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A B S T R A C T   

Docosahexaenoic acid (DHA) in the form of triacylglycerols (TAG) are widely recognized for their health ben-
efits. As naturally occurring DHA in the form of TAG are limited, this work developed and optimized a Candida 
rugosa lipase-catalyzed selective hydrolysis process to enrich DHA in tuna oil. The DHA-enriched tuna oil pro-
duced at optimal conditions (lipase concentration of 4 %, ratio of water to tuna oil of 1:3, reaction temperature of 
55◦C) contained 46.12 % of DHA, in which 55.24 % of DHA was located in sn-2 position of the glycerides. In-vitro 
bioavailability test shows, the DHA-enriched tuna oil (7.89 %) had significantly higher cellular uptake of DHA as 
compared to unprocessed oil. The DHA-enriched oil demonstrated increased intracellular oxidation and mito-
chondrial damage of Caco-2 cell.   

1. Introduction 

Omega-3 polyunsaturated fatty acids (n-3 PUFA), such as docosa-
hexaenoic acid (DHA), are widely recognized for their health benefits. It 
is a carboxylic acid with a 22 - carbon chain and six cis double bonds in 
the DHA hydrocarbon chain (Fig. 1(A))(Chen et al., 2019). Numerous 
epidemiological and clinical studies have shown that DHA can reduce 
the incidence of cardiovascular disease, Alzheimer’s disease and type 2 
diabetes (Patel et al., 2021). In addition, DHA supplementation has been 
shown to have pro-apoptotic behavior. DHA regulate the outer mem-
brane potential of cytosolic mitochondria in breast cancer cells resulting 
in up - regulation of caspase 9 (pro-apoptotic genes) and reduction of 
tumors’ growth (Newell et al., 2019). In another research, DHA sup-
plementation was found to increase malondialdehyde and reactive ox-
ygen species in Caco-2 cells which lead to protein misfolding, 
endoplasmic reticulum stress, cellular autophagy and cell apoptosis 
(Pettersen et al., 2016). 

As biosynthesis of DHA from alpha - linolenic acid (ALA, 18:3 ω - 3) 
in human body occurs at a slow rate (1.5 nmol g-1 d-1) (Wen et al.), it is 
recommended that adult obtain intake of about 0.1 g of DHA per day 

(Efsa, 2010). DHA supplements usually present in three forms, namely 
triglycerides (TAG), free fatty acids (FFA), and ethyl esters (EE)(Zhang 
et al., 2022). DHA-EE is the most common commercially available 
supplement; nevertheless, low hydrolysis rates of DHA-EE by pancreatic 
lipase raises concerns about their metabolic efficiency and lymphatic 
transport in the body (Jiang et al., 2022; Jin et al., 2022). In contrast, 
TAG which are naturally occurring forms of DHA have been reported to 
be highly bioavailable (Yang et al., 2020). 

Fish oil is a natural source of DHA in the form of TAG. Tuna oil 
contains 18.7–26.8 % of DHA (Sun et al., 2023; Xia et al., 2020; Zhang 
et al., 2017). Studies have been done to isolate, purify and/or enrich 
DHA in fish oil in order to transform it into functional food ingredient or 
pharmacologically active compound. Zhang et al. used low-temperature 
crystallisation to concentrate DHA in tuna oil (DHA >39.8 %). However, 
the crystallisation process took more than 12 h and involved the usage of 
organic solvents such as acetone, hexane and acetonitrile (Zhang et al., 
2017). Separation and purification of EPA and DHA by high perfor-
mance liquid chromatography has also been extensively reported but is 
not applicable to large-scale industrial production (Karrar et al., 2023). 
Urea complexation is another method used to concentrate DHA but 
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challenges exist in terms of low recovery rate and residual solvents 
(Karrar et al., 2023). In contrast, lipase-catalyzed partial hydrolysis is a 
good way to produce DHA-enriched oil. This method produced high 
yield of DHA in the form of glycerides without the usage of organic 
solvents (Chen et al., 2023). 

This study aims to develop and optimize an enzymatic method to 
produce DHA-enriched oil using low concentration of lipase (<5 % of oil 
weight). The optimized benchtop reaction conditions were up-scaled up 
to a 5 L scale production using stirred tank reactor. The obtained DHA- 
enriched oil was purified using molecular distillation and evaluated in 
terms of structure (using NMR spectroscopy, gas chromatography and 
liquid chromatography), in-vitro bioavailability (Caco-2 cell monolayer 
model) and pro-apoptotic behavior. 

2. Materials and methods 

2.1. Materials 

Lipase AY “Amano” 400SD (from Candida rugosa) was purchased 
from Amano Enzyme China Ltd. Chemicals (including potassium hy-
droxide and sodium bisulfate anhydrous) and organic solvents 
(including methanol, n - hexane, ethanol, isopropanol, formic acid) were 
purchased from Shanghai Macklin Biochemical Co., Ltd. Tuna oil was 
obtained from oil Qingdao Seawit Life Science Co., Ltd. DMEM (Dul-
becco’s Modified Eagle Medium), Fetal Bovine Serum (FBS), Penicillin - 
Streptomycin, Non - Essential Amino Acids 9 (NEAA) were purchased 
from Gibco Life Technologies. Phosphate - Buffered Saline (PBS) and 
Hank’s Balanced Salt Solution (HBSS) was purchased from HyClone 
Biochemical Product (Beijing) Co., Ltd. Human colon cancer cell line 
Caco-2 was purchase from Culture Collection of the Chinese Academy of 
Sciences (Shanghai, China). 

2.2. Lipase-catalyzed preparation of DHA-enriched tuna oil 

2.2.1. Single-factorial experiment 
Candida rugosa lipase has been reported to selectively enrich DHA in 

the glycerol backbone (Chen et al., 2019) and thus was used in this 
study. The lipase catalyzed reaction was optimized in terms of lipase 
concentration (1 %, 2 %, 3 %, 4 %, 5 % relative to the weight of tuna oil), 
mass ratio of water to oil (1:3, 1:4, 1:5,1:6 and 1:7), reaction time (1 h, 2 
h, 3 h, 4 h), and reaction temperature (40 ◦C, 45 ◦C, 50 ◦C, 55 ◦C, 60 ◦C) 
using a single factorial experiment. 

Briefly, tuna oil was mixed with distilled water in a jacketed reaction 
vessel. The jacketed reaction vessel was heated to the required reaction 
temperature using circulation water bath. Lipase was then added to 
catalyze the selective hydrolysis under a stirring speed of 300 rpm. At 
the end of the reaction time, the reaction mixture was terminated by 

heating the reaction mixture at 95 ◦C for 10 min. The water and oil 
mixture were separated by centrifugation (1698×g, 10 min) and the oil 
phase was saponified to remove the hydrolyzed free fatty acids to obtain 
the glycerides fraction. Saponification was conducted according to 
previously reported method (Chen et al., 2019). Briefly, the hydrolyzed 
oil (200 μL) was dissolved in ethanol, mixed with distilled water (both 2 
mL), and saponified using ethanolic KOH (1 mL, 0.5 mol/L). The glyc-
eride fraction was extracted twice by hexane (4 mL). 

Acid value and fatty acid compositions the product of hydrolysis or 
glyceride fraction were analyzed. The acid values were estimated and 
calculated using AOCS Ca - 5a - 40 method with slight modifications 
(AOCS, 1997). Briefly, hydrolyzed oil sample was titrated with NaOH 
standard solution using phenolphthalein as indicator. Acid value is 
calculated as follows:  

Fatty acid composition was determined according to previously 
published method (Yu et al., 2023). Oil samples (10–20 μL) were dis-
solved in 2 mL of n-hexane. Potassium hydroxide - methanol solution 
(0.5 mL, 2 mol/L) was added to the dissolved lipid, incubated for 2 min, 
and mixed with a vortex mixer. Sodium bisulfate anhydrous was added 
to the mixtures and allowed to stand for 2 min. The upper layer of the 
mixtures was passed through a 0.22 μm organic filter membrane and 
analyzed using gas chromatography (Nexis GC - 2030) equipped with 
flame ionization detector, and a CP – Si188 fused capillary column (100 
m × 0.25 mm × 0.2 m, Agilent, Santa Clara, CA, U.S.A.). The temper-
ature program was set as follows: The initial oven temperature was set at 
45 ◦C for 4 min, then increased to 175 ◦C at 13 ◦C/min and held for 27 
min, and finally increased to 215 ◦C at 4 ◦C/min and held for 35 min. 
The detector and injector temperatures were set at 250 ◦C. The gas flow 
rates were 24 mL/min for nitrogen, 32 mL/min for hydrogen and 200 
mL/min for air, respectively. The injection volume was 1 μL, and the 
split ratio was 1:29 (Wu et al., 2020). Standard solution containing a 
mixture of 37 fatty acids methyl esters (Supelco® 37 Component FAME 
Mix) was used for peak identification. The fatty acid content was 
calculated using the area normalization method. 

2.2.2. Orthogonal experimental design for process optimization 
The lipase catalyzed partial hydrolysis process was optimized to 

obtain high DHA content in tuna oil using an orthogonal experimental 
design which was designed based on the results from the single factorial 
study. The reaction conditions include enzyme concentration (3 %, 4 % 
and 5 % of oil weight), reaction time (2 h, 3 h and 4 h), temperature 
(45 ◦C, 50 ◦C and 55 ◦C) and water to oil ratio (1:3, 1:4 and 1:5). Fatty 
acid composition was determined according to method described in 
2.2.1. 

Fig. 1. (A) Molecular structure of DHA and (B) reaction scheme of the lipase catalyzed selective enrichment of ω-3 PUFAs.  

Acid value(mg / g)=
volume of alkali ∗ strenghth of alkali ∗ 40(relative molecular mass)

mass, g of test portion   
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2.2.3. Up-scaling and purification process of the lipase-catalyzed 
preparation of DHA-enriched tuna oil 

Three liters of the optimized reaction substrate (tuna oil and water) 
was added to a 5 L jacketed batch reactor, heated to optimized reaction 
temperature and stirred at 300 rpm. The reaction was initiated by 
addition of lipase solution. At the end of the reaction, the reaction 
mixture was stood to allow for phase separation. The oil and aqueous 
phase were collected separately. The aqueous phase containing enzyme 
solution was reused. The obtained oil phase was subjected to purifica-
tion using a three-step distillation process using a short path distillation 
(SPD) system (VKL70 - 5S, VTA GMBH & CO.KG, Germany). 

In the first step, the distillation temperature was kept at 110 ◦C, the 
wiped - film speed was set 300 rpm and the material flow rate was 10 
mL/min. In the second step, the distillation temperature was increased 
to 160 ◦C, the wiped-film speed was increased to 350 rpm and the ma-
terial flow rate was reduced to 5 mL/min. In the third step, the distil-
lation temperature was kept at 180 ◦C, the wiped - film speed was 400 
rpm and the material flow rate was 2 mL/min. The system was kept at 
low atmospheric pressure between 2.5 and 9.1 Pa (Solaesa et al., 2016). 

The residue fractions obtained after each distillation steps (kept under 
nitrogen atmosphere and stored at − 80 ◦C) were analyzed in terms of fatty 
acids and glycerides compositions. Fatty acids composition was evaluated 
according to method described in 2.2.1. Glycerides compositions were 
determined using HPLC-RID (Waters 1525 Series HPLC) equipped with a 
silica gel column (4.6 mm 250 mm 5 m; Phenomenex, USA). The oil sample 
(25 μL) was diluted in n - hexane (1000 μL) and passed through a 0.45 μm 
organic filter membrane. The mobile phase (n - hexane/isopropanol/for-
mic acid (15:1:0.003, v/v/v) was set at a constant flow rate of 1.0 mL/min. 
Injection volumes was set at 20 μL (Huang et al., 2023). Glyceride 
composition, including triglycerides, diglycerides, monoglycerides and 
free fatty acids, were quantified using area normalization. 

The peroxide values were determined according to China National 
Standards (GB5009.227–2016) (National Standards of China, 2016). 
Briefly, oil sample was titrated with Na2S2O3 standard solution using 
starch as indicator. Peroxide values is calculated as follows: 

2.3. Positional distribution of the fatty acids in purified DHA-enriched 
tuna oil 

Positional distribution of the fatty acids in DHA-enriched tuna oil 
was determined using NMR (Bruker, Rheinstetten, Germany) according 
to previously published method (Tengku-Rozaina et al., 2014). The oil 
samples (100 mg) were dissolved in 1000 μL of CDCl3, centrifuged 
(10000 r/min, 5min) and the upper layer was pipetted into a 5 mm NMR 
tube. The experiment was conducted at the following acquisition pa-
rameters: 1024 scans, 10.76 pulse width, 1.3631 s acquisition time, 238 
ppm scan width, 2 s relaxation time, 64 K time domain, 30 pulse 
sequence zgpg, 30 ◦C excitation pulse. 

Peak assignment for the 13C NMR spectrum was done according to 
previously published method (Ahmmed et al., 2021; Tengku-Rozaina & 
Birch, 2014). Fig. S1 shows the peak assignment for 13C NMR spectrum. 
The percentage area of fatty acids in the carbonyl region was obtained 
using Mestrenova 14.0 software. 

2.4. Bioavailability of the DHA-enriched tuna fish oil 

2.4.1. Cell culture and cytotoxicity 
Caco-2 cells were cultured in DMEM containing 10 % FBS and 1 % 

penicillin-streptomycin and 1 % non - essential amino acids at 37 ◦C and 

5 % CO2. The medium was changed every 2 days and the cells used for 
the experiments were 20–30 generations. 

For proliferation experiments, we seeded 100 μl of cell suspension 
into 96-well plates with a density of 10,000 cells per well for 24 h. The 
culture solution was totally replaced with fish oil samples of different 
concentrations (2–400 μg/mL). Each concentration was set up with five 
replicates. After 24 h of incubation, the Cell Counting Kit - 8 (CCK8, 
Beyotime Institute of Biotechnology, China) was used to measure cell 
proliferation. 10 μL of CCK-8 solution was added to each well. The 
absorbance at 450 nm was measured after 2 h incubation avoid light. 
The calculation of cell viability is shown below: 

Cell viability=
Asample − Ablank

Acontrol − Ablank  

Asample was the absorbance of sample; Acontrol was the absorbance of 
control (no samples, just cells) and Ablank was the absorbance of blank 
(neither cells nor samples) respectively. 

2.4.2. Cell uptake and transport of DHA-enriched tuna oil 
Caco-2 cells suspension (0.5 mL) were seeded at a density of 1.0 ×

105 cells/mL on the apical side of 12 - well transwell plate and 1.5 mL of 
cell culture solution was added on the basolateral side. The medium was 
replaced every day after the Trans Epithelial Electrical Resistance 
(TEER) values were tested using Millicell® ERS - 2 (Electrical Resistance 
system) (Millipore, Billerica, U.S.A.). Caco-2 cells monolayers with 
TEER values higher than 2000 Ω/cm2 at day 21 were used for uptake 
and transport analysis. 

Firstly, the monolayers were washed twice with HBSS (pH 7.4, 
37 ◦C). DHA-enriched tuna oil (0.5 mL, 100 μg/mL) were added to the 
apical chamber, and 1.5 mL of HBSS was added (pH 7.4) to the baso-
lateral chamber. After 2 h of incubation, cells in apical chamber and the 
medium in basolateral chamber were collected. Lipid were extracted 
from both chambers according to previous method (Yu et al., 2023) and 
analyzed for their fatty acid composition using the method of 2.2.1. Cell 
uptake refers lipids extracted from cells in apical chamber and lipid 

transport refers to lipids in the basolateral medium. 

2.5. Functional properties of DHA-enriched tuna oil 

Caco-2 cells were cultured in 6 - well plates and treated with tuna oil 
and DHA-enriched tuna oil (100 μg/mL) for 24 h. The cells were then 
harvested using EDTA - trypsinization according to the protocol speci-
fied in the Annexin V-FITC/PI Apoptosis Detection Kit (Vazyme, Nanj-
ing, China). The Caco-2 cells were resuspended in binding buffer (100 
μL) after washing with PBS buffer. The cell suspension was incubated in 
the dark for 10 min after addition of Annexin V-FITC and PI buffer (5 μL 
respectively). The cells apoptosis was analyzed by flow cytometry 
(Thermo-life Attune NxT, Thermo Fisher Scientific, USA). Data analysis 
was performed with FlowJo (FlowJo LLC, Ashland, OR) software version 
10.8.1. 

2.5.1. Intracellular reactive oxygen species (ROS) generation 
Intracellular ROS generation was analyzed using reactive oxygen 

species assay kit (CA1410, Solarbio). Caco-2 cells were cultured in 96 - 
well plates and treated with tuna oil and DHA-enriched tuna oil (100 μg/ 
mL) for 24 h. The media was removed, and 100 μL of diluted fluorescent 
probe (DCFH-DA) was added to each well and incubated at 37 ◦C in the 
dark for 20 min. The cells were washed with PBS for three times (0.01 

Peroxide value(%)=
standard solution volume ∗ standard concentration ∗ 0.1269

mass, g of test portion
∗ 100   
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M). Finally, 100 μl of fresh PBS was added to each well and fluorescence 
was detected through a confocal laser scanning microscopy (Leica 
DM3000, Germany). 

2.5.2. Mitochondrial membrane potential analysis 
Mitochondrial membrane potential was measured by mitochondrial 

membrane potential assay kit with JC-1(C2003S, Beyotime). Caco-2 
cells were cultured in 6 - well plates and treated with tuna oil and DHA- 
enriched tuna oil (100 μg/mL) for 24 h. The cells were then harvested 
through EDTA - trypsinization. Cells were washed with PBS and stained 
with 500 μL of JC - 1 solution and incubated for 20 min at 37 ◦C. The 
cells mitochondrial membrane potential was analyzed by flow cytom-
etry (Thermo-life Attune NxT, Thermo Fisher Scientific, USA). Data 
analysis was performed with FlowJo (FlowJo LLC, Ashland, OR) soft-
ware version 10.8.1. 

2.6. Statistical analysis 

SPSS software (version 26.0, SPSS Inc., Chicago, IL, USA) was used 
for statistical analysis. One - way analysis of variance (ANOVA), Dun-
can’s multiple range test (group >2) and independent samples t -test 
were performed to compare significant difference between the estimated 
means of two groups. The p value less than 0.05 indicates significant 
differences between the samples. Graphpad Prism 9.4.1 (San Diego, CA, 
USA) was used generate all the graphs. Graphical abstract was created 
using BioRender software (http://biorender.com). 

3. Results and discussion 

3.1. Lipase-catalyzed preparation of DHA-enriched tuna oil 

3.1.1. Effects of lipase concentration 
Fig. 2(A) shows the effect of lipase concentration on acid value and 

DHA concentration of the tuna oil. Both acid value and DHA concen-
tration of the tuna oil increased with lipase concentration. As lipase 

concentration increased from 1 % to 4 %, acid value and DHA concen-
tration of the tuna oil increased from 54.64 mg/g to 74.72 mg/g and 
38.55 %–43.67 %, respectively. However, both acid value and DHA 
concentration significantly decreased (p < 0.05) at high lipase concen-
tration of 5 %. Therefore, 4 % of lipase concentration was considered as 
optimum lipase concentration to obtain high yield of glycerides enriched 
in DHA. Our result is in consistent with previously reported study which 
found a significant decrease in the DHA concentration in the glyceride 
fraction at high enzyme concentration (Ma et al., 2014). Lipase pro-
motes hydrolysis reaction. However, excessive lipase concentration will 
not increase reaction rates due to formation of lipase aggregates which 
reduces lipases accessibility to the reaction substrates (Jiang et al., 
2023). 

3.1.2. Effects of reaction temperature 
Reaction temperature affects lipase activity and stability. The rela-

tionship between reaction temperature and lipase activity can be 
described as "inverted U″ shape, where the enzymatic activity is highest 
at optimum reaction temperature, and a too high or too low reaction 
temperature is detrimental to enzymatic activity (Chen et al., 2023). As 
reaction temperature increased from 45 ◦C to 50 ◦C, acid value and DHA 
concentration of tuna oil increased from 62.45 mg/g to 76.78 mg/g and 
41.90 %–44.28 %, respectively. However, both acid value and DHA 
concentration decreased significantly (p < 0.05) when the temperature 
exceeded 55 ◦C. Therefore, 50 ◦C was considered as optimum reaction 
temperature to obtain high yield of glycerides enriched in DHA. This is 
in consistent with previously reported study in which 50 ◦C was regar-
ded as the optimum temperature where Thermomyces lanuginosus 
lipase-catalyzed hydrolysis of tuna oil (Sun et al., 2023). 

3.1.3. Effects of reaction time 
Fig. 2(C) shows the effects of reaction time on acid value and DHA 

concentration of the tuna oil. Acid value increased from 0.11 mg/g to 
49.85 mg/g after 1 h of reaction time, and gradually increased up to 
62.45 mg/g after 4 h of reaction time. Meanwhile, the DHA 

Fig. 2. Effects of lipase concentration (A), reaction temperature (B), reaction time (C), ratio of water to tuna oil(D) on acid value and DHA concentration of tuna oil.  
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concentration in tuna oil increased sharply from 27.83 % to 39.98 % 
during the first 2 h of the reaction time. Following that, the DHA con-
centration increased gradually from 41.90 % to 42.41 % at 4 h (p <
0.05). Therefore, 4 h of reaction time was selected as optimum reaction 
time to obtain high yield of glycerides enriched in DHA. Our result is in 
consistent with previously reported study which found the optimum 
reaction time was 4 h (Yang et al., 2020). 

3.1.4. Effects of the ratio of water to oil 
Lipase can catalyze hydrolysis of triglyceride with increased activity 

in the presence of an oil/water interface. As shown in Fig. 2(D), DHA 
concentration in the glyceride fraction increased significantly (p < 0.05) 
as the mass ratio of water to tuna oil increased from 1:7 to 1:5 with a 
maximum DHA concentration of 45.11 % at water to tuna oil ratio of 
1:4. Thus, water to tuna oil ratio of 1:4 was selected as optimum water to 
tuna oil ratio to obtain high yield of glycerides enriched in DHA. Water 
promoted the reaction by providing more substituents (hydroxyl groups) 
for hydrolysis. However, a too high proportion of water can also affect 
the polarity of the system, thus inhibiting lipase activity through 
competitive inhibition with substrate for binding to active site of the 
lipase and subsequently reducing the enrichment effect (Hosseini et al., 
2018; Jiang et al., 2023). This is in agreement with a previously reported 
findings which low water reduces the catalytic activity of the lipase used 
and high water leads to saturating effects and inhibition of the substrate 
by the lipase (Sun et al., 2023). 

3.1.5. Orthogonal experimental design for process optimization 
Based on the findings of the single factorial study, orthogonal 

experiment was designed to optimize lipase concentration, water to oil 
mass ratio, reaction time and temperature to obtain DHA-enriched tuna 
oil. Unprocessed tuna oil has 27.83 % DHA. At the optimal reaction 
conditions (lipase concentration of 4 %, ratio of water to tuna oil of 1:3, 
reaction temperature of 55 ◦C, reaction time of 4 h), this work enriched 
the DHA concentration in the glyceride fraction to 46.12 % (Table 1). 
Range analysis (Rn value) was conducted to investigate the impact of 
each factor on DHA enrichment. The Rn value of the reaction conditions 
were: lipase concentration = 2.18 > reaction time = 2.16 > the ratio of 
water to tuna oil = 1.52 > reaction temperature = 1.51. This result 
indicated that lipase concentration had the highest impact on DHA 
enrichment in tuna oil. 

3.1.6. Up-scaling and purification process of the lipase-catalyzed 
preparation of DHA-enriched tuna oil 

Tuna oil (2.76 kg) and distilled water (0.92 kg) were added to a 5 L 
stirred tank glass reactor and stirred at 200 rpm. As the temperature of 
the reaction mixture reached 55 ◦C, 110.4 g of lipase was added to 
activate the partial hydrolysis reaction for 4 h. Acid value and DHA 
concentration in the hydrolyzed tuna oil were 62.75 mg/g and 45.3 %, 
respectively. 

Molecular distillation is commonly used to purify thermally unstable 
compounds under vacuum conditions to minimize thermal degradation 
(Zhang et al., 2018). The acid value, peroxide value and DHA concen-
tration of unprocessed tuna oil were 0.11 mg/g, 0.45 % and 25.24 %, 
respectively. Following enzymatic and distillation process, the purified 
DHA-enriched tuna oil has an acid value, peroxide value and DHA 
concentration of 0.85 mg/g, 1.2 % and 46.28 %, respectively which 
meet the requirement of first grade fish oil as stipulated by Chinese 
aquatic industry standard for fish oil(SC/T 3502-2016, 2016). The yield 
of the DHA-enriched oils following molecular distillation was 32.6 % (wt 
% of the tuna oil used as substrate). 

In this study, a three-step distillation process is used to remove the 
free fatty acids (FFA) and monoglycerides (MAG) in the glyceride frac-
tions. Fig. 3(A) shows the glycerides compositions in unprocessed tuna 
oil which contain mostly TAG (98.03 %). The DAG, MAG, and FFA 
concentration of unprocessed tuna oil were 0.34 %, 0.50 % and 1.13 %, 
respectively. Following first distillation step, the residue contained 

41.84 % of FFA, 3.53 % of MAG, 23.06 % of DAG, 31.57 % of TAG. After 
the second distillation step, the residue contained 15.07 % of FFA, 3.73 
% of MAG, 33.44 % of DAG, 47.75 % of TAG. Following this final step, 
the DHA-enriched tuna oil contained mainly by TAG (57.91 %) and 
DAG, (40.58 %) with low concentration of MAG (0.49 %) and FFA (1.02 
%). This result is consistent with previously reported findings which 
reported high concentration of DAG and TAG in DHA-enriched purified 
oil (Sun et al., 2023). High concentration of DAG in the purified oil may 
offer potential health benefits as DAG has been reported to reduce 
visceral fat and inhibit weight gain as compared to TAG (Jiang et al., 
2022). 

Feed flow rate during the SPD process is an important variable 
affecting efficiency of the purification process. High feed flow rate 
shortens the operation time but leads to lower purification (Yeoh, 2014). 
Thus, we have reduced the feed flow rate from 10 mL/min in the first 
step to 5 mL/min in the second and to 2 mL/min in the third step. 
Increased distillation temperature can gradually remove FFA, however a 
high temperature of more 200 ◦C might causing PUFA degradation 
(Messina et al., 2022). Thus, we have not increased the distillation 
temperature beyond 180 ◦C in the three distillation steps. 

Fig. 3(B) shows the fatty acid compositions in the unprocessed tuna 
oil and residue fractions of the purified tuna oil. Unprocessed tuna oil 
contains 31.39 % of SFA, 30.22 % of MUFA and 38.39 % of PUFA. 
During the first two steps of the distillation process, SFA decreased 
significantly from 13.43 % to 9.88 % (p < 0.05), with no significant 
changes in MUFA and PUFA. Following the final distillation step, a PUFA 
(61.49 %) enriched tuna oil was obtained with 28.25 % of MUFA and 
10.26 % of SFA. 

As shown in Fig. 3(B), DHA and palmitic acids are the two most 
abundant fatty acids in the unprocessed tuna oil which accounted for 
25.24 % and 20.54 %, respectively. This is in agreement with a previous 
finding which reported found 28–30 % palmitic acids and 24–28 % of 
EPA and DHA in fish oil(Solaesa et al., 2016). Following the first two 
step of molecular distillations, palmitic acid decreased from 20.54 % to 
6.60 % (p < 0.05). Meanwhile, DHA in glyceride fractioin increased to 
46.28 %. This is consistent with the finding of Yang and colleagues that 
the DHA content in the glyceride fraction of tuna oil increased signifi-
cantly from 24.21 % to 45.38 % using Candida rugosa lipase catalyzed 
selective hydrolysis (Yang et al., 2020). FAs with low molecular weights 
(such as C14:0, C16:0) were distilled completely (Tenllado et al., 2011). 

Table 1 
Orthogonal experimental design for optimization of the lipase-catalyzed selec-
tive enrichment of DHA.  

No. Time/ 
h 

Lipase 
concentration 
(%) 

Ratio of 
water to 
tuna oil 

Temperature 
(◦C) 

DHA 
concentration 
(%) 

1 2 3 1:3 45 41.31 ± 0.88 
2 2 4 1:4 50 43.42 ± 0.09 
3 2 5 1:5 55 40.33 ± 0.20 
4 3 3 1:4 55 40.61 ± 0.37 
5 3 4 1:5 45 42.85 ± 0.25 
6 3 5 1:3 50 44.25 ± 0.08 
7 4 3 1:5 50 42.93 ± 0.30 
8 4 4 1:3 55 46.12 ± 0.08 
9 4 5 1:4 45 43.50 ± 0.51 
K1 125.06 124.85 130.68 127.66 – 
K2 127.70 131.39 127.52 130.60 – 
K3 131.55 128.07 126.11 126.06 – 
k1 41.69 41.62 43.56 42.55 – 
k2 42.57 43.80 42.51 43.53 – 
k3 43.85 42.69 42.04 42.02 – 
R 2.16 2.18 1.52 1.51 – 

Kn represents the sum of DHA concentration for a factor at level n; kn represents 
the average of DHA concentration for a factor at level n; Rn represents the range 
of the average value of the DHA concentration for a factor at level n. 
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3.1.7. Positional distribution of the fatty acids in purified DHA-enriched 
tuna oil 

Bioavailability of EPA and DHA located at sn-2 position has been 
found to be more efficiently absorbed than those distributed at the sn-1 
or sn-3 position(Jin et al., 2020). Positional distribution of the fatty acids 
in purified DHA-enriched tuna oil was determined using 13C NMR 
spectroscopy. Fig. 3(C) shows unprocessed tuna oil contains 51.17 % of 

DHA concentration in the sn-2 position. Purified DHA-enriched tuna oil 
contained significantly (p < 0.05) higher DHA concentration in the sn-2 
position (55.24 %) Thus, the DHA-enrichment in tuna oil is mainly due 
to the fatty acid selectivity of Candida rugosa lipase rather than posi-
tional selectivity. Candida rugosa lipase discriminated against DHA due 
to additional double bond in DHA resulting in a larger spatial site barrier 
and inability to access the lipase active site (Hosseini et al., 2018). 

Fig. 3. (A) Glycerides and (B) fatty acid compositions in the distillate fractions. (C) regio - distribution of SFA, MUFA and DHA in tuna oil and DHA-enriched tuna oil. 
RF1: Residue fractions after first step of distillation; RF2: Residue fractions 2 after second step of distillation; RF3: Residue fractions 3 after third step of distillation; 
MAG: monoacylglycerol; DAG: Diacylglycerol; TAG: Triacylglycerol; FFA: Free fatty acid: SFA: Saturated fatty acid; MUFA: Monounsaturated fatty acid. Different 
letters show significant differences between treatments (p < 0.05). 

Fig. 4. (A) Cytotoxicity of the unprocessed tuna oil and DHA-enriched tuna oil. Cellular transport (B) and (C) cell uptake of the unprocessed tuna oil and DHA- 
enriched tuna oil. 
Different letters show significant differences between treatments (p < 0.05). 
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3.2. Bioavailability of the DHA-enriched tuna fish oil 

Viability assay is conducted to investigate the effects on DHA- 
enriched tuna fish oil on cell cytotoxicity. The general criterion for a 
sample to be nontoxic to cells at a particular concentration is having a 
cell viability of more than 0.9 (Zhou et al., 2018). Caco-2 cells viability 
following treatment of 2–400 μg/mL of tuna oil and DHA-enriched tuna 
oil ranged from 0.98 to 1.20 indicating both samples were non-toxic to 
the Caco-2 cells. An oil concentration of 100 μg/mL was chosen for the 
following experiments based on highest cell viability following 
treatment. 

Fig. 4(B) shows the cellular transport of DHA-enriched tuna oil. Eight 
FAs were detected in the basolateral medium of DHA-enriched tuna oil 
as compared to unprocessed tuna oil. Among these fatty acids, signifi-
cant concentration of C14:0 (p < 0.05) was transported and significant 
lower concentration of DHA (p < 0.05) was transported. In terms of 
cellular uptake, C16:0 in both DHA-enriched tuna oil and unprocessed 
tuna oil was the most uptake fatty acids (Fig. 4(C). There was 7.89 % of 
the DHA uptake in the DHA-enriched oil, DHA-enriched whereas no 
DHA uptake was in the unprocessed tuna oil. This result is consistent 
with the study of Song and colleagues which shows significant DHA and 
EPA cellular uptake in DHA-enriched oil as compared to unprocessed oil 

(Song et al., 2023). Otherwise, there is no observed DHA uptake from 
tuna oil possibly due to not enough time of uptake and was consist of 
that the release rate of long-chain PUFA was lower in-vitro digestion (Ye 
et al., 2019). 

3.3. Functional properties of DHA-enriched tuna oil 

Pro-apoptotic behavior of the tuna oil and DHA-enriched tuna oil 
was investigated using Annexin V-FITC/PI. Both tuna oil and DHA- 
enriched tuna oil induced early and late apoptosis (Fig. 5(A)). Howev-
er, DHA-enriched tuna oil (16.03 %) shows significantly (p<0.05) 
higher apoptosis rate as compared to tuna oil (14.06 %). This result 
demonstrated that n-3 unsaturated fatty acids promoted apoptosis. 

Overproduction of ROS is a negative signal in cell which lead to 
failure to inhibit anti-apoptotic factors, cause damage to cell membrane 
and eventually trigger apoptosis (Ruiz et al., 2022; Wang et al., 2023). 
We found that DHA-enriched tuna oil caused overproduction of ROS 
which is evident from enhanced fluorescence intensity of DHA-enriched 
tuna oil group as compared to tuna oil treated group and untreated 
group (blank). It has been reported that unoxidized lipids of n-3 PUFA 
are more susceptible to uptake than lipids in a more oxidized state 
(Dasilva et al., 2018). It’s worth indicating that the increase of oxidative 

Fig. 5. (A) Caco2 cell apoptosis rate and (B) ROS level and (C) membrane depolarization and (D) the pathway of early apoptosis in Caco2 cells.  
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stress markers was due to intestinal absorption rather than 
auto-oxidation of tuna oil. In addition, Fig. 5(C) shows that the tuna oil 
treated group showed the ratio of j-aggregates to j-monomers reduced 
significantly as compared to untreated group (blank). Therefore, the 
tuna oil with n-3 unsaturated fatty acids (DHA) are more conducive to 
promoting the early apoptosis of colorectal cancer cells. 

Therefore, we speculate the higher pro-apoptotic behavior in DHA- 
enriched tuna oil to be related to its better uptake by Caco-2 cells as 
more n-3 polyunsaturated fatty acids (DHA) are positioned at sn-2 po-
sition. Better uptake of the DHA-enriched tuna oil by Caco-2 cells sub-
sequently generated large amount of ROS, increased mitochondrial 
depolarization and thus triggering early apoptosis in the Caco-2 cells 
(Fig. 5(D)). Similar to the findings of Zhang and colleagues, n-3 fatty 
acids (EPA, DHA) induced ROS generation, promoted Ca2+ accumula-
tion, activated caspases, and lowered mitochondrial membrane poten-
tial thereby causing apoptosis in colon cancer cells(Zhang et al., 2015). 

4. Conclusions 

Candida rugosa lipase was used to catalyze the selective hydrolysis of 
tuna oil for high yield preparation of DHA-enriched tuna oil. DHA- 
enriched tuna oil produced at 5 L scale production (lipase concentra-
tion of 4 %, ratio of water to tuna oil of 1:3, reaction temperature of 
55 ◦C, reaction contained 46.12 % of DHA, in which 55.24 % of DHA was 
located in sn-2 position of the glyceride fraction. In - vitro bioavailability 
study shows the DHA-enriched oil had better DHA uptake than the un-
processed oil. In addition, the DHA-enriched oil demonstrated increased 
intracellular oxidation and mitochondrial damage leading to pro- 
apoptosis of the human colon cancer cells. 
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