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Abstract
LML-type structured lipids are one type of medium- and long-chain triacylglycerols. LML was synthesized using immobi-
lized Talaromyces thermophilus lipase (TTL)-catalyzed interesterification of tricaprylin and ethyl linoleate. The resin AB-8
was chosen, and the lipase/support ratio was determined to be 60 mg/g. Subsequently, the immobilized TTL with strict sn-1,3
regiospecificity was applied to synthesize LML. Under the optimized conditions (60 °C, reaction time 6 h, enzyme loading
of 6% of the total weight of substrates, substrate of molar ratio of ethyl linoleate to tricaprylin of 6:1), Triacylglycerols with
two long- and one medium-chain FAs (DL-TAG) content as high as 52.86 mol% was obtained. Scale-up reaction further veri-
fied the industrial potential of the established process. The final product contained 85.24 mol% DL-TAG of which 97 mol%
was LML after purification. The final product obtained with the high LML content would have substantial potential to be
used as functional oils.
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Introduction

Medium-chain TAGs (MCTs) were found as low-calorie
oil to remittence the fat accumulation of human being [1].
Compared with the conventional edible oils, consumption
of medium-chain TAGs produces large amounts of medium-
chain FAs which would be directly transported into the liver
through the portal vein to supply energy, rather than being
transported to the adipose tissue for storage. However, it has
been demonstrated that the long-term ingestion of medium-
chain TAGs can cause gastrointestinal problems, such as
gastric discomfort, cramps, nausea, abdominal pain, and
diarrhea [2, 3]. Most importantly, medium-chain TAGs
cannot provide essential FAs for humans. Alternatively,
medium- and long-chain TAGs (MLCTs) combine the
advantages of both the medium-chain TAGs and long-chain
TAGs, which can not only suppress the accumulation of
body fat but can also serve as essential FAs [4—6]. Therefore,
there is a growing demand for the MLCTs in recent years
due to the increasing health concern of diabetes, ischemic
heart diseases, and some cancers that are primarily caused
by obesity [7, 8].

MLCTs contain six types of TAG, including MLL,
LML, LLM, MML, LMM, and MLM, and MLM has been
extensively studied for its use as a low-calorie TAG [9-11].
LML is one type of MLCTs that has long-chain FAs at the
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sn-1,3 positions and medium-chain FAs at the sn-2 posi-
tion. LML is superior to the other two types of medium- and
long-chain TAGs (i.e., MML and LMM) for cooking and
frying applications, because it has higher smoke point and
boiling point than MML and LMM. The LML would be
cleaved to long-chain FAs and 2-monoacylglycerol (2-MAG)
with medium-chain FAs after ingestion. Compared with the
2-MAG containing long-chain FAs produced by the inges-
tion of conventional edible oils, the 2-MAG with medium-
chain FAs is poor substrates for the re-synthesis of TAG in
the intestinal epithelial cell; consequently, the re-synthesis
of TAG would be greatly inhibited, and most of the 2-MAG
and FAs produced would be transported to the liver through
the portal vein to supply energy or for other purposes [12,
13]. The unique metabolic pathway distinguished from the
conventional edible oils enables the LML to exhibit ben-
eficial effects on humans. However, few reports have been
published to date regarding the synthesis of LML. The inter-
esterification of soybean oil and MCTs using Novozym 435
has been used to synthesize MLCTs [14], but LML level
in the MLCTs products containing MLL, LML, LLM, and
MML was low. In addition, a two-step chemoenzymatic
route, which consists the incorporation of long-chain FAs
into the sn-1,3 positions of TAGs using immobilized CLA-B
lipase and the introduction of medium-chain FAs into the
sn-2 position of TAGs using 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride, has been developed to
synthesize LML-type TAGs [15]. In this context, an envi-
ronmentally friendly and simple approach is highly needed
to produce LML with high purity.

The enzymatic synthesis of structured lipids has gained
widespread attention due to their mild reaction conditions,
high specificity, and environmentally friendliness [16,
17]. Typically, lipases with sn-1,3 regiospecificity, such as
Lipozyme RM IM and immobilized Rhizopus oryzae lipase,
are used to synthesize ABA (TAGs with the same FAs at the
sn-1 and sn-3 positions, but with different FAs at the sn-2
position) type structured lipids by acidolysis or interesterifi-
cation using FAs or FA ethyl esters as an acyl donor [18-21].
In particular, Lipozyme RM IM is the only commercial
immobilized lipase with the strict sn-1,3 regiospecificity
to produce ABA-type structured lipids. To achieve ABA-
type structured lipids with high purity, further exploration
of novel lipase resources with strict sn-1,3 regiospecificity to
synthesize ABA-type structured lipids is of great importance
in the modification of fats and oils.

Talaromyces thermophilus lipase (TTL) is a thermo-
stable lipase and has been proven to have great potential
to use in laundry detergents and biodiesel production
[22-24]. Although TTL showed excellent activity in hydro-
lytic and methanolytic reactions, its type of performance
in other types of reactions is still unknown. Our prelimi-
nary studies found that TTL was a lipase with strict sn-1,3
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regiospecificity, which may bepotential to produce LML
products with high purity.

Therefore, in this study, TTL was immobilized and uti-
lized to synthesize LML by interesterification of tricapry-
lin and ethyl linoleate to establish an industrial potential
process. First, five resins were examined for their capabil-
ity to immobilize TTL followed by the optimization of the
immobilization process using the selected carrier. Subse-
quently, the immobilized TTL was characterized and was
used to synthesize LML. Significant variables, such as the
reaction temperature, enzyme loading, substrate molar ratio,
and reaction time, were chosen to study their effects on the
interesterification. In addition, a scale-up interesterification
reaction was performed under the optimized conditions to
evaluate the industrial potential of the established process.
Finally, the produced LML was purified using molecu-
lar distillation and characterized by the analysis of its FA
composition.

Materials and methods
Materials

The resins AB-8 and DA201 were kindly provided by the
Chemical Plant of Nankai University (Tianjin, China) and
Zhengzhou Qinshi Technology Co., Ltd. (Henan, China),
respectively. The resins ECR1030, SA-1, and HP2MGL
were purchased from Rohm and Haas (Philadelphia, USA).
Bovine serum albumin was purchased from Shanghai Bio
Science and Technology Company (Shanghai, China).
The Bradford reagent was purchased from Sigma-Aldrich
(Wuhan, China). n-Hexane, 2-propanol, and formic acid
were purchased from the Kermel Chemical Reagent Co.,
Ltd. (Tianjin, China). Triolein (>99%), the standards of
TAG, DAG (15% of 1,2-DAG and 85% of 1,3-DAG), MAG,
tricaprylin (> 99%), and ethyl linoleate were purchased from
Sigma-Aldrich (Shanghai, China). Commercial medium-
and long-chain TAGs were purchased from the Baili Phar-
maceutical Industry Co., Ltd. (Chengdu, China). All the
other reagents and chemicals were of high purity and ana-
lytical grade.

High cell density fermentation of TTL

The transformed strain showing the highest lipase activity
in shake-flask culture was cultivated in a high cell density
fermenter. High cell density fermentation was conducted
in a 50 L bioreactor (Baoxing Co., Shanghai, China). The
inoculum was cultured in BMGY media. The cells were
grown for 18-20 h at 30 °C on a shaker at 200 rpm. 10%
(v/v) of the inoculum was inoculated into a 50 L bioreac-
tor containing 20 L basal salt media comprised of 0.47 g/L
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CaSO,-2H,0, 9.1 g/L K,SO,, 7.5 g/LL MgSO,-7H,0, 6.2 g/L
KOH, 13.35 mL/L H;PO, (85%), 20.0 g/L glycerol and
1.5 mL Pichia trace metal 1 (PTM1) (Guangzhou Chemical
Reagent Factory, Guangzhou, China). 1-L PTM1 consists of
6 g CuSO,-5H,0, 0.08 g Nal, 3 g MnSO,-H,0, 0.5 g CoCl,,
20 g ZnCl,, 0.02 g H;BO;, 0.2 g Na,Mo00O,-2H,0, 65 g
FeSO,-7H,0, 0.2 g biotin, and 30 mL 6 N H,SO,. The tem-
perature was controlled at 30 °C, and the pH was maintained
at 5.0 using NH,OH (28%) and H;PO, (10%). The agitation
rate was set at 500 rpm, and the aeration rate was 40 L/
min. When the glycerol had been consumed, as indicated
by an increase in the dissolved oxygen, 0.5% (v/v) methanol
was added to induce the expression of the lipase. The feed-
ing of the methanol was linked to the DO. When the initial
methanol was depleted (indicated by an abrupt increase in
the DO), 80 g of 100% methanol solution containing 1.2%
(v/v) PTM1 was automatically added. The concentration of
methanol was kept stable by monitoring the dissolved oxy-
gen content and maintaining it higher than 20%.

Immobilization of the TTL

The resultant fermentation broth of the TTL was centri-
fuged, and then, the supernatant containing TIL was used
directly to immobilize TIL using the treated macroporous
resins. The selected macroporous resins (Table 1) were
treated as described by Wang et al. to remove the bubbles,
residual monomers, and compounds from the hole of the
resins [25]. Briefly, 9 g of treated resin was added to a 1-L
conical flask and mixed with 105 mL of the supernatant
containing TTL (60 mg protein per g resin) and 105 mL of
20 mM pH 7.0 phosphate buffer. Subsequently, the mix-
ture was shaken at 30 °C for 8 h using an air bath orbital
shaker (180 rpm). After immobilization, the immobilized
TTL on the resin was recovered using a Buchner funnel
and washed with 20 mM pH 7.0 phosphate buffer until no
protein could be detected in the eluent. The immobilized
TTL recovered was dried in a vacuum desiccator for 8 h to
remove water from the immobilized TTL. The immobili-
zation performance was evaluated using the protein load-
ing [26], hydrolytic activity [27], and specific activity. The

TTL-immobilized carrier with the highest hydrolytic and
specific activities was selected to optimize the immobiliza-
tion experiment. Briefly, the effect of the lipase/resin ratio
(20-80 mg/g) on the immobilization of TTL was studied.
The best TTL-immobilized resin was used to characterize
and perform enzymatic reactions.

Regiospecificity of the immobilized TTL

The regiospecificity of the immobilized TTL was analyzed
using the hydrolysis of triolein as described by Li et al. [27]
with minor modifications. Briefly, 1-g triolein was added to
a 10-mL conical flask and mixed with 0.2-mL 20-mM pH
7.0 phosphate buffer. The flask was incubated in a glycerol
bath at 40 °C. The reaction was initiated by the addition of
50 U immobilized TTL. Each sample (30 pL) was with-
drawn at periodic intervals and mixed with 1 mL mobile
phase (n-hexane, 2-propanol, and formic acid =21:1:0.003,
by volume). Subsequently, 0.5 g anhydrous sodium sulfate
was added to the mixture and mixed by vortexing, followed
by centrifugation at 10,000xg for 2 min. The resultant super-
natant (0.8 mL) was withdrawn and transferred into a 2-mL
chromatographic tube for acylglycerol and FA profiles analy-
sis using normal phase HPLC (NP-HPLC, refractive index
detector, Waters Corporation, Milford, MA, USA) using a
Phenomenex Luna column (4.6 mm i.d. X 250 mm, 5 um par-
ticle size, Phenomenex Corporation, Torrance, CA, USA).
The mobile phase was a mixture of n-hexane, 2-propanol
and methanoic acid (21:1:0.003, v/v/v), and the solution was
eluted at 30 °C with a flow rate of 1 mL/min. The positional
specificity index was calculated to evaluate the regiospecific-
ity of the immobilized TTL as described by Ota et al. [28].

Synthesis of LML by immobilized TTL-catalyzed
interesterification

A 50-mL conical flask containing tricaprylin and ethyl
linoleate was incubated in a silicon oil bath at the desired
temperature. The reaction was initiated with the addition of
the immobilized TTL. During interesterification, the reac-
tion temperature (50, 55, 60, 65, and 70 °C), enzyme loading

Table 1 Basic properties of the resins and their abilities in immobilization of TTL

Resin Particle size (mm)  Specific Pore diam- Protein loading (mg/g  Hydrolytic activity (U/g Specific activity of immobi-
surface area eter (nm)  immobilized lipase) immobilized lipase) lized lipase (U/mg protein)
(m*/g)

DA-201 0.3-1.25 >200 10-13 95.60+0.71 414.23+3.27 4.33+0.11

ECR1030  0.3-0.7 103 20-30 80.67+0.79 1117.02+10.82 13.85+0.12

HP2MGL 0.3 570 240 79.58+£0.76 80.28 +0.82 1.01+0.03

AB-8 0.3-1.25 480 12-16 96.02+0.89 5588.25+51.5 58.2+0.48

SA-1 0.3-1 120-220 20-30 99.17 +1.051 2982.16+31.98 30.07+0.31
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2%, 4%, 6%, 8%, and 10%, by weight of the total substrates),
and the molar ratio of ethyl linoleate to tricaprylin (1:1, 2:1,
3:1, 4:1, 5:1, 6:1, and 7:1) were varied to investigate their
effects on the interesterification. Samples (20 uL) were with-
drawn at selected time points (0, 1, 3, 6,9, 12, and 24 h) and
mixed with 1 mL n-hexane. Subsequently, the mixture was
filtered through a 0.22-um nylon membrane, and approxi-
mately, 0.8 mL filtered liquid was collected and analyzed
on an Agilent 7890A GC equipped with a DB-1HT column
(30 mx0.25 mm X 0.2 um) using nitrogen as the carrier gas
with a flow rate of 1.1 mL/min. The column temperature was
initially held at 200 °C for 2 min before being programmed
to reach 300 °C at a rate of 10 °C/min and was maintained
isothermally for 15 min. The temperatures for the injector
and detector were set at 250 and 280 °C, respectively. A split
ratio of 20:1 was used.

Scale-up reaction

To evaluate the potential industrial application of the process
established to synthesize of LML, a scale-up reaction of
about 300-fold was conducted using the optimized condi-
tions (reaction temperature of 60 °C, enzyme loading of 6%
and tricaprylin/ethyl linoleate molar ratio of 1:6). The total
weight of the tricaprylin and ethyl linoleate was 3 kg. The
reaction was performed in a 5-L three-neck round bottom
flask and stirred using a mechanical agitator (IKA RW20)
with an agitation speed of 200 rpm. The reaction was initi-
ated after the addition of the immobilized TTL. Samples
(20 pL) were withdrawn at selected timepoints (1, 3, and
6 h) and prepared for GC analysis as described above. The
reaction was stopped after 6 h, and the reaction mixture was
collected for the subsequent purification.

Purification of the final product using short-path
molecular distillation

A two-stage molecular distillation (MD-S80 short-path fall-
ing film distiller, Guangzhou Hanwei Co., Ltd., Guangzhou,
China) was applied to purify the DL-TAG from the scale-up
reaction to remove the undesirable products produced dur-
ing interesterification. The conditions for the first stage of
molecular distillation were as follows: a feeding temperature
of 60 °C, a feeding flow rate of 2 g/min, an evaporating tem-
perature of 100 °C, a pressure of 10 Pa, and a scraper speed
of 300 rpm. The conditions for the second stage of molecular
distillation were as follows: a feeding flow rate of 1.5 g/min,
an evaporation temperature of 200 °C, a scraper speed of
300 rpm, a pressure of 1 Pa, and a condenser temperature of
40 °C. The fraction enriched with DL-TAG was collected for
TAG composition and FA composition analyses.
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Analysis of the interesterification products using GC

The interesterification products were analyzed using
GC equipped with a flame ionization detector and fil-
tered with a DB-1HT column (30 m X 0.25 mm, i.d.,
0.1 um). A temperature program was established to
separate ethyl caprylate, ethyl palmitate, tricaprylin, SL-
TAG(Triacylglycerols with one long- and two medium-
chain FAs), DL-TAG, and trilinolein. First, the oven tem-
perature was held at 200 °C for 2 min, programmed to
300 °C at a rate of 10 °C/min, and maintained for 15 min.
Subsequently, the oven temperature continued to elevate at
arate of 5 °C/min to 330 °C and was held for 15 min. The
carrier gas was nitrogen and the split ratio was 20:1. Each
peak in the chromatogram was identified by comparison
with the corresponding standard. In this study, the relative
molar content of DL-TAG was expressed as the molar ratio
of DL-TAG molar content to the sum molar content of
tricaprin, SL-TAG, DL-TAG, and trilinolein.

Analysis of the FA composition and distribution
of the final product

Acyl migration may occur during immobilized TTL-cata-
lyzed interesterification. Therefore, the DL-TAG produced
may contain not only LML but also LLM and MLL. To
determine the purity of the LML in the final product, the
FA composition at the sn-2 position of the final product
was analyzed. The final product was hydrolyzed using
pancreatic lipase as described by Sahin et al. [29]. The
2-MAG produced was identified and scraped off a thin
layer chromatography plate. Subsequently, the scraped
2-MAG was methylated as described by Wang et al. [30].
The methylated 2-MAG was analyzed using GC as previ-
ously described by our group [31]. In addition, approxi-
mately 20 mg of the final product was methylated followed
by analysis of the total FA composition using GC.

Statistical analysis

All the reactions were performed in triplicate, and the data
are shown as the means with the standard deviations. Dif-
ferences between the measured values were assessed by a
two-tailed Student’s test at p < 0.05.



Bioprocess and Biosystems Engineering (2019) 42:321-329

325

Results and discussion
Immobilization of TTL
Screening of the carrier to immobilize TTL

In this study, five carriers with different particle sizes, spe-
cific surface areas, and pore diameters were screened for
their abilities to immobilize TTL. As shown in Table 1, the
hydrolytic activity of 5588.25 U/g and the specific activ-
ity of 58.2 U/mg of the immobilized TTL using AB-8 as a
carrier were the highest among all the immobilized prepa-
rations obtained. Although resin SA-1 had the highest pro-
tein load (99.17 mg/g), it did not give the highest hydrolytic
activity (2982 U/g) and specific activity (30.07 U/mg) of
the immobilized TTL. The results indicate that the activity
of immobilized lipase is associated with the characteristics
of carries including the particle size, specific surface area,
and pore diameter of the carrier [32, 33]. AB-8 is a kind of
nonpolar resin, while other resins are polar or weakly polar.
The hydrophobic interactions between AB-8 resins and TTL
may favor the opening of the lid of TTL, thus promoting the
exposure of the catalytic site of TTL. As a consequence, a
relatively high activity of the immobilized lipase using AB-8
was obtained. Further studies are still needed to clarify the
detailed interaction mechanisms. Therefore, the AB-8 resin
was chosen to immobilize the TTL due to the highest spe-
cific activity of the immobilized TTL.

Effect of the lipase/support ratio on the immobilization
of TTL

To identify a more suitable and economical condition to
immobilize TTL, the effect of lipase/support ratios ranging
from 20 to 80 mg/g on the immobilization of TTL using
AB-8 as the carrier was studied, and the results are shown
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Fig. 1 Effects of the lipase/support ratio on the immobilization of
TTL

in Fig. 1. As expected, the protein loading increased from
39.58 to 113.23 mg/g with an increasing lipase/support ratio
from 20 to 80 mg/g. The hydrolytic activity of the immo-
bilized TTL reached the maximum of 5588.25 U/g at the
lipase/support ratio of 60 mg/g and began to decrease. How-
ever, the specific activity of the immobilized TTL decreased
as the lipase/support ratio increased, which indicated that the
contact between a substantial amount of adsorbed lipases on
the carrier and the substrates was restricted. Our previous
study found that CLA-B distributed not only on the surface
of the carrier, but also inside of the carrier during immobi-
lization [34]. The lipase distribution of a carrier may affect
the contact between the substrate and the lipase. Considering
that the highest hydrolytic and moderate specific activities
could be obtained at a lipase/support ratio of 60 mg/g, the
lipase/support ratio of 60 mg/g was selected to immobi-
lize TTL. Under the optimized conditions (lipase/support
ratio =60 mg/g), immobilized TTL was produced on large
scale. The immobilized TTL with a hydrolytic activity of
5614.36 U/g and a specific activity of 58.33 U/mg was pre-
served in refrigerator at 4 °C prior to use.

Regiospecificity of the immobilized TTL

The regiospecificity of immobilized TTL was studied by
monitoring the hydrolysis of triolein, and the results are
shown in Fig. 2. The 1(3),2-diacylglycerols (DAG) and
free FA increased as the hydrolysis reaction proceeded.
The MAG increased at a relatively slower rate. Interest-
ingly, the 1,3-DAG was undetectable at the initial 9 min
and was 0.06% after 10 min. The low content of 1,3-DAG
and the high content of 1(3),2-DAG in the reaction mix-
ture indicated that the immobilized TTL preferred to act
at the sn-1 and sn-3 positions of the glycerol backbone
rather than at the sn-2 position. After 10 min, the reaction

100
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/\; 60 | ——FA
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Fig.2 Time course of hydrolysis of triolein by immobilized TTL
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mixture contained 59.74% TAG, 20.61% 1(3),2-DAG,
0.06% 1,3-DAG, 16.74% FA, and 2.85% 2-MAG. The posi-
tional specificity index of the immobilized TTL was 98.84,
which is significantly higher than the positional specific-
ity index (93.3) of Lipozyme RM IM that is commonly
known as an sn-1,3 specific lipase [28]. Overall, the results
obtained demonstrated that immobilized TTL exhibited
strict sn-1,3 regiospecificity towards TAG, which indicate
a substantial potential to synthesize ABA-type structured
lipids. Therefore, the potential of immobilized TTL to
synthesize of LML was explored in the following studies.

Synthesis of LML by immobilized TTL-catalyzed
interesterification

Effect of reaction temperature on the interesterification

The immobilized TTL with high activity and strict sn-
1,3 regiospecificity was employed to synthesize the LML.
Figure 3 shows the effects of temperature on the DL-TAG
content. When the reaction temperature increased from 50
to 60 °C, the DL-TAG content increased from 31.46 mol%
(24 h) to 40.34 mol% (24 h). The DL-TAG content began
to decrease when the reaction temperature was higher than
60 °C. The increased DL-TAG content with increasing
temperature to 60 °C may due to the favorable lipase activ-
ity at these temperatures. The DL-TAG content obtained
at 65 °C (31.52 mol%) and 70 °C (31.57 mol%) was sig-
nificantly lower than that obtained at 60 °C, which could
be due primarily to the denaturation of the immobilized
TTL at relatively higher temperatures. Therefore, the
reaction temperature was fixed at 60 °C for the following
experiments.

DL-TAG content (%)

Reaction time (h)

Fig. 3 Effects of reaction temperature on the DL-TAG content
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Effect of enzyme loading on the interesterification

The enzyme amount used determines the reaction rate and
production costs. The effect of enzyme loading on the inter-
esterification was evaluated, and the results are shown in
Fig. 4. High enzyme loading favors a shorter reaction time
to reach equilibrium. When the enzyme loading was 6%,
the DL-TAG content reached 36.76 mol% (6 h), which was
significantly higher than that obtained at an enzyme load-
ing of 2% (12.16 mol%) or 4% (21.56%) at 6 h. When the
enzyme loading was higher than 6%, the DL-TAG content
was higher than 40.20 mol% at 6 h, which was almost equal
with that obtained at enzyme loading of 2% and 4% after
24 h of reaction. Although the DL-TAG content obtained
at an enzyme loading of 8% or 10% at the initial 6 h of
reaction was significantly higher than that obtained at the
enzyme loading of 6% at the same reaction time, there is no
significant differences between the DL-TAG content after
9 h of reaction. The use of too much enzyme not only adds
the production costs but can also influence the mass transfer
of the reaction system. Thus, enzyme loading of 6% was
selected for the following experiments.

Effect of substrate molar ratio on the interesterification

The effect of the ethyl linoleate/tricaprylin molar ratio on the
interesterification was studied. As shown in Fig. 5, a high
molar ratio of ethyl linoleate to tricaprylin favors a higher
initial reaction rate. When the molar ratio was increased
from 2:1 to 4:1, the DL-TAG content increased from
26.14 mol% (24 h) to 46.72 mol% (24 h). However, when
the molar ratio was higher than 4:1, the DL-TAG content
increased first and then decreased. When the molar ratio was
5:1, the highest DL-TAG content (49.31 mol%) was obtained

DL-TAG content (%)

Reaction time (h)

Fig. 4 Effects of enzyme loading on the DL-TAG content
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Fig. 5 Effects of substrate molar ratio on the DL-TAG content

at 12 h. When the molar ratio was 6:1, the highest DL-TAG
content of 52.86 mol% was obtained at 6 h, and the DL-TAG
content began to decrease. Although the highest DL-content
could be obtained at a relatively shorter reaction time of 3 h
at a molar ratio of 7:1, the highest DL-TAG content obtained
at 7:1 (52.44 mol%) was slightly lower than that obtained at
6:1 (52.86 mol%). Therefore, the ethyl linoleate/tricaprylin
molar ratio was chosen to be at 6:1, and the reaction time
was determined at 6 h for the synthesis of DL-TAG.

As discussed above, the DL-TAG content began to
decrease when the DL-content reached its maximum at
molar ratios of 5:1, 6:1 and 7:1. The possible reasons for
the decrease of the DL-content include the partial DL-TAG
conversion to trilinolein.

The evaluation of the scale-up reaction
and the purification of the final product

To assess the potential of the established process to syn-
thesize of DL-TAG, a scale-up reaction of approximately
300-fold was performed under the optimized conditions.
The reaction process was monitored by the determination
of the contents of tricaprylin, SL-TAG, DL-TAG, and tri-
linolein, respectively. As illustrated in Fig. 6, the tricaprylin
content decreased dramatically at the initial 1 h and then
decreased slowly during the next 1 h. The tricaprylin content
decreased very slowly after 2 h, which could be attributed to
the low concentration of tricaprylin in the reaction mixture
after 2 h and the equilibrium between the products. During
the interesterification, the SL-TAG was first produced and
the DL-TAG and trilinolein were subsequently produced.
As expected, the SL-TAG content increased dramatically at
the initial 1 h and began to decrease. However, the DL-TAG
and trilinolein contents increased as the reaction proceeded.

100
—+— Tricaprylin
90T —o—SL-TAG
80 —A—DL-TAG
70 —w— Trilinolein

Content (mol%)

0 1 2 3 4 5 6

Reaction time (h)

Fig.6 Monitoring the reaction process of the scale-up reaction

The final reaction mixture contained 5.67 mol% tricaprylin,
33.01 mol% SL-TAG, 53.19 mol% DL-TAG, and 8.13 mol%
trilinolein.

The reaction mixture of the scale-up reaction was puri-
fied further using two-stage molecular distillation to remove
the tricaprylin and SL-TAG. As shown in Table 2, the final
product consisted of 0.97 mol% tricaprylin, 1.34 mol% SL-
TAG, 85.24 mol% DL-TAG, and 12.44 mol% trilinolein after
purification. The DL-TAG content rose to 85.24 mol% after
purification.

FA composition analysis of the final product

The FA composition of the sn-2 position of the final prod-
uct was analyzed to determine the purity of the LML in
DL-TAG. As discussed above, the final product contained
85.24 mol% DL-TAG, 0.97 mol% tricaprylin, 1.34 mol%
SL-TAG, and 12.44 mol% trilinolein. If acyl migration did
not occur during interesterification, all the DL-TAG would
be LML, and the highest LML content in the final product
should be 85.24 mol%. As shown in Table 3, 85.01 mol%
C8:0 occupied the sn-2 position of the final product. The

Table 2 Composition of reaction mixture before and after purification

Composition (mol%) Before purification After purification
Tricaprylin 5.67+0.21 0.97+0.08
SL-TAG 33.01+0.89 1.34+0.11
DL-TAG 53.19+1.69 85.24+1.35
Trilinolein 8.13+0.38 12.44+0.68

SL-TAG and DL-TAG are TAGs with single or double long-
chain fatty acids, which are MLL, LML, LLM, MML, MLM and
MML. Such as “MLL” represents a TAG with a medium-chain fatty
acid residue in the sn-1 position and two long-chain fatty acid resi-
dues in the sn-2 and 3 positions
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Table 3 FA composition of the final product at sn-2 position and all
positions

Fatty acid composition Final product

(mol%) . .
sn-2 position All positions
C8:0 85.01+0.86 30.28+0.47
C18:2n6 14.56 +0.27 69.24 +0.68
Others 0.43+0.05 0.48 £0.06

85.01 mol% C8:0 obtained at the sn-2 position of the final
product was derived from tricaprylin (MMM), SL-TAG, and
DL-TAG. If no acyl migration occurred, the 1.34 mol% SL-
TAG obtained would only contain LMM or MML. There-
fore, it can be concluded that at least 82.7 mol% (85.01 mol%
minus 0.97 mol% and 1.34 mol%) C8:0 at the sn-2 position
of the final product was derived from DL-TAG. In summary,
the final product contained at least 82.7 mol% LML.

The total FA composition of the final product was also
analyzed. The final product contained 30.28 mol% C8:0 and
68.24 mol% C18:2n6. The modified lipids with medium- and
long-chain FAs combine the advantages of both medium-
chain TAG and long-chain TAG. In summary, the final
product obtained with at least 82.7 mol% LML may have
substantial potential to be used as functional oils.

Conclusions

LML is one of the types of medium- and long-chain TAGs.
However, to date, little information is available on the syn-
thesis of LML. In summary, immobilized TTL with strict
sn-1,3 regiospecificity was employed to synthesize LML
using interesterification of tricaprylin and ethyl linoleate
for the first time. A complete process including the immo-
bilization of TTL, regiospecificity study of the immobilized
TTL, optimization of the reaction process, scale-up reaction,
and the purification of the product were studied in detail.
Immobilized TTL exhibited superior activity during interest-
erification and 53.19 mol% DL-TAG was obtained under the
optimized conditions. After purification, the final product
with at least 82.7 mol% LML was obtained. The scale-up
reaction showed that the established reaction process had
substantial potential for industrial applications. In conclu-
sion, this study broadens the application ranges of the TTL,
and the immobilized TTL with strict sn-1,3 regiospecificity
may have more potential applications in the oils and fats
industry. Additionally, this study may provide insights for
further research involving the production of LML-type
structured lipids and the application of TTL.
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