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Structured triacylglycerols, containing medium chain fatty acids, were produced by acidolysis of virgin
olive oil with caprylic or capric acid, at a molar ratio of olive oil:fatty acid of 1:2, at 45 �C for 24 h, in sol-
vent-free media or in n-hexane, catalysed by Thermomyces lanuginosa (Lipozyme TL IM), Rhizomucor mie-
hei (Lipozyme RM IM) and Candida antarctica (Novozym 435) immobilised lipases. Incorporations were
always greater for capric than for caprylic acid. For both acids, higher incorporations were always
attained in solvent-free media: the highest caprylic acid incorporations were obtained with Novozym
435 (25.5 mol%) and Lipozyme RM IM (25.7 mol%), while similar capric acid incorporations were
obtained with all biocatalysts (27.1–30.4 mol%).

After 10 repeated uses of Lipozyme RM IM, the same incorporation level of capric acid was obtained at
the end of each 23 h batch. However, with caprylic acid, a first-order deactivation was observed (half-life
time, t1/2 = 299 h). During acidolysis with both acids, Novozym 435 (t1/2 = 217 h, for caprylic, t1/2 = 225 h,
for capric acid) and Lipozyme TL IM (t1/2 = 50.4 h, for caprylic; t1/2 = 47.2 h, for capric acid) presented first-
order deactivation. All biocatalysts presented 1,3-regioselectivity.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Functional, nutritional and organoleptic properties of fats de-
pend on (i) their compositions of saturated and polyunsaturated
fatty acids (FA), (ii) fatty acids chain length and (iii) on the distri-
bution of the different fatty acids in triacylglycerols (TAG) (posi-
tions sn-1, sn-3 or sn-2). Thus, novel TAG can be obtained (i) by
the incorporation of new FA, (ii) by changing the positions of FA
or the FA profile, from the natural state, or (iii) by the synthesis
of completely new TAG (Xu, 2000a). These modified fats, known
as structured lipids (SL) or ‘‘taylor-made fats’’, can be produced
either chemically or enzymatically. They present important medi-
cal and functional properties for food applications.

There is an increasing interest for clinical nutrition purposes in
the synthesis of TAG containing medium-chain fatty acids (M) (i.e.
FA containing 6–12 carbon atoms) at positions sn-1 and sn-3, and a
long-chain fatty acid (L) at position sn-2, i.e. triacylglycerols of the
type MLM. These TAG present lower caloric value (21–29 kJ/g) than
do conventional fats and oils (38 kJ/g) because of the lower caloric
content of medium-chain fatty acids, compared to their long-chain
counterparts (Smith, Finley, & Leveille, 1994). During digestion, the
medium chain fatty acids, released from TAG by the action of the
ll rights reserved.

: +351 21 3653200.
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sn-1,3-specific pancreatic lipase, are preferentially transported
via the portal vein to the liver because they have higher solubility
than have long chain fatty acids, where they are metabolised as
rapidly as glucose. Since they are not readily re-esterified into
new TAG, they have little tendency to accumulate in the body as
stored fat, with weight control benefits (Osborn & Akoh, 2002).
In addition, the production of these SL is also important as a food
source for persons with pancreatic insufficiency and other malab-
sorption problems (Iwasaki & Yamane, 2000). However, medium
chain fatty acids cannot be used as the only source of dietary fat
because they do not provide essential FA.

The synthesis of SL consisting of TAG modified in their FA com-
position is usually carried out by sn-1,3-specific lipase-catalysed
acidolysis of an ester (a single TAG, oil or fat) with a free fatty acid
(FFA). However, even when using sn-1,3-specific lipases, the unde-
sirable and unavoidable side reaction of acyl migration will occur
to some extent in the overall process of SL production, playing a
major role in quality deterioration of SL, due to the formation of
undesirable TAG products. Acyl migration depends on several
parameters, namely reaction temperature, lipase load, enzyme
supports with surface charges, water content and water activity,
solvent and reaction system (Fernadez-Lafuente, 2010; Iwasaki &
Yamane, 2000; Xu, 2000a, 2000b, 2003).

Lipase-catalysed acidolysis, in which medium chain fatty acids
(caprylic, C8:0, or capric acids, C10:0) are used as acyl donors
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Nomenclature

FA fatty acid(s)
FAME fatty acid methyl ester(s)
FFA free fatty acid(s)
L long-chain fatty acid(s)
M medium-chain fatty acid(s)
MAG monoacylglycerol(s)

MLM triacylglycerol(s) containing medium chain fatty acid at
positions 1 and 3 (M) and a long chain fatty acid (L) at
position 2

SL structured lipid(s)
TAG triacylglycerol(s)
t1/2 half-life time
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and vegetable or fish oils are used as the source of glycerol back-
bone and long chain fatty acids, is one of the most commonly used
methods to produced MLM. The sn-1,3-specific lipases have been
currently used, in loads from 5% to 10% by weight of substrates,
to promote the incorporation of medium chain fatty acids at the
sn-1,3 positions of the TAG molecule, while the central position
is preferentially occupied by unsaturated long-chain fatty acids,
namely oleic and linoleic acids (Feltes et al., 2009; Osborn & Akoh,
2002; Turan, Karabulut, & Vurak, 2006). The presence of unsatu-
rated long-chain fatty acids, at the sn-2 position, is beneficial in
terms of their absorption as sn-2 monoacylglycerols (Hubbard &
McKenna, 1987).

Virgin olive oil is an interesting substrate for the production of
MLM because of its high oleic acid (55.0–83.0 wt.%) and moderate
linoleic acid contents (3.5–21.0 wt.%), mainly at the sn-2-position
in its TAGs. Dietary ingestion of virgin olive oil has been reported
to have physiological benefits, such as lowering of serum choles-
terol levels, suppressing certain types of cancer, enhancing liver
function, and reducing the effects of aging and heart disease (Covas
2007; Harwood & Parveen, 2002). The obtained structured triacyl-
glycerols from virgin olive oil will present oleic acid at the sn-2 po-
sition, with absorption benefits, while medium chain fatty acids
will be mainly esterified at the external positions in TAG
molecules.

The aim of this study is the selection of the best system type
(solvent vs. solvent-free medium) and biocatalyst for the produc-
tion of MLM, by acidolysis of virgin olive oil with caprylic or capric
acids. From the industrial point of view, the biocatalyst must exhi-
bit a high activity, together with a high operational stability, in or-
der to make the enzymatic route economically feasible. Therefore,
both acidolysis activity and operational stability (during repeated
batches) of the following commercial immobilised lipases were
evaluated, in order to select the best biocatalyst: Candida antarctica
lipase B (Novozym 435) and 1,3-specific lipases from Thermomyces
lanuginosa (Lipozyme TL IM) and Rhizomucor miehei (Lipozyme RM
IM). Novozym 435 was tested as a biocatalyst because, according
to the manufacturer, its regioselectivity depends on the substrates
used.
2. Materials and methods

2.1. Materials

Portuguese extra virgin olive oil (acidity of 0.2%) was purchased
from a local supermarket. This olive oil presented the following
fatty acid composition (in mol%), assayed as described (cf Sec-
tion 2.2.2 Fatty acid incorporation assay): 18.0 of palmitic acid
(C16:0), 1.5 of palmitoleic acid (C16:1), 3.0 of stearic acid
(C18:0), 72.5 of oleic acid (C18:1) and 5.0 of linoleic acid (C18:2).
Three thermostable commercial immobilised lipases from
T. lanuginosa (Lipozyme TL IM), R. miehei (Lipozyme RM IM) and
C. antarctica (Novozym 435) were a gift from Novozymes A/S,
Bagsvaerd, Denmark. Porcine pancreatic lipase (30.1 U/mg) was
purchased from Applichem. Silica-Gel 60 (0.25 mm width,
20 � 20 cm) thin-layer chromatography plates were purchased
from Merck. Caprylic acid (C8:0, octanoic acid, melting point at
16–17 �C), capric acid (C10:0, n-decanoic acid, melting point at
31 �C), and 20,70-dichlorofluorescein were obtained from Fluka.
FAME mix C8–C24 and FAME saturated straight chain standards,
from Supelco, were used for gas chromatography analysis; lipid
standard mono-, di- and triglyceride mixes, obtained from Supelco,
were used for thin-layer chromatography analysis. All solvents and
reagents for analyses were of chromatographic or analytical grade.

2.2. Methods

2.2.1. Acidolysis reaction
A fixed amount of immobilised lipase (5% by total weight of

substrates) was added to the substrate mixture consisting of
3.0 g of virgin olive oil and 0.98 g of caprylic (C8:0) or 1.17 g of cap-
ric acid (C10:0), corresponding to a molar ratio of 1:2 olive oil to
free fatty acid. The molar ratio used corresponds to the stoichiom-
etric value needed for the esterification of the free fatty acids at the
sn-1 and sn-3 positions, assuming that all the biocatalysts tested
were sn-1,3 selective.

The commercial biocatalysts were used at the same weight ratio
in order to give some hints for industrial applications, in terms of
process costs estimation (Villeneuve et al., 2007), since the hydro-
lytic activity is not always correlated with synthetic activities (Wu,
Jääskeläinen, & Linkom, 1996). The biocatalysts were used at their
original water activity values, measured at 30 �C in a ROTRONIC
HYGROSKOP DT humidity sensor (DMS-100H): 0.201 for Lipozyme
TL IM, 0.330 for Lipozyme RM IM and 0.282 for Novozym 435. The
reactions were carried out in solvent-free media or in n-hexane
media, at a ratio of total substrates/solvent of 1:1.5 (v/v), at 45 �C
in thermostatted-capped cylindrical glass vessels, under magnetic
stirring at 400 rpm. Samples of 0.5 ml were withdrawn after a
24 h reaction time and stored at �20 �C prior to analysis. All reac-
tions were performed in triplicate and average values were
reported.

2.2.2. Fatty acid incorporation assay
Product mixture was separated by thin-layer chromatography

(TLC) on silica gel plates and developed with n-hexane/ethyl
ether/acetic acid (70/30/1.5, v/v/v). TLC plates were then air-dried
and sprayed with 0.2% (w/v) 20,70-dichlorofluorescein in 95% etha-
nol and the bands were visualised under ultraviolet light at
366 nm. The various groups of compounds (triacylglycerols, free
fatty acids, diacylglycerols and monoacylglycerols) were identified
by comparison with standards. The bands corresponding to TAG
were scraped from TLC plates and methylated with 5 ml of anhy-
drous methanol/hexane/concentrated sulphuric acid solution (75/
25/1, v/v/v) for 1 h, in a conical flask equipped with a Liebig con-
denser, under reflux at about 80 �C.

Then, 10 ml of distilled water and 10 ml of petroleum ether
were added and the mixture was transferred to a separating fun-
nel, vigorously agitated and allowed to settle for phase separation.
The organic upper layer was recovered, washed twice with distilled



Table 1
Incorporation of caprylic (C8:0) or capric (C10:0) acid into TAG of olive oil, in solvent or solvent-free media, catalysed by different commercial immobilised lipases (mol %;
mean ± SD, n = 3). For each acid, different letters mean that the results are significantly different at a p value 6 0.05.

Biocatalyst Olive oil + caprylic acid Olive oil + capric acid

Solvent (n-hexane) Solvent-free Solvent (n-hexane) Solvent-free

Lipozyme TL IM 13.6 ± 3.61a,d 19.9 ± 1.94c 19.1 ± 3.99ª 28.8 ± 3.04b

Lipozyme RM IM 19.48 ± 2.49a,c 25.7 ± 2.01b 21.9 ± 0.55ª 27.1 ± 2.34b

Novozym 435 15.2 ± 3.06a,d 25.5 ± 4.34b 18.1 ± 2.55a 30.4 ± 0.36b

Table 2
Pancreatic lipase-catalysed sn-2 positional analysis of native and modified olive oil.

Fatty acid composition (mol %; mean ± SD, n = 2)

Olive oil Modified olive oil

Lipozyme TL IM Lipozyme RM IM Novozym 435

C8:0 C10:0 C8:0 C10:0 C8:0 C10:0

C8:0 tra 5.3 ± 0.45 tra 10.3 ± 1.37 tra 7.5 ± 0.94 tra

C10:0 tra tra 15.2 ± 0.52 tra 9.8 ± 0.69 tra 7.8 ± 0.64
C16:0 0.9 ± 0.8 2.6 ± 0.55 3.3 ± 0.07 4.8 ± 0.75 2.8 ± 0.4 3.1 ± 0.76 1.6 ± 0.09
C18:1 91.1 ± 1.73 90.5 ± 1.05 78.6 ± 0.68 83.2 ± 0.69 79.1 ± 0.95 89.4 ± 1.7 82.3 ± 1.16
C18:2 8.0 ± 0.87 1.5 ± 0.72 3.0 ± 0.08 1.7 ± 0.08 7.5 ± 0.14 tra 8.3 ± 1.71

a Trace.
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water (2 � 10 ml) and dried with anhydrous sodium sulphate. So-
dium sulphate was removed by paper filtration, the solution was
transferred to a conical flask and the solvent was evaporated in a
rotavapor at 30 �C under a pressure lower than 200 mbar.

Fatty acid methyl esters (FAME) were dissolved in 100 ll of 0.1%
(w/v) methyl myristate (internal standard) in n-hexane solution
and 1 ll of this solution was GC-analysed. A GC 14A gas chromato-
graph (Shimadzu; Kyoto, Japan) equipped with a flame ionisation
detector and a DB-wax capillary column (30 m � 0.32 mm i.d.,
d.f. = 0.50 lm) was used. Injection and detector temperatures were
set at 250 �C and 260 �C, respectively. The injector was used in split
mode with a ratio of 1/20. Helium was used as the carrier gas at a
column head pressure of 10 kPa and a flow rate of 1 ml/min. The
oven temperature programme was as follows: 110 �C for 7 min,
temperature increase to 170 �C at 30 �C/min, a plateau at 170 �C
for 45 min, temperature increase to 230 �C at 7.5 �C/min and a final
plateau at 230 �C for 15 min.

Methyl myristate was used as internal standard and the relative
content of each FAME was calculated as a molar percentage on the
basis of the molecular weight of each FAME. All analyses were per-
formed in triplicate and average values were reported.

In order to investigate the presence of eventual significant dif-
ferences among biocatalysts and systems (solvent vs. solvent-free
system), for each medium-chain fatty acid, ANOVA of molar incor-
poration values was carried out, using LSD post hoc multiple com-
parison tests by running the programme Statistica™, version 6,
from Statsoft, Tulsa, USA.
2.2.3. Pancreactic lipase catalysed sn-2 positional analysis
The identification and quantification of the esterified fatty acids

at the sn-2 position in the structured triacylglycerols was assayed,
following the pancreatic lipase hydrolysis procedure adapted from
Jennings and Akoh (2000). Two mililitres of 1 M Tris buffer (ad-
justed to pH 8.0 with HCl), 0.5 ml of 0.05% (w/v) sodium cholate
solution, 0.2 ml of 2.2% (w/v) calcium chloride solution and
20 mg of pancreatic lipase were added to TAG samples. The mix-
ture was incubated at 40 �C for 5 min. Then, 1 ml of ethanol, 1 ml
6 N hydrochloric acid aqueous solution and 1 ml of diethyl ether
were added and the mixture was vortexed and centrifuged at
2180g for 5 min. The clear phase was spotted onto a silica gel
TLC plate for separation (cf. Section 2.2.2) The band corresponding
to the sn-2 monoacylglycerols was scraped from the TLC plate,
methylated and analysed by GC (cf. Section 2.2.2).

2.2.4. Batch operational stability tests
The operational stability of the biocatalysts was assayed in con-

secutive batches carried out under the same conditions of acidoly-
sis reaction in solvent-free media, at 45 �C (cf. Section 2.2.1). At the
end of each batch (23 h) the immobilised lipase was removed from
the reaction medium by centrifugation at 8720g for 5 min, at 20 �C,
and was added to fresh medium and reused in a consecutive batch.
Since the length of time between each two consecutive batches
was 1 h, the new batch started every day at the same hour.

The biocatalyst activities were estimated at the end of each
batch as the molar incorporation of caprylic or capric acid in the
TAG of virgin olive oil. The first batch was used as the reference
(activity equal to 1). The residual activity of the biocatalyst at the
end of each batch n (n = 1,. . .,10) was thus estimated as the ratio
between the molar incorporation observed at the end of batch n
and that observed at the end of batch 1.

To describe the deactivation kinetics, several kinetics models
were tested. The fit of the models to experimental data (batch
number, residual activity) was carried out using ‘‘Solver’’ add-in
from Excel for Windows, version 8.0 SR2, by minimising the resid-
ual sum-of-squares between the experimental data points and
those estimated by the respective model and considering the fol-
lowing options: Newton method; 104 iterations, precision of
10�7; 2% of tolerance and 10�4 of convergence.

The operational half-life time (t1/2) of the biocatalysts in each
system, i.e. the operation time needed to reduce the original activ-
ity of 1 to 0.5, was estimated by the models fitted to the observed
deactivation profiles.
3. Results and discussion

3.1. Screening of commercial immobilised lipases

All the biocatalysts tested proved able to catalyse the incorpora-
tion of caprylic and capric acids in virgin olive oil, either in a sol-
vent-free system or in the presence of hexane (Table 1).



Table 3
Deactivation models and respective half-life times estimated for the biocatalysts used in 10 consecutive 23 h batches of acidolysis of virgin olive oil with caprylic or capric acids in
solvent-free medium.

Biocatalyst Olive oil + caprylic acid Olive oil + capric acid

Deactivation model Half-life time Deactivation model Half-life time

Batch No. h Batch No. h

Lipozyme RM IM First-order 13 299 No deactivation No deactivation No deactivation
Lipozyme TL IM First-order 2.2 50.4 First-order 2.1 47.2
Novozym 435 First-order 9.4 217 First-order 9.8 225
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Fig. 1. Residual activity (ratio of activities at batch n:batch 1) of Lipozyme RM IM at
the end of each consecutive 23 h batch, when acidolysis of olive oil with caprylic
acid (C8:0) or capric acid (C10:0) was performed in solvent-free media.
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Although organic solvents are useful to (i) solubilise solid hydro-
phobic substrates at room temperature (capric acid, in this study)
and (ii) to reduce the viscosity of the reaction medium, allowing
reactions at room temperature, their use will increase costs and
complexity of the system. For both acids, significantly greater val-
ues of molar incorporation were observed in solvent-free media,
for all the lipases used, at a significance level of 0.05. These results
are rather promising since the use of solvent-free media is environ-
mentally friendly and preferred in the food industry. Also, the costs
related to product recovery and purification are reduced. The de-
crease in fatty acid incorporation in the presence of n-hexane
may be due to a dilution effect of the substrates in the reaction
medium, as previously reported by Xu, Fomuso, and Akoh (2000).

For each system type (solvent free or n-hexane medium), the
incorporation degrees of capric acid were always higher than those
of caprylic acid, for all the biocatalysts tested (Table 1). The prefer-
ence for a longer chain fatty acid is a characteristic of lipases, in
contrast with the behaviour of esterases (Sharma, Christi, & Baner-
jee, 2001). With respect to caprylic acid incorporation, the highest
values were observed with Novozym 435 (25.5 mol%) and Lipo-
zyme RM IM (25.7 mol%), in solvent-free media, which were both
significantly higher (p 6 0.05) than the incorporation obtained
with Lipozyme TL IM (19.9 mol%) in solvent-free media. With cap-
ric acid incorporation, no significant differences were found among
all the biocatalysts tested either in solvent-free media (27.1–
30.4 mol% incorporation), or in the presence of n-hexane (18.1–
21.9 mol% average incorporation) (Table 1). Following the results
obtained in n-hexane, subsequent experiments were carried out
in solvent-free media.

The incorporation values for caprylic and capric acids, obtained
in the present study, are similar to those reported in the literature.
However, in most experiments, and in contrast with our results,
incorporation levels were slightly higher in a solvent than in sol-
vent-free media (Jennings & Akoh, 2000, 2001; Senanayake &
Shahidi, 2002). However, since no statistical analysis of the results
is reported in these studies, we cannot conclude anything about
the real differences between these results.
3.2. Positional analysis of SLs

The sn-2 positional analysis of both native and modified olive
oil, obtained by lipase-catalysed acidolysis in solvent-free media,
was determined (Table 2). As observed, the sn-2 positions of the
structured lipids were predominantly occupied by unsaturated
fatty acids (oleic and linoleic acids) as in the original virgin olive
oil. The presence of C8:0 and C10:0, at the sn-2 position, indicates
that some acyl migration occurred, even when the acidolysis was
catalysed by recognised 1,3-specific commercial immobilised li-
pases (Lipozyme RM IM and Lipozyme TL IM).

The lowest level of acyl migration of caprylic acid was observed
with Lipozyme TL IM (5.3 mol%, Table 2). However, a higher acyl
migration was observed for capric acid (15.2 mol%). Thus, when
this biocatalyst was used, the modified triacylglycerols, obtained
by acidolysis of C8:0 or C10:0 with olive oil, contained 92% and
81.6% of long-chain unsaturated fatty acids esterified at the sn-2
position, respectively.

When Novozym 435 was used, acyl migration of caprylic or cap-
ric acids represented only 7.5% or 7.8% of the total fatty acids at the
sn-2 position. In these MLM, 89.4% and 90.6%, of the sn-2 fatty acids
in the modified olive oil consisted of unsaturated long-chain fatty
acids, respectively. These results show that, for the systems under
study, Novozyme 435 behaves as a sn-1,3 regioselective lipase.

Lipozyme RM IM promoted a slightly higher acyl migration than
did Novozym 435, since modified TAGs showed 10.3 mol% of C8:0
or 9.8 mol% of C10:0 at the sn-2-position, respectively.

The acyl migration levels, observed in the present study, were
similar to those reported by others in analogous systems and under
similar temperature conditions (Chopra, Reddy, & Sanbaiah, 2008;
Hamam & Shahidi, 2004; Kim & Akoh, 2005; Lai, Low, & Akoh,
2005). Acyl migration is a thermodynamic process, following the
general rule of the Arrhenius equation, and its rate will be faster
at higher temperatures (Xu, 2000b). Kim and Akoh (2005) sug-
gested that a relatively lower temperature would be a key factor
for optimised reaction conditions to suppress acyl migration, even
though there might be some decrease in total incorporation. Yang,
Fruekilde, and Xu (2005) reported that it is feasible to reduce acyl
migration by programmed change of acidolysis temperature with-
out significant loss of reaction yield. Lipozyme TL IM showed a
higher acyl migration rate than did Lipozyme RM IM when acidol-
ysis of perilla oil with caprylic acid was performed in n-hexane
media (Kim, Kim, Lee, Chung, & Ko, 2002). However, as observed
in the present study, the difference in acyl migration between
the two lipases in the solvent-free system can be neglected.
3.3. Operational stability tests

Since the three biocatalysts presented important acidolysis
activity for the incorporation of caprylic and capric acids, their
operational stability was evaluated in repeated use during 10



0.0

0.2

0.4

0.6

0.8

1.0

1 2 3 4 5 6

Batch number 

R
es

id
u

al
 A

ct
iv

it
y

 Data C8:0  Data C10:0

 Model C8:0  Model C10:0

Fig. 2. Residual activity (ratio of activities at batch n:batch 1) of Lipozyme TL IM at
the end of each consecutive 23 h batch, when acidolysis of olive oil with caprylic
acid (C8:0) or capric acid (C10:0) was performed in solvent-free media.
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Fig. 3. Residual activity (ratio of activities at batch n:batch 1) of Novozym 435 at
the end of each consecutive 23 h batch, when acidolysis of olive oil with caprylic
acid (C8:0) or capric acid (C10:0) was performed in solvent-free media.
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consecutive batches (1 batch = 23 h). Reactions were carried out in
solvent-free media, at 45 �C. The residual activity data and the
deactivation models fitted to these data points are presented in
Figs. 1–3 and Table 3. No deactivation of Lipozyme RM IM was ob-
served during the incorporation of capric acid in virgin olive oil in
10 consecutive batch reactions (Fig. 1). However, in the presence of
caprylic acid, the deactivation of this biocatalyst, described by the
following first-order model, was observed:

An ¼ Ae�kdn ð1Þ

where An is the biocatalyst residual activity at batch n, A is a con-
stant, kd is the deactivation rate constant (batch number)�1 and n
is the 23 h batch number.Therefore, from this model, a half-life time
of 13 batches (299 h) was estimated for this biocatalyst, in this sys-
tem (Eq. (2); Table 3):

An ¼ 1:09e�0:06n ð2Þ

(Determination coefficient: R2 = 0.996)
No deactivation of Lipozyme RM IM was also observed during

the acidolysis of trilinolein with caprylic and stearic acids, during
six 48 h reuses (Sellapan & Akoh, 2001).

With respect to Lipozyme TL IM, the inactivation profiles during
the repeated use for acidolysis of olive oil, with both acids, are pre-
sented in Fig. 2. In fact, Lipozyme TL IM completely lost activity at
the end of the 5th and 6th batches, in the presence of caprylic or
capric acids, respectively (Fig. 2). The observed behaviour can be
described by first-order deactivation kinetics (Table 3), given by
the following model equations, for the incorporation of caprylic
(Eq. (3)) and capric acids (Eq. (4)) in virgin olive oil:

An ¼ 1:88e�0:56n ð3Þ

(R2 = 0.970)

An ¼ 1:94e�0:66n ð4Þ

(R2 = 0.995)
The estimated half-lives for Lipozyme TL IM were 2.2 and 2.1

batches, corresponding to 50.4 h or 47.2 h, in the presence of
caprylic or capric acids, respectively (Table 3).

When Novozym 435 was used, first-order deactivation kinetics
were also observed during the repeated 23 h batches, either in the
presence of caprylic or capric acids (Fig. 3; Table 3), according to
Eq. (5) (caprylic acid) or Eq. (6) (capric acid).

An ¼ 1:04e�0:078n ð5Þ
(R2 = 0.958)

An ¼ 0:997e�0:071n ð6Þ

(R2 = 0.767)

Half-life times of 9.4 and 9.8 batches, corresponding to 217 h
and 225 h, were estimated for Novozym 435, respectively when
caprylic or capric acids were incorporated into olive oil. A different
inactivation profile, described by a series-type inactivation kinetic
model, was observed for this biocatalyst in (i) the interesterifica-
tion of palm stearin with soybean oil carried out in a continuous
fluidised-bed reactor (Osório, Gusmão, da Fonseca, & Ferreira-Dias,
2005) and (ii) in consecutive batches for the acidolysis of tripalmi-
tin with oleic or omega-3 polyunsaturated fatty acids (Tecelão,
Silva, Dubreucq, Ribeiro, & Ferreira-Dias, 2010), in solvent-free
media.

4. Conclusions

All the biocatalysts tested presented important acidolysis activ-
ity in both organic and solvent-free media. Incorporation values
were always higher for capric than for caprylic acid and they were
attained in solvent-free media. The highest incorporation of
caprylic acid was observed with Novozym 435 (25.5 mol%) and
Lipozyme RM IM (25.7 mol%), in the absence of solvent. Capric acid
incorporation levels were similar, in solvent-free media, for all the
biocatalysts tested (27.1–30.4 mol%).

In solvent-free media, all the biocatalysts presented 1,3-regi-
oselectivity.The lowest acyl migration values were observed with
Novozym 435.

Lipozyme RI IM, and Novozym 435, were the biocatalysts that
presented the highest operational stability, together with high
incorporation levels and low acyl migration for the production of
structured lipids by acidolysis of caprylic or capric acid with virgin
olive oil, in batch mode. Therefore, these biocatalysts seem to be
the most adequate for process implementation aimed at the pro-
duction of MLM rich in caprylic and capric acids.

Acknowledgements

The authors are grateful to Novozymes, Denmark, for the supply
of the commercial immobilised lipases, and to Fundação para a
Ciência e a Tecnologia (FCT), Portugal, for a PhD fellowship for
Mrs. Patrícia Nunes (SFRH/BD/39280/2007).



998 P.A. Nunes et al. / Food Chemistry 127 (2011) 993–998
References

Chopra, R., Reddy, S. R. Y., & Sanbaiah, K. (2008). Structured lipids from rice bran oil
and stearic acid using immobilized lipase from Rhizomucor miehei. European
Journal of Lipid Science and Technology, 110(1), 32–39.

Covas, M. I. (2007). Olive oil and the cardiovascular system. Pharmacological
Research, 55(3), 175–186.

Feltes, M. M. C., de Oliveira Pitol, L., Gomes Correia, J. F., Grimaldi, R., Block, J. M., &
Ninow, J. L. (2009). Incorporation of medium chain fatty acids into fish oil by
chemical and enzymatic interesterification. Grasas y Aceites, 60(2), 168–176.

Fernadez-Lafuente, R. (2010). Lipase from Thermomyces lanunginosa: Uses and
prospects as an industrial biocatalyst. Journal of Molecular Catalysis B: Enzymatic,
62(3–4), 197–212.

Hamam, F., & Shahidi, F. (2004). Synthesis of structured lipids via acidolysis of
docosahexaenoic acid single cell oil (DHASCO) with capric acid. Journal of
Agricultural and Food Chemistry, 52(10), 2900–2906.

Harwood, J. L., & Parveen, Y. (2002). Nutritional and health aspects of olive oil.
European Journal of Lipid Science and Technology, 104(9–10), 685–697.

Hubbard, V. S., & McKenna, M. C. (1987). Absorption of safflower and structured
lipid preparations in patients with cystic fibrosis. Lipids, 22(6), 424–428.

Iwasaki, Y., & Yamane, T. (2000). Enzymatic synthesis of structured lipids. Journal of
Molecular Catalysis B: Enzymatic, 10(1–3), 129–140.

Jennings, B. H., & Akoh, C. C. (2000). Lipase-catalysed modification of rice bran oil to
incorporate capric acid. Journal of Agricultural and Food Chemistry, 48(9),
4439–4443.

Jennings, B. H., & Akoh, C. C. (2001). Lipase catalysed modification of fish oil to
incorporate capric acid. Food Chemistry, 72(3), 273–278.

Kim, B. H., & Akoh, C. C. (2005). Modeling of lipase-catalyzed acidolysis of sesame oil
and caprylic acid by response surface methodology: Optimization of reaction
conditions by considering both acyl incorporation and migration. Journal of
Agricultural and Food Chemistry, 53(20), 8033–8037.

Kim, I., Kim, H., Lee, K., Chung, S., & Ko, S. (2002). Lipase-catalyzed acidolysis of
perilla oil with caprylic acid to produce structured lipids. Journal of the American
Oil Chemists’ Society, 79(4), 363–367.

Lai, O. M., Low, C. T., & Akoh, C. C. (2005). Lipase-catalyzed acidolysis of palm olein
and caprylic acid in a continuous bench-scale packed bed bioreactor. Food
Chemistry, 92(3), 527–533.

Osborn, H. T., & Akoh, C. C. (2002). Structured lipids – novel fat with medical,
nutraceutical and food applications. Comprehensive Reviews in Food Science and
Food Safety, 1(3), 110–120.

Osório, N. M., Gusmão, J. H., da Fonseca, M. M., & Ferreira-Dias, S. (2005). Lipase-
catalyzed interesterification of palm stearin with soybean oil in a continuous
fluidised-bed reactor. European Journal of Lipid Science and Technology, 107(7–8),
455–463.

Sellapan, S., & Akoh, C. (2001). Synthesis of structured lipids by transesterification of
trilinolein catalyzed by Lipozyme IM60. Journal of Agricultural and Food
Chemistry, 49(4), 2071–2076.

Senanayake, S. P. J., & Shahidi, F. (2002). Enzyme-catalyzed synthesis of structured
lipids via acidolysis of seal (Phoca groenlandica) blubber oil with capric acid.
Food Research International, 35(8), 745–752.

Sharma, R., Christi, Y., & Banerjee, U. C. (2001). Production, purification,
characterization, and applications of lipases. Biotechnology Advances, 19(8),
627–662.

Smith, R. E., Finley, J. W., & Leveille, G. A. (1994). Overview of SALATRIM, a family of
low-calorie fats. Journal of Agricultural and Food Chemistry, 42(2), 432–434.

Tecelão, C., Silva, J., Dubreucq, E., Ribeiro, M. H., & Ferreira-Dias, S. (2010).
Production of human milk fat substitutes enriched in omega-3 polyunsaturated
fatty acids using immobilized commercial lipases and Candida parapsilosis
lipase/acyltransferase. Journal of Molecular Catalysis B: Enzymatic, 65(1–4),
122–127.

Turan, S., Karabulut, I., & Vurak, H. (2006). Effects of reaction parameters on the
incorporation of caprylic acid into soybean oil for production of structured
lipids. Journal of Food Lipids, 13(3), 306–317.

Villeneuve, P., Barouh, N., Baréam, B., Piombo, G., Figueroa-Espinoza, M. C., Turon, F.,
et al. (2007). Chemoenzymatic synthesis of structured triacylglycerols with
conjugated linoleic acids (CLA) in central position. Food Chemistry, 100(4),
1443–1452.

Wu, X. Y., Jääskeläinen, S., & Linkom, Y.-Y. (1996). An investigation of crude lipases
for hydrolysis, esterification, and transesterification. Enzyme and Microbial
Technology, 19(3), 226–231.

Xu, X. (2000a). Production of specific structured triacylglycerols by lipase-catalyzed
reactions: A review. European Journal of Lipid Science and Technology, 102(4),
287–303.

Xu, X. (2000b). Enzymatic production of structured lipids: Process reactions and
acyl migration. Inform, 11, 1121–1131.

Xu, X. (2003). Engineering of enzymatic reactions and reactors for lipid modification
and synthesis. European Journal of Lipid Science and Technology, 105(6), 289–304.

Xu, X., Fomuso, L. B., & Akoh, C. C. (2000). Synthesis of structured triacylglycerols by
lipase-catalyzed acidolysis in packed bed bioreactor. Journal of Agricultural and
Food Chemistry, 48(1), 3–10.

Yang, T., Fruekilde, M. B., & Xu, X. (2005). Suppression of acyl migration in
enzymatic production of structured lipids through temperature programming.
Food Chemistry, 92(1), 101–107.


	Production of olive oil enriched with medium chain fatty acids catalysed by commercial immobilised lipases
	Introduction
	Materials and methods
	Materials
	Methods
	Acidolysis reaction
	Fatty acid incorporation assay
	Pancreactic lipase catalysed sn-2 positional analysis
	Batch operational stability tests


	Results and discussion
	Screening of commercial immobilised lipases
	Positional analysis of SLs
	Operational stability tests

	Conclusions
	Acknowledgements
	References


