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Abstract

High purity polyunsaturated fatty acids (> 95%) are essential for the synthesis of specialized pro-resolving lipid
mediators (SPMs), such as protectins, resolvins, and maresins, which are used for clinical application. To date, high
purity (>959%) eicosapentaenoic acid (EPA; C20:5n3) and docosahexaenoic acid (DHA; C22:6n3) have been produced
through various manufacturing steps using fish oil. In this study, we optimized preparative high performance liquid
chromatography (HPLC) process to purify high-purity DHA ethyl ester (DHAee; > 98%) from oleaginous microalgae
Shizochytrium sp. SH103 containing at least 34% DHA content. The purity and yield of DHA were determined by
reverse phase chromatography with changing the mobile phase velocity, loading amount, and mobile phase com-
position. On a semi-preparative scale, optimal DHA separation in isocratic elution was obtained with a mobile phase
velocity of 0.5 mL/min, a loading amount of 10 mg/mL, and mobile phase composition of methanol/water (96:4,
v/v), wherein the purity of DHA was 98.5%. This separation was scaled up to a preparative column, resulting in 99.0%
DHA fraction with a yield of 79.8%. This result suggests that a large amount of high purity DHA can be produced from

microalgae when scaling up a preparative column to an industrial column.
Keywords: High purity DHA, Preparative HPLC, Purification, Shizochytrium sp.

Introduction

The intake of polyunsaturated omega-3 fatty acids,
including eicosapentaenoic acid (EPA; C20:5 »-3) and
docosahexaenoic acid (DHA; C22:6 w-3), has been shown
to benefit for human health through a variety of clinical
studies. It makes several highly beneficial effects on the
prevention against hypertriglyceridemia, atherosclerosis,
and cardiovascular health [1, 2]. Several reports have sug-
gested that these compounds are also effective against a
variety of other diseases such as asthma, Crohn’s disease,
Parkinson’s disease, Alzheimer’s disease, rheumatoid
arthritis, skin diseases, and metabolic syndrome [3, 4]. In
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particular, DHA is an essential constituent in the brain
and eye development during infancy and has been shown
to help improve the learning ability of preschool children
through clinical trials [5, 6].

Recently, many studies have been carried out to pro-
duce omega-3 fatty acids on an industrial scale as sources
of fatty acids replacing fish. Microalgae are the primary
producer of marine ecosystems that accumulate polyun-
saturated fatty acids (PUFAs) containing EPA and DHA
in cells [7, 8]. In particular, Schizochytrium is a potential
omega-3 fatty acid producer whose lipid content in dried
biomass is higher than 30%. Fish oil usually contains 10%
to 20% DHA, while Schizochytrium lipid contains more
than 25% DHA [9-11]. Unlike fish-derived oils, Schiz-
ochytrium lipid contains less PUFAs similar to DHA,
which is useful for separating DHA with high purity [12].
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Most of the unrefined oils extracted from fish and
microalgae contain fatty acids EPA and DHA attached
to glycerol. In general, the method of increasing the
omega-3 fatty acids content in triglyceride-type lipids
extracted from fish and microalgae is very limited, so
lipids must be converted to fatty acid ethyl ester (FAEE)
form. Since esterified oil contains other impurities as well
as target fatty acids, and methods have been proposed to
increase the purity of the specific fatty acids by removing
impurities. These methods include molecular distillation,
low-temperature crystallization, urea adduct forma-
tion, simulated moving bed chromatography (SMB) and
supercritical fluid chromatography [13]. However, other
methods except for chromatography, could not produce
omega-3 fatty acids with a purity of 90% or more [14, 15].
Although the urea adduct formation is a cost-effective
method, it can produce carcinogenic alkyl carbamates
[16]. In addition, molecular distillation requires high
temperature under vacuum to remove undesirable impu-
rities, which creates the risk of oxidation, polymeriza-
tion and production of trans-isomers of omega-3 fatty
acids [17]. This indicates that chromatographic method
is suitable for obtaining pharmaceutical levels of high
purity omega-3 fatty acids. In particular, preparative
high performance liquid chromatography (HPLC) has
been extensively studied to separate and purify EPA or
DHA. Dillon et al. [18] reported that 95% EPA and 99%
DHA were obtained from fish oil ethyl ester using HPLC
equipped with a column filled with silver thiolate mate-
rial. Giménez et al. [19] obtained 94.3% of EPA and 81.4%
of arachidonic acid by reversed phase chromatography
using a column with octadecyl bonded silica stationary
phase.

Although many drugs using high-purity EPA are cur-
rently being developed, DHA is also a potential candi-
date for the treatment of various diseases. In addition to
DHA, specialized pro-resolved lipid mediators (SPMs)
derived from DHA are also promising candidates, which
are potent bioactive lipids that relieve inflammation
and modulate transient receptor translocation channels
[20]. Through a series of bioconversion processes, DHA
is converted to mediators such as D-series resolvins
(RvD1-RvD6) and protectin D1 [21]. A recent study has
shown that D-series mediators, including the intermedi-
ate hydroxy DHA (17S/R-HDHA), inhibit the produc-
tion of inflammatory cytokines and are effective against
a variety of diseases including lung injury, peritonitis,
and atherosclerosis [22]. Protectin D1, a dihydroxy DHA,
has also been shown to reduce oxidative stress-induced
apoptosis in retinal pigment epithelial cells, and enhance
phagocytosis of macrophages [23].

In this study, we established a process to produce
API-grade high purity DHA (>97.5%) from DHA-rich
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Schizochytrium sp. SH103 using preparative HPLC
equipped with a large-scale column. For this purpose,
DHA separation conditions such as mobile phase veloc-
ity, sample loading amount, and mobile phase composi-
tion were first investigated on a small-scale column, and
the purity and impurities of DHA were determined by
gas chromatography (GC). Furthermore, repeated pro-
duction of high purity DHA was carried out using large-
scale HPLC to confirm the reproducibility of established
separation conditions.

Materials and methods

Reagents and chemicals

All solvents used in this study were analytical reagent
grade for GC or HPLC. FAEEs and methyl tricosanoate
for GC analysis were purchased from Nu-Check Prep.
Inc., USA. Butylhydroxytolune and trimethylpentane
were purchased from Sigma-Aldrich (St. Louis, MO,
USA).

Microorganism and sample preparation

Microalgae and culture conditions

The microalgae used in this study was Schizochytrium
sp. SH103 (KCTC 21861BP) donated by Microbiologi-
cal research center, Korea research institute of biosci-
ence and biotechnology (KRIBB) [24]. Seed culture was
performed as follows; the cells were grown in a basal
medium (60 g/L glucose, 10 g/L yeast extract, 9 g/L
KH,PO,, 10 g/L sea salt, 2 mg/L tetracycline, vitamin
mixture [thiamin 9.5 mg/L, biotin 0.2 mg/L and cyano-
cobalamin 1.0 mg/L]) for 2 days at 28 °C and 125 rpm on
a rotary shaker. Batch fermentation for the production
of lipids containing DHA was performed using a 5 L jar
fermenter. Five hundred milliliter of the seed culture was
inoculated into the jar fermenter containing 3 L of the
basal medium. The cultivation was carried out for 60 h
at 28 “C with 200 rpm and 3.5 v/v/min. pH was initially
adjusted to 6.0 by adding ammonia solution and 0.5 mL
of antifoam agent per hour was added to prevent the
foam formation.

Lipid extraction and transesterification

The fermentation broth was centrifuged at 6000g for
15 min at 4 °C to remove the culture supernatant. The
recovered cells were washed twice with distilled water
and dried for 24 h using a vacuum freeze dryer. The
resulting dried cells were extracted with a 20-fold volume
of chloroform:methanol (2:1, v/v) for 20 min. The extract
was filtered through Whatman No. 1 filter paper to
remove cell debris and then separated into two liquid lay-
ers by centrifugation (1000g). The lower chloroform layer
containing lipids was pooled and concentrated using a
rotary evaporator.
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The acid-catalyzed transesterification was carried out
to convert the extracted lipids to fatty acid ethyl esters
(FAEEs). The reaction mixture contained lipid, etha-
nol and sulfuric acid at a ratio of 1:10:0.4 (w/w), and the
reaction was performed at 70 °C for 2 h. After comple-
tion of the reaction, the reactants were transferred into
a separating funnel and separated into two phases by
adding water. The lower layer was discarded and 500 mL
of hot water was added to the upper layer (FAEEs layer)
[25]. This process was repeated until only a clean upper
layer was obtained, and the final solution was dried in a
vacuum.

Semi-preparative HPLC system

The small-scale separations were carried out with an Agi-
lent 1100 HPLC system (Agilent, USA) equipped with
binary pumps and UV detector. Considering the fact that
the fatty acid converted to the ethyl ester form was non-
polar, it was separated using a reverse phase chromatog-
raphy column (C,g column; 250 mm x 4.6 mm x 20 pm;
Young Jin Biochrom Co., Korea). To optimize separation
conditions on a semi-preparative scale, two small col-
umns were connected by a connector with a dead volume
of 20 pL, then the mobile phase velocity, sample loading
amount, and mobile phase composition were varied as
shown in Figs. 1, 2, 3 and 4. The purity of DHA in each
fraction was confirmed by gas chromatography-flame
ionization detector (GC-FID) and expressed as an area %.

Preparative HPLC system

The preparative-scale separations were conducted on a
preparative HPLC system (Prominence module system,
Shimadzu Corporation, Japan) consisting of manual
injector, UV-VIS detector, binary pumps, and fraction
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Fig. 1 The relationship between loading amount and DHA purity.
Methanol was used as the mobile phase at 1 mL/min. Error bars
(£ SDs) are shown when larger than the symbol
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collector. Chromatographic analysis was carried out using
a large-scale C;g column (500 mm x 50 mm x 20 pm).
The column temperature was maintained at 40 °C; detec-
tion was carried out at 210 nm. Sample was directly
injected into the injector using a 10 mL sample loop. Lab
solutions software version 5.58 was used for HPLC con-
trol and data acquisition.

Analytical methods

Analysis of FAEEs composition

The FAEEs were determined by using GC-FID (6890N,
Agilent, USA) equipped with a capillary column HP-5
(30 m x 0.32 mm x 0.25 mm; Agilent, USA). The initial
column temperature was 150 ‘C for 2 min. The tempera-
ture was then increased to 270 C at a rate of 10 C/min
and held for 1 min. The injector and detector tempera-
tures were 250 C and 300 C, respectively. N, was used
as carrier gas at a split ratio of 50:1. Injection volume was
1 pL. FAEEs were identified by comparison of retention
times with standards and quantified by directly taking
area % as weight %.

Quantitative determination of DHAee content

To determine the content of DHA in the lipid extracted
from Schizochytrium sp. SH103, the analysis was car-
ried out by the method of European Pharmaco-
poeia 5.0 01/2005: 20,429 using GC-FID (7890N,
Agilent, USA) with a capillary column CPWAX
(30 m x0.32 mm x 0.25 mm; Agilent, USA). The col-
umn temperature was maintained at 170 °C for 2 min,
increased to 240 °C (5 °C/min) and held for 2.3 min. The
injector was maintained at 250 °C and detector at 270 °C.
The carrier gas was helium at 0.6 mL/min. The sample
injection volume was 1 uL, and the injector was operated
at a split ratio of 200:1.

Methyl tricosanoate and DHAee were used as inter-
nal and external standards, respectively. A reference
solution was prepared as follows: 60 mg of DHAee and
70 mg of methyl tricosanoate were accurately weighed
into a 10 mL volumetric flask. The standards were dis-
solved with a 50 mg/L solution of butylhydroxytoluene in
trimethylpentane and diluted to an appropriate volume.
The test solution was the same as the reference solution
preparation except for the addition of 250 mg of samples
instead of DHAee. To calculate the concentration (mg/g)
of DHAee in total lipids, the following equation was used
[26]:

DHAee(m / ) = Ax x ﬁ X ml X T X L x 1000
8/8) = m3 Al Ax,r m2

where m1 and m?2 are the weight (mg) of the internal
standard and the sample in the test solution, respec-
tively, m3 is the weight (mg) of the internal standard
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Table 1 Fatty acid composition of Schizochytrium sp.
SH103 oil

Fatty acid Content (%
of total fatty
acid)

Myristic acid C14.0 2364001

Pentadecanoic acid C150 0.174+0.00

Palmitic acid C16:0 49.8440.03

Palmitoleic acid C16:1n7 0.22£0.02

Linoleic acid C18:22n6 1.284+0.01

Eicosenoic acid C20:1n9 0.33£0.00

Arachidonic acid C20:4n6 0.26+0.00

Eicosapentaenoic acid C20:5n3 042+£0.02

Docosapentaenoic acid 22:5n3 0.86+0.02

Docosapentaenoic acid C22:5n6 9.12£0.04

Docosahexaenoic acid C22:6n3 349640.03
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Fig. 2 Changes in purity of major impurities depending on the
loading amount. Methanol was used as the mobile phase at 1 mL/
min. Filled circle—C14:0; filled square—C16:0; filled diamond—
C16:1n7; filled triangle—C22:5n6. Error bars (= SDs) are shown when
larger than the symbol

in the reference solution, mx,r is the weight (mg) of
DHAee in the reference solution. Ax and Ax,r are the
peak areas corresponding to DHAee in the chromato-
gram obtained with the test solution and the reference
solution, respectively, and Al and A3 are the peak areas
corresponding to the internal standard in the chroma-
togram obtained with the test solution and the refer-
ence solution, respectively.

All experiments and analyzes were performed at least
in triplicate unless otherwise specified. Experimental
results were presented as mean + standard deviation.
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Result and discussion

Lipid and FAEE composition of Schizochytrium sp. SH 103
Schizochytrium sp. SH103 cultivated in the basal medium
using a fermenter showed a dry cell weight of 25 g/L and
a lipid content of 11.6 g/L after 60 h of incubation. GC
analysis indicated that the lipid was completely converted
to FAEE by acid-catalyzed transesterification, and the
DHA content was 313 mg/g. As shown in Table 1, the
major fatty acids of Schizochytrium sp. SH 103 were DHA
34.96%, docosapentaenoic acid (DPA, C22:5n6) 9.12%
and palmitic acid (C16:0) 49.84%. These values were
slightly different from the results of Ju et al. [24] in DPA
and DHA contents, which was thought to be due to dif-
ferences in the culture method and the culture time.

Optimization of separation conditions using
semi-preparative HPLC system

Influence of loading amount

The ultimate goal of preparative chromatography is to
produce the maximum amount of the target substance
per sample injection. Therefore, we tried to determine
the maximum loading amount of FAEEs derived from
Schizochytrium sp. SH 103.

After each FAEEs sample of 5-50 mg/mL (in methanol)
was injected into a semi-preparative scale C;4 column
and fractionated at 1 min intervals, the purity of DHA in
each fraction was confirmed by GC-FID. Figure 1 shows
the area % of the fraction showing the highest purity
according to the loading amount; when the loading
amount was 10 mg, the purity of DHA was the highest
at 87.4%. Although the difference in DHA purity was not
significant in the range of 5 to 25 mg of loading amount,
it was found that the purity decreased sharply to 60.20%
when 50 mg was injected into the column. The major
impurities in all experimental groups were found to be
DPA, myristic acid (C14:0), palmitoleic acid (C16:1n7),
and palmitic acid; at 10 mg injection, DPA, myristic acid,
palmitoleic acid, and palmitic acid were 4.59%, 0.65%,
3.30%, and 1.62%, respectively. However, when 50 mg
was injected, the concentration of impurities except DPA
increased (Fig. 2). On the other hand, when 50 mg was
injected, the retention time of FAEEs having C14 to C22
carbon was similar to that of DHA, which was presumed
to be due to a decrease in the separation ability by exces-
sive loading amount (injection overload).

Influence of mobile phase velocity

The effect of mobile phase velocity on DHA purity and
retention time was investigated, and the result is shown
in Additional file 1: Fig. S1. The highest DHA purity
was 87.4% at 1.00 mL/min, 89.4% at 0.50 mL/min and
90.73% at 0.25 mL/min, respectively. It was also found
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that the retention time of the main peak containing
DHA increased from 14.81 to 59.27 min as the mobile
phase velocity decreased. Although there was no signifi-
cant change in the purity of the DHA depending on the
mobile phase velocity, slower mobile phase velocity will
lead to longer production time and lower productivity.

Influence of mobile phase composition

To investigate the effect of mobile phase composition on
DHA separation, the amount of water in methanol was
increased from 0 to 10% (v/v) using a binary pump, and
experiments were performed at a mobile phase velocity
of 0.5 mL/min. As shown in Fig. 3 and Additional file 1:
Fig. S2, the retention time was rapidly delayed from 29.33
to 117.63 min as the ratio of water to methanol increased.
In addition, the height and sharpness of the main peak
were reduced and the width was widened. The DHA
purity increased from 89.34 to 98.51% with an increase
in water ratio from 0 to 4% (v/v); further increases with
water up to 10% (v/v) did not significantly affect the DHA
purity. The column pressure also increased from 1.0 to
5.4 MPa depending on the ratio of water added.

The polarity difference of the mobile phase according to
the solvent composition was an important factor in mate-
rial separation. That is, increasing the polarity of the mobile
phase has been found to improve the separation efficiency
by delaying the retention time of the non-polar FAEE in
the column. However, it has been reported that when fatty
acids are separated using HPLC, the increased polarity of
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the mobile phase reduces column life and pump durabil-
ity due to increased column pressure [18]. This study also
showed that the major impurities, DPA and palmitic acid,
were completely removed in fractions 15-17 when the
water to methanol ratio was 4% (v/v) (Additional file 1: Fig.
S3 and Table S1). Therefore, it was thought that it would
be advantageous to add water of 4% (v/v) in methanol to
obtain DHA with a target purity of 98% or more.

Scale-up using preparative HPLC system

Scale-up using preparative HPLC was designed to achieve
a purity of more than 98% DHA from Schizochytrium sp.
SH103 oil based on the separation conditions established
using semi-preparative HPLC. Equivalent theoretical
numbers and retention times in columns of various scales
achieve the same purification performance. Therefore, in
order to apply the separation conditions established using
a semi-preparative column to the preparative column, the
height of the column must be the same and the diameter
must be increased [27]. Since the diameter of the column is
a major factor affecting the loading amount per unit area of
the column, the loading amount and mobile phase velocity
according to the scale-up were calculated using the follow-
ing equation [28].

M, = M,(Dy/Ds)*

F, = F;(D,/D;)*
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Fig. 3 Effect of mobile phase composition on DHA purity, column backpressure and retention time using water (0-10%, v/v) in methanol at various
concentrations. The mobile phase velocity (0.5 mL/min) was held constant across all trials. Filled circle—DHA; filled square—retention time; filled
triangle—column back pressure. Error bars (= SDs) are shown when larger than the symbol
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where M, E and D are loading amount, mobile phase
velocity, and column diameter, respectively. Subscripts
s and p are semi-preparative scale and preparative scale,
respectively. M, and F; represent the optimal loading
amount (10 mg) and mobile phase velocity (0.5 mL/min)
for the semi-preparative scale established in the previ-
ous section, respectively. The loading amount and mobile
phase velocity calculated by these equations for the scale-
up conditions were 1200 mg and 60.0 mL/min, respec-
tively. Thus, 1200 mg of FAEEs from Schizochytrium sp.
SH103 oil was injected into a preparative HPLC system
and aliquoted at 40 mL/fraction using an automatic frac-
tionation program. The purity of DHA and impurities in
each fraction were then checked to determine the opti-
mum production zone.

As shown in Fig. 4, the average purity of DHA (peak
1) present in fractions 2-5 was 99.5%. In addition,
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0.25% eicosenoic acid (C20:1n9), 0.1% palmitoleic acid,
0.08% palmitic acid, 0.03% pentadecanoic acid (C15:0)
and 0.03% myristic acid were detected as impurities
(Table 2). Meanwhile, the average purity of DPA (peak
2) present in fractions 10—13 was 92.8%. In this study,
the target purity of DHA at the preparative scale level
was 98% or more, so the optimal range for the produc-
tion of high purity DHA was determined in fractions 2
to 5.

The purity of DHA obtained through three repeated
experiments was 98.87%, 98.88%, and 99.10%, respec-
tively, with an average of 98.95% (Table 3). The recovery
rate of DHA is another important factor, and the recov-
ery rate calculated using the following equation was very
high at 79.75%. This suggests that the separation process
performed in this study is reproducible and successful.
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Fig. 4 Chromatogram of preparative HPLC fractional sections of FAEEs derived from Schizochytrium sp. SH103. Mobile phase (methanol-water
96:4, v/v); mobile phase velocity (60 mL/min); fractional amount (40 mL/vial); loading amount (1200 mg). Peak 1 and 2 represent DHA and DPA,
respectively
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Table 2 Composition and content of fatty acid in the FAEEs fractions enriched using preparative HPLC
Fraction no Purity (% of total fatty acid)

C22:6n3 C22:5n6 C22:5n3 C20:1n9 C18:1 C16:0 C16:1n7 C15:0 C14:0
FO 91.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00 8.65
F1 90.66 0.00 0.00 0.00 0.00 0.00 0.00 0.00 9.34
F2 9947 0.00 0.00 0.09 0.00 0.1 0.19 0.00 0.14
F3 99.70 0.00 0.00 0.10 0.00 0.10 0.11 0.00 0.00
F4 99.72 0.00 0.00 0.19 0.00 0.09 0.00 0.00 0.00
F5 98.94 0.00 0.00 0.58 0.00 0.11 0.00 0.12 0.00
F6 95.84 0.00 0.00 2.81 0.00 0.00 0.00 0.00 0.00
F7 89.41 0.00 0.00 1059 0.00 0.00 0.00 0.00 0.00
F8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F9 0.00 5592 0.00 0.00 0.00 44.08 0.00 0.00 0.00
F10 0.00 92.80 3.10 0.00 0.00 3.95 0.16 0.00 0.00
F11 0.00 93.53 1.98 0.00 0.00 3.99 0.18 0.12 0.00
F12 0.00 93.69 139 0.00 0.00 424 0.21 0.11 0.00
F13 0.00 91.22 1.1 0.86 0.14 522 0.38 0.19 0.12
F14 0.00 6271 0.00 0.00 0.00 37.29 0.00 0.00 0.00

Table 3 Result of repeatability according to production
batches of high purity DHA using preparative HPLC

Batch number DHA purity (%) DHA content Recovery rate
(mg/g) (%)

1 batch 98.87 974 79.72

2 batch 98.88 974 80.00

3 batch 99.10 975 79.52

Average 98.95£0.13 974+0.50 79.75+0.20

Recovery rate of DHA ethyl ester(%)
=[(Wp x Ap)/ (Wi x Ai)] x 100

where W; and W, are the loading amount (g) and product
amount (g), respectively, and A4; and A, are the DHAee
content (mg/g) in the injected sample and product,
respectively.

In conclusion, DHA from Shizochtriumsp. SH103 oil
was highly purified using preparative HPLC in a one-
step process. The optimized conditions for purifying
DHA were methanol/water (96:4, v/v) as the mobile
phase, mobile phase velocity of 60 mL/min, and loading
amount of 1200 mg. The DHA purity separated under
these conditions was 98.95% and the recovery rate was
79.75%. Omega-3 FAEEs is being separated and purified
by conventional complex manufacturing processes such
as vacuum distillation and urea adduct formation. Nev-
ertheless, high-purity DHA (>98%) production using

preparative HPLC can be a very attractive method in
terms of industrial-scale and economics. Furthermore,
the purification method established in this study is
expected to greatly accelerate the application of DHA
as medical research material and drug.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/513765-020-00542-w.

Additional file 1: Table S1. Composition and content of fatty acid in the
FAEEs fractions enriched using semi-preparative HPLC. Fig. S1. Effect of
mobile phase velocity on DHA purity and retention time. Methanol was
used as the mobile phase. @ DHA ethyl ester; [l retention time. Error
bars (£ SDs) are shown when larger than the symbol. Fig. S2. Changes
of chromatograms according to mobile phase composition using water
(0-10%, v/v) in methanol at various concentrations. The mobile phase
velocity (0.5 mL/min) was held constant across all trials. Fig. S3. Chro-
matogram of semi-preparative HPLC fractional sections of FAEEs derived
from Schizochytrium sp. SH 103. Mobile phase (methanol-water 96:4, v/v);
mobile phase velocity (0.5 mL/min); fractional interval (1 min/vial); loading
amount (10 mg).
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