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The aim of this study is to produce new medium-long-medium structured triacylglycerols (MLM-STAGS) con-
taining caprylic acid (CA) at the sn-1,3 positions, and long chain saturated fatty acids (LCSFAs) and bioactive
fatty acids at the sn-2 position via two-step enzymatic process by Lipozyme TL-IM, using autotrophic microalgae
(Isochrysis galbana) TAGs. In the first step, the ethanolysis of microalgae oil TAGs for 2-monoacylglycerols (2-
MAGS) production are performed in the presence of water content of 5 wt% at ethanol/oil mole ratio of 24:1 with
Lipozyme TL-IM at 25 °C for 12 h. In the larger-scale production of 2-MAGs, the 2-MAGs yield and the purity of
the purified MAGs attained are 31.44-36.08 wt% and 91.57 mol%, respectively. In the second reaction, these 2-
MAGs are esterified with caprylic acid (CA) in n-hexane system to synthesize almost pure MLM-STAGs with the
recycled Lipozyme TL-IM under the optimized conditions. The final MLM-STAGs contain 64.28% CA and 13.35%
®-3 polyunsaturated fatty acids. The CA-LCSFAs-CA (43.01%) and novel CA-stearidonic acid (SDA, Cig:4¢-3)-CA
(23.88%) are the major MLM-STAGs present. In all, Isochrysis galbana-derived oil containing SDA is a promising
source for producing high-value microalgal bioproducts by two-step enzymatic process in a cost-effective

manner.

1. Introduction

Structured lipids (SLs) are generally known as structured tria-
cylglycerols (STAGs) that have been chemically or enzymatically de-
veloped to incorporate the desired fatty acids into specific position of
the glycerol backbone for nutritional and therapeutical applications
[1,2]. Many clinical and nutritional observations have shown that SLs
can be used for treating or preventing particular human diseases [3,4],
as well as to modify the physiochemical characteristics of lipids [5]. To
produce SLs with unique properties, desired fatty acids, including short-
chain fatty acids (C»-C¢), medium-chain fatty acids (MCFAs, Cg-C;5)
and long-chain fatty acids (LCFAs, =Cy,), are incorporated into specific
positions of glycerol [6-9]. Typical SLs of the best-known medium-
long-medium STAGs (MLM-STAGs) contain MCFAs at the sn-1 and sn-3
positions of the glycerol backbone and long-chain saturated fatty acids
(LCSFAs, =Cy4) or essential fatty acids (EFAs) at the sn-2 position,
exhibiting maximum health-beneficial and nutritive properties [7,10].
After hydrolyzed by pancreatic lipase (sn-1,3 specific lipase), the lib-
erated MCFAs are absorbed in the intestinal cell and rapidly

metabolized through mitochondrial p-oxidation in the liver cell to
provide energy [2,11]; the 2-monoacylglycerols (2-MAGs) of fatty acids
at the sn-2 position are effectively incorporated into chylomicrometers
and readily absorbed through the lymphatic system [1,2]. Mu and Hagy
have found that the feeding of MLM-STAGs can modify the TAGs spe-
cies of mice lymph to promote the absorption of fatty acids at sn-2
position of MLM-STAGs compared with LLL-STAGs and MLL-STAGs
[12]. Zhou et al. have shown that dietary MLM-STAGs can reduce body
weight of the obese C57BL/6L mice by regulating lipid metabolism and
modifying the effect of gut microbiota [13].

Compared with chemical method, enzymatic method has been
widely used in preparing MLM-STAGs products in view of mild condi-
tions, high catalytic specificity, no toxicity and oxidation, easy se-
paration, and so on [5,14-17]. Using an enzyme as biocatalyst, strate-
gies for MLM-STAGs production include one-step and multistep (two-
step and three-step) enzymatic process [15]. One-step enzymatic ap-
proach for MLM-STAGs production has the following disadvantages,
such as the difficult purification to collect the desired SLs from un-
reacted TAGs and some side products (e.g. diacylglycerols (DAGs) and

* Corresponding author at: College of Life Science, Fujian Normal University, No.1, Keji Road, Minhou, Fuzhou, 350117, China.

** Corresponding author.
E-mail addresses: guo@eng.au.dk (Z. Guo), chenbil@fjnu.edu.cn (B. Chen).
1 Authors contributed equally to this work.

https://doi.org/10.1016/j.procbio.2018.02.005

Received 16 November 2017; Received in revised form 28 January 2018; Accepted 6 February 2018

Available online 22 February 2018
1359-5113/ © 2018 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/13595113
https://www.elsevier.com/locate/procbio
https://doi.org/10.1016/j.procbio.2018.02.005
https://doi.org/10.1016/j.procbio.2018.02.005
mailto:guo@eng.au.dk
mailto:chenbil@fjnu.edu.cn
https://doi.org/10.1016/j.procbio.2018.02.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.procbio.2018.02.005&domain=pdf

Y. He et al.

MAGs), the low specific FAs incorporation rate (< 50%), and the high
acyl migration rate [9,15]. Nevertheless, three-step enzymatic process
for SLs involves esterification, glycerolysis and acidolysis by three li-
pases (immobilized Psuddomonas cepacia lipase, Novozym 435 and Li-
pozyme RM-IM) using palm oil as the starting substrate [15,18]. In fact,
three-step enzymatic process is difficult to be successfully scaled up in
an industrial application, due to the time-consuming, high cost, labor-
intensive and environmental-unfriendly procedures [15]. To address
these drawbacks, the so-called two-step enzymatic approach is an in-
teresting method [6-8,15]: i) yielding 2-MAGs by enzymatic ethano-
lysis of natural oils using a sn-1,3 specific lipase; ii) obtaining pure
MLM-STAGs via lipase-catalyzed esterification of purified 2-MAGs and
MCFAs.

Extensive studies have focused on structurally modified lipids by
lipase-catalyzed reaction of traditional oils such as vegetable and an-
imal oils [7,9,19,20]. However, vegetable oils do not contain long-chain
-3 polyunsaturated fatty acids (LC -3 PUFAs) like eicosapentaenoic
acid (Cyo:54.3, EPA) and docosahexaenoic acid (Cis.6,.3, DHA)
[9,19,20]. Although fish oil is a major source of LC w-3 PUFAs for
human consumption [21], an increasing price (around 2400 USD/ton)
and a strong fishy odor affect the increasing demand of human con-
sumption [22]. Currently, the search for new sources of oil aimed at the
production of SLs, is ongoing in order to maximize both nutritive value
and economic benefit [22-24]. Recently, oleaginous microalgae are
proven to be one of the most potential and sustainable alternatives to
PUFAs of fish oil in the future, since they are capable of accumulating
large amounts of lipids and can be easily cultured at an industrial scale
[22,24-26]. Among the investigated marine microalgae species, Iso-
chrysis galbana (I. galbana) is regarded as one of the potential oleaginous
model microalgae, due to the high CO, fixation rate, great photo-
synthetic efficiency, high lipid yield and PUFAs productivity, and no
cell wall for easy extraction of oil [22,25,26]. Moreover, I. galbana-
derived biomass has been incorporated into some traditional products
(e.g. biscuits and pasta) for nutraceutical (w-3 PUFAs) [27,28]. These
evidences indicate that I. galbana oil as an alternative to w-3 PUFAs of
fish oil can be safe for human consumption [24].

Lipozyme TL-IM (lipase from Thermomyces lanuginosus (lipase TL) is
immobilized on granulated silica) is a sn-1,3 specific lipase [14], with a
cheaper price in comparison to the other commercial immobilized
biocatalysts such as Novozym 435 and Lipozyme RM-IM [14,29]. Our
previous study has shown that lipase TL can catalyze fish oil to produce
the highest yield of MAGs through ethanolysis in comparison to CALA
(lipase A from Candida antarctica) and CALB (lipase B from Candida
antarctica) [30]. Additionally, like most of lipases, lipase TL is an active
biocatalyst to esterify glycerol and free fatty acid for MAGs and DAGs
formation [14,31]. These findings suggest that lipase TL is a right
candidate for MLM-STAGs production by the two-step enzymatic pro-
cess (ethanolysis and esterification). Thus, this study aims to produce
MLM-STAGs containing caprylic acid (CA) at the sn-1,3 positions and
LCSFAs and EFAs at the sn-2 position via two-step enzymatic process by
Lipozyme TL-IM using I galbana-derived TAGs. Reaction conditions of
two-step enzymatic process, such as water content, substrate mole ratio,
temperature and reaction time, were investigated. Furthermore, the
characteristics of the products were analyzed with respect to the com-
position and positional distribution of fatty acids in the MLM-STAGs,
and melting and crystallization properties.

2. Materials and methods
2.1. Materials

galbana cells were cultivated, collected and dried as described in our
previous study [32]. The composition and regiodistribution of fatty acid
in purified TAGs from microalgae oil were determined in Table 1. Li-
pozyme TL-IM (specific activity, 50,000 U/g) was kindly donated by
Novozymes A/S (Bagsvaerd, Denmark). All solvents, analytical reagents
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Table 1

The composition and positional distribution of fatty acids of I. galbana TAG, and fatty acid
composition of MAGs fraction obtained by ethanolysis with Lipozyme TL-IM under the
optimal conditions.

Fatty acid Microalgae TAGs sn-2 position of MAGs product by
(Mass = 854) microalgae TAGs ethanolysis *
C14:0 16.13 + 1.24 2293 * 1.77 20.80 + 1.79
C16:0 14.81 + 0.74 24.27 * 1.42 22.26 + 1.34
C18:0 1.60 = 0.33 0.55 = 0.11 0.37 = 0.06
YLCSFAs 32.54 + 0.91 47.75 + 1.46 43.41 = 1.72
Cl4:1 0.86 = 0.13 1.80 = 0.32 091 + 0.27
Cl6:1 2.35 = 0.17 3.08 = 0.25 1.54 = 0.15
C18:1 27.95 + 1.16 4.38 + 0.38 3.74 + 0.85
~MFAs 31.16 + 0.58 9.26 + 0.29 6.19 + 0.47
C18:2w-6 4.17 = 0.22 5.84 = 0.50 5.80 + 0.51
Zw-6 FAs 4.76 = 0.10 6.58 = 0.44 6.21 = 0.62
C18:3w-3 5.54 + 0.28 6.14 + 0.47 6.92 + 0.63
C18:4m-3 13.61 + 0.59 23.44 = 0.76 25.16 + 2.84
C20:4w-3 0.82 = 0.30 0.47 = 0.15 0.95 = 0.04
C20:50w-3 0.68 + 0.14 0.61 + 0.14 1.17 = 0.28
C22:6w-3 5.71 = 0.18 3.59 + 0.21 6.91 + 0.63
Zw-3 PUFAs 26.36 = 0.48 34.25 * 0.63 41.11 = 1.74
% EFAs 31.12 = 0.61 40.83 *= 0.80 47.32 £ 1.42
YLCSFAs + EFAs  63.66 + 0.72 88.58 + 0.76 90.73 * 0.97

@ MAGs were obtained by ethanolysis under the optimum conditions (in the Section
3.1).

and the standards of different lipid class were obtained from Sigma
Aldrich Co (St. Louris, MO).

2.2. Microalgae oil extraction and TAGs purification

Microalgae oil was extracted by Soxhlet method using n-hexane as
organic solvent [33]. The crude microalgae oil was used to separate and
purify microalgae TAGs by silica gel column according to the method of
Bondioli et al. [34]. The organic solvents were removed by a rotary
evaporator (RV 10 digital, IKA, Germany). The acid, saponification,
iodine, peroxide and p-anisidine values of microalgae TAGs were
0.82mg KOH/g, 193.68 mg KOH/g, 82.35 1,/100 g, 1.72 mmol/Kg and
0.47, respectively. Official methods of the American Oil Chemist’s So-
ciety were used to determine the acid (Cd 3d-63), saponification (Cd 3-
25), iodine (Cd 1-25), peroxide (Cd 8-53) and p-anisidine (Cd 18-90)
values [35]. The purified microalgae TAGs were stored at —20 °C for
analysis and enzymatic reaction.

2.3. Two-step enzymatic reactions

2.3.1. Ethanolysis of microalgae TAGs for 2-MAGs production

A reaction mixture consisted of microalgae TAGs (1 g), anhydrous
ethanol, distilled water and immobilized lipase (10% by weight of oil)
were added to dark-colored and screw-capped flasks (25 mL) [7]. The
reaction system was connected in a thermostatic water bath equipped
with a magnetic stirrer. Reaction temperature was controlled at 25 °C
and stirring speed was set at 300 rpm. Different mole ratio of ethanol to
oil (2:1-40:1) and water content (0-13%, wt%) were studied. At the
end of the experiments (6 h), the samples were withdrawn and cen-
trifuged at 5000 rpm for 10 min to remove the biocatalyst. All samples
were stored at —20 °C for further analysis.

To reduce the cost, the used lipase loading was reduced and the
reaction time was prolonged to 12h when larger scale reaction was
performed. The ethanolysis of oil catalyzed by Lipozyme TL-IM for 2-
MAGs product was scaled up in the following conditions: 20 g micro-
algae TAGs, 25.85 g anhydrous ethanol, 5 wt% water content, 1 g lipase
loading, reaction time 12h. The reaction was performed in a 250-mL
stirred tank reactor. The jacketed reactor was connected with a circu-
lated water bath to maintain the constant reaction temperature (25 °C).
Stirring was provided by a magnetic stirring apparatus. Oils, anhydrous
ethanol and extra water were firstly added to the reactor, followed by
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