1 03 +£0.2
C 20:0 0.2 +£0.0 0.3 £ 0.0 0.1 £ 0.1
9¢,11t-CLA 134 + 0.4 12.7 £ 0.3 146 £ 1.6
10£,12¢-CLA 12.7 £ 0.1 123+ 04 13.6 +£ 0.9
t,t-CLA 0.7 £ 0.0 0.8 £ 0.1 04+03
Other CLA isomers 0.5+ 0.1 0.6 £ 0.0 03+03

percentages. The minor CLA isomer % contents were only
slightly higher with respect to the starting CLA isomer
mixture.

The results obtained as responses of the experiments
carried out in this research should be discussed consi-
dering the enzymatic activity of Lipozyme® IM on the
sn-1,3-DAG, in the presence of CLA isomers. First of all,
it is known that the immobilized lipase from R. miehei
exhibits sn-1,3- regiospecificity, but the lack of regio-
control has been observed [21], in particular for the
occurrence of isomerization processes concerning the
DAG intermediates. Considering the substrates of
the reported enzymatic reactions, the Lipozyme® IM
could have catalyzed esterification reactions as well as
acidolysis ones.

Concerning the analysis of the results with the Modde
50" software, the model was fit to the data using MLR
analysis. The best summary of the fit of the model is given
by R® and Q° values, which represent, respectively, the
fraction of variation of the responses explained by the
model and the fraction of variation of the responses that
can be predicted by the model. At first, poor R* and Q*
values were obtained (R%/Q* 0.644/—0.658 for total
%CLA and 0.605/—0.876 for sn-2- %CLA), for this reason,
interaction terms have been added to the model and a much
better fit was obtained (R*/Q: 0.999/0.995 for total %CLA
and 0.995/—0.533 for sn-2- %CLA).

In Fig. 1a and b, the coefficient plots of the considered
factors (temperature, T; enzymatic load, E.l.; DAG/CLA
molar reactive ratio, R.r.; reaction time, time; and inter-
action terms) are reported for total %CLA and sn-2-
%CLA, respectively. It can be observed that both the
responses are positively influenced by enzymatic load, time
and their interaction term while DAG/CLA molar ratio,
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Fig. 1 Coefficient plots of the a 10

selected factors for total %CLA

(a) and sn-2- %CLA (b)

responses (for the abbreviations

see footnotes in Table 1) 39\ 0
-10

E.L

time*time E.l.*time

time

T

temperature and the interaction term time x time exhibit
an inverse correlation with the responses.

In Fig. 2a and b, the two-dimensional contour plots
showing total %CLA and sn-2- %CLA as a function of
DAG/CLA ratio and temperature, respectively, have been
reported. It can be noted that the best CLA isomer incor-
poration occurred for the lowest reactive ratio and tem-
perature for both the considered responses.

Finally, in Fig. 3a and b, the three-dimensional response
surfaces corresponding to total %CLA and sn-2- %CLA as
a function of the enzymatic load and time (temperature and
DAG/CLA molar ratio were fixed at 60 °C and 1.25) are
respectively shown. It is possible to observe that the best
CLA isomers incorporation occurred for a time of about
80 h and for the highest enzymatic load (20% by weight of
substrates).

The results obtained show that better CLA incorporation
could be achieved by enlarging the ranges for some
parameters, for example, by setting lower values for the
temperature and reactive ratio or higher values for the
enzymatic load. Nevertheless, it should not forgotten that
some conditions, such as low temperatures, could be not
applicable in enzymatic reactions, or be difficult or not
economical enough to realize on a large scale, as a very
high enzymatic load.

In conclusion, the results of this investigation have
shown that all the tested parameters (time, temperature,
enzymatic load and reactive ratio) have an influence on the
synthesis of TAG containing CLA isomers and that some
interaction terms improved the goodness of the fit of the
model. The mol% of total FA and positional compositions
of synthesized TAG have shown that, in addition to the

time time*time E.L*time

a 20

DAG/CLA ratio
&
1

104
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4@ 45 50 55 B¢ 83 70 75 B0
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DAG/CLA ratio

4G 45 50 55
temperature
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Fig. 2 Two-dimensional contour plots showing total %CLA (a) and
sn-2- %CLA (b) as a function of DAG/CLA ratio and temperature,
when time was fixed at 60 h and enzymatic load at 12%
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Fig. 3 Response surfaces corresponding to total %CLA (a) and sn-2-
%CLA (b) as a function of the enzymatic load and time, when
temperature and DAG/CLA molar ratio were fixed at 60 °C and 1.25

enzymatic reactions of esterification and acidolysis, the
isomerization processes should also be taken into account
to explain the structure of the TAG obtained.
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