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(150 °C) and highly pure (99.85%) TAG with 88.73% n-3 
PUFA was obtained. The final glyceride mixtures with low 
acid, peroxide and anisidine value were promising prod-
ucts for medical and dietetic purposes. Compared with 
the conventional one-step synthesis of n-3 PUFA-enriched 
TAG by enzymatic esterification or glycerolysis or the two-
step method by combined transesterification and ethanoly-
sis, this improved process allows for higher purity of n-3 
PUFA-enriched TAG and significant reduction in reaction 
time.
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Introduction

Eicosapentaenoic acid (EPA, C20: 5), docosapentaenoic 
acid (DPA, C22: 5) and docosahexaenoic acid (DHA, 
C22: 6) are long chain omega-3 fatty acids (FA) which 
have biochemical and pharmacological benefits on human 
health and can be applied to treatment/prevention of some 
diseases [1–3]. In the past few decades, EPA and DHA as 
triacylglycerols (TAG) have attracted considerable atten-
tion due to their higher oxidation stability and bioavailabil-
ity than EPA and DHA as ethyl esters or FA [4, 5]. There-
fore, there is a growing demand to produce highly pure 
n-3 PUFA-enriched TAG in the food and pharmaceutical 
industries.

Enzymatic synthesis of n-3 PUFA-enriched TAG has 
been recognized as an alternative approach for chemical 
methods due to its environmental friendliness, mild reac-
tion conditions and the high efficiency [6, 7]. However, 
the purity of TAG produced through lipase-catalyzed 
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esterification or glycerolysis was usually less than 90% due 
to the presence of partial glycerides [diacylglycerol (DAG), 
monoacylglycerol (MAG)] [8–11]. Therefore, high tem-
perature (230–260 °C) molecular distillation was required 
for further purification of n-3 PUFA-enriched TAG which 
would lead to the oxidation and isomerization of PUFA. 
Besides, another interesting two-step enzymatic method 
was reported to synthesize n-3 PUFA-enriched TAG by 
transesterification and ethanolysis combined with lower 
temperature (140 °C) molecular distillation [12]. Although, 
highly pure (98.75%) n-3 PUFA-enriched TAG could be 
easily obtained at lower temperature, the ethanolysis step 
for removal of partial glycerides is time consuming (96 h). 
To overcome the drawbacks of the current methods, it is 
necessary to further explore alternative methods.

MAG and DAG lipases have attracted much attention in 
oils and fats modification due to their capability of synthe-
sizing health beneficial partial glycerides [13–19]. How-
ever, to our knowledge, only two literatures have utilized 
this kind of lipase to remove partial glycerides by hydrol-
ysis. A 1,3-specific MAG and DAG lipase MAJ1 from 
marine Janibacter sp. strain HTCC2649 was reported to 
remove partial glycerides by hydrolysis from camellia oil 
and the content of partial glycerides decreased from 98.83 
to 27.9% after 12 h hydrolysis [20]. Another non-specific 
MAG and DAG lipase SMG1 from Malassezia globosa 
was also employed to hydrolyze partial glycerides from 
conjugated linoleic acids-enriched glyceride mixtures 
and the content of partial glycerides decreased from 45.2 
to 0.3% [19]. Although MAG and DAG lipases exhibited 
great application potential in removing partial glycerides, 
no one has reported the removal of n-3 PUFA-enriched par-
tial glycerides through hydrolysis using MAG and DAG 
lipases.

In this study, we aimed to develop a multi-step process 
for the preparation of highly pure n-3 PUFA-enriched 
TAG. First, glyceride mixtures were synthesized by Novo-
zym 435-catalyzed esterification of glycerol and n-3 
PUFA-enriched FA. Then, SMG1-F278N from M. glo-
bosa, a non-specific MAG and DAG lipase, with a 6-fold 
increased hydrolytic activity compared with SMG1 wild 
type [21] was immobilized and employed to hydrolyze par-
tial glycerides from glyceride mixtures. Effect of different 
reaction conditions on the hydrolytic reaction including 
pH of buffer, water content, enzyme loading and reaction 
temperature were studied in detail and the reusability of 
immobilized SMG1-F278N was also assessed. Subse-
quently, molecular distillation at relatively low temperature 
(150 °C) was employed to purify n-3 PUFA-enriched TAG 
from hydrolytic products and the physicochemical indices 
of the obtained glyceride mixtures were analyzed. Finally, 
13C NMR was used to characterize the positional distribu-
tion of FA in n-3 PUFA-enriched TAG.

Materials and Methods

Materials

Novozym 435 (Candida antarctica B lipase immobilized 
on a macroporous resin, enzyme activity 12,000 propyl-
laurate units/g) was purchased from Novozymes A/S 
(Bagsvaerd, Denmark). DHA/EPA-enriched ethyl esters 
were provided by Sinomega Biotech Engineering Co., Ltd. 
(Zhejiang, China). ECR8285 resin was supplied by Puro-
lite Co., Ltd. (Zhejiang, China). Standards of 1(3)-monoo-
leoyl-rac-glycerol, dioleoyl glycerol (15% of 1,2-dioleoyl 
glycerol, 85% of 1,3-dioleoyl glycerol), trioleoyl glyc-
erol, EPA ethyl, DHA ethyl, tricosanoic acid (23:0) ethyl 
esters, and the 37 fatty acid methyl esters for analysis were 
acquired from Sigma-Aldrich. n-Hexane, 2-propanol and 
methanoic acid were of HPLC grade from Kermel Chemi-
cal Reagent Co., Ltd. (Tianjin, China). All other solvents 
and reagents for analyses were of chromatographic or ana-
lytical grade.

Immobilization of SMG1‑F278N

SMG1-F278N was prepared following the procedure of 
Xu et al. [22] and then it was concentrated by a 10 kDa 
molecular mass membrane (Vivaflow 200, Sartorius, Ger-
many). The crude fermentation broth of SMG1-F278N 
was immobilized according to the method of Li et al. [23]. 
In short, lipase solution (ca. 0.4% protein) was mixed 
with an equal volume of 1.5  M phosphate buffer (pH 
6.0). Subsequently, the mixed enzyme solution (200 mL) 
was added to a 500-mL conical flask containing 20.0  g 
of epoxy resin (ECR8285) and then the flask was placed 
in thermostatic water bath shaker (200 rpm) at 30 °C for 
8 h. After immobilization, the immobilized SMG1-F278N 
was recovered and washed with 1.5  M phosphate buffer 
(pH 6.0) until the protein was undetectable in the elu-
ate. Finally, the immobilized SMG1-F278N was dried in 
a vacuum oven at room temperature for 8  h and kept at 
4 °C for subsequent use. During immobilization, the pro-
tein content was determined according to Bradford assay 
[24]. A calibration curve was established using bovine 
serum albumin as the standard protein to calculate the 
protein content of the enzyme solution before and after 
immobilization. The hydrolytic activity of immobilized 
SMG1-F278N was determined according to the method of 
Wang et al. [14]. One unit (U) of lipase was defined as 
the amount of immobilized SMG1-F278N which released 
1 μmol FA per minute. Specific activity of immobilized 
SMG1-F278N was expressed as units per mg protein (U/
mg). In this study, the hydrolytic activity and specific 
activity of immobilized SMG1-F278N were 665 U/g and 
12.62 U/mg, respectively.
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Preparation of n‑3 PUFA‑Enriched FA

A slightly modified version of the method of Gámez-
Meza et al. was employed to prepare n-3 PUFA-enriched 
FA [25]. First 100 g n-3 PUFA-enriched ethyl esters [con-
taining 0.02% t-butyl hydroquinone (TBHQ)] was saponi-
fied using 300 mL of 1.5 mol/L KOH in 80% ethanol by 
refluxing at 75  °C for 1  h. Then, 200  mL distilled water 
was added to the saponified mixture before unsaponifi-
able matter was extracted twice with n-hexane (400  mL) 
and discarded. Subsequently, the aqueous layer contain-
ing saponified matter was acidified to pH 1.0 with 4 mol/L 
HCl. The mixture was transferred into a separatory funnel 
and 200 mL n-hexane was added to extract the released FA. 
Then, the n-hexane layer was dried over anhydrous sodium 
sulfate and n-hexane was removed by a rotary evaporator at 
30 °C under vacuum. The obtained FA were stored under 
nitrogen at −20 °C until use.

Synthesis of n‑3 PUFA‑Enriched Glycerides

In this study, n-3 PUFA was defined as the sum of EPA, 
DPA and DHA. n-3 PUFA-enriched glycerides were syn-
thesized by Novozym 435-catalyzed esterification of glyc-
erol and n-3 PUFA-enriched FA under vacuum. Reac-
tion was conducted in a water-jacketed glass vessel, with 
volume of 5  L, diameter of 215  mm (inner)/241  mm 
(outer), and height of 256  mm, containing glycerol 
(200 g, 2.175 mol) and n-3 PUFA-enriched FA (2035.8 g, 
6.525 mol) and initiated by the addition of 44.716 g Novo-
zym 435 (2% of the total weight of substrates) with stirring 
at 400  rpm, 0.2 kPa and 60  °C. Samples were withdrawn 
periodically to monitor the composition of the reaction 
mixture. All procedures were performed in triplicate.

Removal of Partial Glycerides from Glyceride Mixtures 
by Immobilized SMG1‑F278N‑Catalyzed Hydrolysis

In order to obtain highly pure n-3 PUFA-enriched TAG, 
immobilized SMG1-F278N was used to further hydrolyze 
partial glycerides from glyceride mixtures. Reactions were 
carried out in a 100-mL conical flask containing 10  g of 
the glyceride mixtures with stirring at 200 rpm. The reac-
tion conditions were: pH of buffer solution (5.0, 5.5, 6.0, 
6.5, 7.0), water content [50, 75, 100, 125 and 150% (w/w, 
with respect to the oil mass)], enzyme loading of 30, 60, 
90, 120 and 150 U/g (U/w, with respect to the oil mass), 
and temperature (25, 30, 35 and 40  °C) were varied to 
study their effects on hydrolysis. Buffer solutions used in 
the hydrolytic reactions were as follows: 0.1 M NaH2PO4/
Na2HPO4 (pH 5.0, 5.5, 6.0, 6.5, 7.0). Samples (0.1  mL) 
were withdrawn at periodic intervals and dried over 0.5 g 
anhydrous sodium sulfate before diluted with 1 mL mixture 

of n-hexane, 2-propanol and methanoic acid (18:1:0.003, 
v/v/v). After being centrifuged at 10,000×g for 2  min, 
0.8 mL supernatant was withdrawn for HPLC analysis.

Reusability of Immobilized SMG1‑F278N

The reusability of the immobilized SMG1-F278N was 
determined via hydrolysis of glyceride mixtures under 
the optimized conditions: enzyme loading of 120 U/g 
(U/w, with respect to the oil mass), buffer solution of pH 
6.0, water content of 100% (w/w, with respect to the oil 
mass), temperature of 30  °C and 15  h of reaction. After 
each batch, the immobilized SMG1-F278N was recovered 
by centrifugation at 10,000×g for 5 min and washed with 
20  mL n-hexane three times. Then, the recovered immo-
bilized SMG1-F278N was dried in a desiccator for 24  h 
at room temperature before being used for the next cycle. 
TAG purity of 99.84% for the first reaction was set as 
100% and TAG purity of subsequent reactions was calcu-
lated accordingly.

Purification of TAG by Molecular Distillation

A scaled-up hydrolytic reaction, about 100-fold [1000  g 
glyceride mixtures, (66.21% TAG, 8.7% FA, 24.67% DAG 
and 0.42% MAG)] was carried out under the optimized 
conditions. After the reaction, the reaction mixture was 
centrifuged at 10,000×g for 5  min. The upper layer oil 
phase [976.4  g, (67.64% TAG, 32.22% FA, 0.11% DAG, 
0% MAG)] was collected for molecular distillation (MD-
S80 short path falling film distiller with a heating area of 
0.066 m2, Guangzhou Hanwei, China). Molecular distilla-
tion of the upper layer oil phase was carried out under the 
conditions: a feeding temperature of 60 °C, an evaporating 
temperature of 150 °C, a condenser temperature of 35 °C, a 
feed flow rate of 2 g/min, a pressure of 2.9 Pa and a scraper 
speed of 250  rpm. After molecular distillation, the distil-
lates (310.23 g) and residues (653.12 g) were collected for 
acylglycerol composition analysis, respectively.

The recovery of n-3 PUFA-enriched TAG together 
with the yield of n-3 PUFA-enriched TAG was calculated 
according to the method of Li et al. [12].

Analysis of Reaction Mixture by HPLC

The esterification and hydrolytic products were analyzed by 
Normal Phase HPLC (NP-HPLC, refractive index detector) 
using a phenomenex Luna column (4.6 mm i.d. × 250 mm, 
5  μm particle size, Phenomenex Corporation, Torrance, 
CA, America). The mobile phase was a mixture of n-hex-
ane, 2-propanol and methanoic acid (18:1:0.003, v/v/v) and 
elution was carried out at 30 °C with a flow rate of 1 mL/
min. Peaks in HPLC were identified by comparison with 
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the reference standards. Acquisition and processing of data 
was accomplished by Waters Breeze 2 software (Waters 
Corporation, Milford, MA, America).

TAG purity was defined as Eq. (1) in this study:

Analysis of FA Composition by Gas Chromatography 
(GC)

Prior to analysis FA composition of n-3 PUFA-enriched 
TAG by GC, the molecular distillation residues (30  mg) 
were applied to a thin layer chromatography (TLC) plate 
(100 × 200 mm) coated with silica gel and developed in a 
sealed TLC tank using a mixture of n-hexane/ethyl ether/
acetic acid (80:20:1, v/v/v) as developing solvents. After 
developing and drying in a fume hood, the TLC plate was 
sprayed with 0.1% 2,7-dichlorofluorescein in methanol and 
visualized under ultraviolet light at 254 nm to identify the 
TAG band. The identified TAG band was scraped off and 
methylated to FA methyl esters according to the method of 
ISO 5509:2000(E) [26]. The FA methyl esters were then 
analyzed on an Agilent 7890A GC equipped with a capil-
lary column CP-Sil 88 (60 m × 0.25 mm × 0.2 μm; Dikma 
Technologies, Beijing, China) using nitrogen as the carrier 
gas with a flow rate of 1.1 mL min−1. The column temper-
ature was initially held at 140  °C for 5  min before being 
programmed to reach 220  °C at a rate of 4  °C and was 
then maintained isothermally for 15 min. The temperatures 
for the injector and detector were set at 250 and 280  °C, 
respectively. The split ratio of 30:1 was used. The FA com-
position of prepared n-3 PUFA-enriched FA was analyzed 
according to the same method.

Positional Distribution of FA in n‑3 PUFA‑enriched 
TAG by 13C NMR

The positional distribution of FA in n-3 PUFA-enriched 
TAG was analyzed by 13C NMR according to the method 
of Li et al. [12]. Briefly, 50 mg distillation residues were 
applied to TLC plate to separate n-3 PUFA-enriched TAG 
as described above. The obtained mixture of silica gel and 
n-3 PUFA-enriched TAG was added to a 50 mL centrifuge 
tube for the extraction of n-3 PUFA-enriched TAG using 
30 mL chloroform and methanol (2:1, v/v) as solvent. Sub-
sequently, the mixture was sonicated with an ultrasonic 
wave (200 W) for 10 min and centrifuged at 10,000×g for 
5 min. The extracted n-3 PUFA-enriched TAG in the super-
natant was transferred into a 50-mL round-bottom flask for 
removal of chloroform and methanol using a rotary evap-
orator at 30  °C under vacuum. Finally, the obtained n-3 

(1)

TAG purity (%) =
TAG (%)

TAG (%)+ DAG (%)+MAG (%)
× 100.

PUFA-enriched TAG were dissolved in 0.5 mL deuterated 
chloroform and transferred into a 5-mm NMR tube for 13C 
NMR analysis.

Other Analyses

The acid value was analyzed according to the method of 
Qin et al. [27]. The peroxide value (POV) was determined 
spectrophotometrically by the International Dairy Federa-
tion (IDF) method [28]. The anisidine value (AnV) was 
determined according to the method of Hashemi et al. [29].

Statistical Analysis

All experiments were repeated for triplication. Significant 
differences among means were accomplished by using of 
an ANOVA procedure (p < 0.05).

Results and Discussion

Synthesis of n‑3 PUFA‑Enriched TAG

n-3 PUFA-enriched TAG were synthesized through Novo-
zym 435-catalyzed esterification of glycerol and n-3 PUFA-
enriched FA under vacuum. Figure 1 shows the time course 
of the esterification reaction. As the time proceeded, the 
TAG content increased and then remained stable at around 
66%. However, DAG content increased during the first 3 h 
and then slightly decreased to 24.67%. Across the whole 
reaction process, MAG content was below 3%. After 24 h 
of reaction, the reaction mixture was composed of 66.31% 
TAG, 24.67% DAG, 0.42% MAG and 8.7% FA.

Fig. 1   Synthesis of n-3 PUFA-enriched glycerides through Novozym 
435-catalyzed esterification of glycerol and n-3 PUFA-enriched FA. 
Reaction conditions were as follows: n-3 PUFA-enriched FA/glyc-
erol molar ratio, 3:1; enzyme loading, 2% (with respect to total sub-
strates); temperature, 60 °C; pressure, 0.2 kPa; reaction time, 24 h
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Removal of Partial Glycerides from Glyceride Mixtures 
by Immobilized SMG1‑F278N‑Catalyzed Hydrolysis

To achieve highly pure n-3 PUFA-enriched TAG, the partial 
glycerides selective lipase of immobilized SMG1-F278N 
was employed to remove partial glycerides by hydrolysis 
from the glyceride mixtures. Effects of reaction parameters 
such as pH of buffer solution, water content, enzyme load-
ing and temperature on TAG purity were evaluated.

Effect of pH of Buffer Solution on the Purity of TAG

The pH of the reaction system is one of the important 
parameters which significantly affects the catalytic activ-
ity of the lipase. Each enzymatic reaction with an optimum 
pH and the rate of the enzymatic reaction will be reduced 
above or below the optimum pH. This is mainly because 
the dissociation group in the active center of enzyme varies 
with the pH changes of the reaction system and thus influ-
encing the catalytic activity of the enzyme [30]. The effect 
of pH of the buffer solution on the purity of TAG was inves-
tigated and the results are shown in Fig. 2. Figure 2 shows 
that TAG purity increased with increasing reaction time and 
the optimum hydrolysis pH of immobilized SMG1-F278N 
was 6.0. When the hydrolytic reaction was performed at pH 
5.5, TAG purity reached 99.54% after 15 h of reaction. Fur-
ther increases in the pH of reaction system from 5.5 to 6.0, 
caused TAG purity to increase significantly (p  =  0.012) 
from 99.54 to 99.84%. However, TAG purity decreased 
significantly (p < 0.001) when the pH of the reaction sys-
tem increased from 6.0 to 7.0. The maximum TAG purity 
was 99.84% at pH 6.0 after 15 h of hydrolysis. TAG purity 
increased with increasing pH and then decreased when the 
pH was above 6.0. Therefore, the pH of the buffer solution 
was fixed at 6.0 for the succeeding experiments.

Effect of Water Content on the Purity of TAG

Water played an important role in the hydrolytic reactions 
which are reversible and governed by water content of the 
reaction mixture. The reaction could not be completed if 
the water content was too low. However, excessive water 
would add the difficulties of the subsequent product sepa-
ration. Therefore, appropriate water content is necessary 
for lipase-catalyzed hydrolysis. In this study, the effect of 
water content on the purity of TAG was studied and the 
results are shown in Fig.  3. TAG purity kept rising with 
increasing water content. However, when the water content 
exceeded 100% (w/w, with respect to the oil mass), there 
was no significant difference (p  =  0.61) in TAG purity. 
Although excessive water content promoted the hydrolytic 
reaction equilibrium to the right, a large amount of water 
may reduce the concentration of the enzyme at the oil–
water interface, thus causing a reduction in catalytic effi-
ciency. Hence, a water content of 100% (w/w, with respect 
to the oil mass) was determined suitable for the subsequent 
studies.

Effect of Enzyme Loading on the Purity of TAG

The amount of enzyme used in the reaction determined the 
initial velocity of the reaction and thus influenced the time 
to reach equilibrium. The effect of enzyme loading on the 
purity of TAG was investigated and the results are shown in 
Fig. 4. Of the whole reaction process, TAG purity increased 
with increasing enzyme loading. When enzyme loading 
increased from 90 to 120  U/g, after 15  h of reaction, the 
purity of TAG increased significantly (p  =  0.002) from 
98.45 to 99.84%. However, further increase in enzyme 
loading from 120 to 150 U/g, after 15 h of reaction, made 
no significant difference (p  =  0.78) in TAG purity. The 

Fig. 2   Effect of pH on TAG purity. Reaction conditions: enzyme 
loading of 120 U/g (U/w, with respect to oil mass), buffer solution 
with different pH 10 g, temperature 30 °C

Fig. 3   Effect of water content on TAG purity. Reaction conditions: 
enzyme loading of 120 U/g (U/w, with respect to oil mass), pH 6.0, 
temperature 30 °C
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obtained results indicated that the combination between 
enzyme and substrates reached saturation when enzyme 
loading was more than 120 U/g. Therefore, out of eco-
nomic considerations, an enzyme loading of 120 U/g was 
chosen for the following experiments.

Effect of Temperature on the Purity of TAG

Temperature is an important factor which affects the reac-
tion rate as well as the stability of the enzyme. Figure  5 
showed the effect of reaction temperature on the purity 
of TAG. As illustrated in Fig.  5, TAG purity increased 
with increasing the temperature from 25 to 30 °C while it 
decreased when the temperature rose over 30  °C. Lower 
TAG purity was observed at 40  °C (96.78%) due to the 
inactivation of immobilized SMG1-F278N. The high-
est purity (99.84%) of TAG was obtained at 30 °C which 
was significantly (p < 0.002) higher than those obtained at 
other temperatures. Therefore, a temperature of 30 °C was 
selected for hydrolysis of partial glycerides from glycer-
ide mixtures. EPA and DHA contain five and six cis-form 
double bonds, respectively. Low temperatures for removing 
partial glycerides might be favorable for preventing the oxi-
dation of EPA and DHA.

Reusability of Immobilized SMG1‑F278N

The reusability of immobilized SMG1-F278N was assessed 
by hydrolysis of partial glycerides from glyceride mixtures 
under the optimized conditions. TAG purity of 99.84% for 
the first reaction was taken as 100% and TAG purity in 
the subsequent reactions was calculated accordingly. As 
shown in Fig. 6, immobilized SMG1-F278N exhibited high 
operational stability in hydrolysis of partial glycerides and 
TAG purity of over 94% was maintained after immobilized 

SMG1-F278N was used for six cycles. The obtained results 
indicate that immobilized SMG1-F278N is a prospective 
enzyme which could be used for purification of TAG from 
glyceride mixtures.

Purification of n‑3 PUFA‑Enriched TAG by Molecular 
Distillation at Lower Temperature (150 °C)

A scale-up hydrolytic reaction, about 100-fold, was carried 
out under the optimized conditions: enzyme loading of 120 
U/g (U/w, with respect to the oil mass), buffer solution of 
pH 6.0, water content of 100% (w/w, with respect to the oil 
mass) and a reaction temperature of 30 °C. After the reac-
tion, the reaction mixture was centrifuged at 10,000×g for 

Fig. 4   Effect of enzyme loading on TAG purity. Reaction conditions: 
10.0 g buffer solution of pH 6.0, temperature 30 °C

Fig. 5   Effect of temperature on TAG purity. Reaction conditions: an 
enzyme loading of 120 U/g (U/w, with respect to oil mass), 10.0  g 
buffer solution of pH 6.0

Fig. 6   Operational stability of immobilized SMG1-F278N during 
hydrolysis of partial glycerides from glyceride mixtures. Reaction 
conditions: enzyme loading 120 U/g (U/w, with respect to oil mass), 
10.0 g buffer solution at pH 6.0, temperature 30 °C
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5 min and then the upper layer oil phase was collected for 
molecular distillation. The acylglycerol profile of residues 
(final product), the FA composition of n-3 PUFA-enriched 
TAG and recovery of n-3 PUFA-enriched TAG together 
with the yield of n-3 PUFA-enriched TAG are shown in 
Table  1. After molecular distillation, the FA produced in 
the hydrolytic reaction were effectively removed and most 
of n-3 PUFA-enriched TAG was successfully collected. The 
final glyceride mixtures contained 99.85% of n-3 PUFA-
enriched TAG and 0.15% DAG. No significant difference in 
FA composition was observed between n-3 PUFA-enriched 
FA and n-3 PUFA-enriched TAG which indicated that the 
FA composition was not affected during the processes of 
enzymatic esterification, hydrolysis and molecular distilla-
tion. Similar results were also observed by Li et al. [12] 
and Wang et al. [31]. Besides, the recovery of n-3 PUFA-
enriched TAG and the yield of n-3 PUFA-enriched TAG 
were 98.49 and 65.31%, respectively.

The physicochemical indices of the glyceride mix-
tures obtained were analyzed and the results are shown 
in Table  2. The results showed that the obtained glyc-
eride mixtures had low acid, peroxide and anisidine 
value which could be used for medical and dietetic pur-
poses. From the above data, purification of n-3 PUFA-
enriched TAG from glyceride mixtures by immobilized 

SMG1-F278N-catalyzed hydrolysis combined with low 
temperature molecular distillation proved feasible. There-
fore, this multi-step process is a promising method for the 
synthesis of highly pure n-3 PUFA-enriched TAG.

Compared with the synthesis of n-3 PUFA-enriched 
TAG by Novozym 435-catalyzed transesterification com-
bined with immobilized SMG1-F278N-catalyzed ethanol-
ysis [12], the proposed method in this study by Novozym 
435-catalyzed esterification combined with immobilized 
SMG1-F278N-catalyzed hydrolysis allows a higher purity 
(99.85 vs 98.75%) of the final product to be achieved. 
Most importantly, through hydrolysis, the reaction time 
for removal of partial glycerides was greatly reduced (15 
vs 96 h) which is of great significance for industrial appli-
cation. Overall, the proposed improved multi-step process 
proved to be a prospective approach for the synthesis of n-3 
PUFA-enriched TAG.

Analysis of FA Positional Distribution in n‑3 
PUFA‑Enriched TAG via 13C NMR

In order to get a better understanding of the obtained 
product, we analyzed the positional distribution of FA in 
n-3 PUFA-enriched TAG by 13C NMR and the results are 
shown in Fig.  7. The carbonyl region of 13C-NMR spec-
tra was used to analyze the positional distribution of FA in 
n-3 PUFA-enriched TAG. The integrated area percentages 
(mol%) of different FA and their positional distribution in 
n-3 PUFA-enriched TAG are shown in Table  3. The area 
percentages of FA in the sn-2 position were compared with 
half of the area percentages of sn-1,3 position to determine 
the difference between these two positions in n-3 PUFA-
enriched TAG. From the obtained results we found that 
saturated FA (SFA), monounsaturated FA (MUFA), EPA, 
DPA, DHA and also other FA were almost distributed 
evenly at the sn-2 and sn-1,3 positions. Similar results were 
also observed by Li et al. [12] who found FA in the synthe-
sized n-3 PUFA-enriched TAG were almost equally distrib-
uted in sn-2 and sn-1,3 positions.

Table 1   Acylglycerol profile, fatty acids composition of n-3 PUFA-
enriched fatty acids and n-3 PUFA-enriched TAG, and recovery of 
TAG together with the yield of TAG

n-3 PUFA-enriched 
fatty acids

n-3 PUFA-enriched 
TAG

Acylglycerol profile (%)

 TAG 0 99.85

 DAG 0 0.15

 MAG 0 0

 FA 100 0

Fatty acids composition (%)

 C16:0 1.78 ± 0.19 1.69 ± 0.15

 C18:0 1.32 ± 0.13 1.29 ± 0.15

 C18:1n9 3.75 ± 0.24 3.56 ± 0.34

 C18:3n3 0.62 ± 0.05 0.51 ± 0.11

 EPA 39.49 ± 0.46 40.55 ± 0.63

 DPA 6.43 ± 0.21 6.59 ± 0.46

 DHA 43.13 ± 0.54 41.59 ± 0.72

 Other FA 3.48 ± 0.43 4.22 ± 0.59

 Total n-3 PUFA 89.05 ± 0.86 88.73 ± 1.02

Recovery of TAG (%) 98.49

Yield of TAG (%) 65.31

Table 2   Physicochemical indices analysis of the upper layer oil 
phase of hydrolytic products and distillation residues

POV peroxide value, AV acid value, AnV anisidine value

Physicochemical 
indices

Upper layer oil phase 
of hydrolytic products

Distillation residues

AV (mg KOH/g) 58.68 0.02

POV (mequiv/Kg) 3.3 2.4

AnV 13.9 13.7
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Conclusions

During synthesis of n-3 PUFA-enriched TAG, due to the 
thermal instability of n-3 PUFA, high temperature (230–
260 °C) molecular distillation was not suitable for remov-
ing partial glycerides from glyceride mixtures which would 
cause oxidation and isomerization of PUFA. Moreover, 
large amounts of DAG will still exist in the final products 
after high temperature (230–260 °C) molecular distillation 
thus resulting in a low TAG purity.

In this study, partial glycerides in glyceride mixtures 
were removed by immobilized SMG1-F278N-catalyzed 
hydrolysis. Partial glycerides in glyceride mixtures were 
hydrolyzed to FA and further purified by molecular dis-
tillation at a lower temperature (150  °C). Finally, highly 
pure (99.85%) TAG with high content (88.73%) of n-3 
PUFA was obtained. Compared with the conventional 
one-step method or the two-step approach by combined 
transesterification and ethanolysis, this multi-step process 
offers considerable advantages such as higher purity of 
the final product and a significant reduction in reaction 
time.
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