
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 1
1/

28
/2

02
4 

10
:2

9:
08

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Screening of hig
aInstitute of Biomass Resources, Taizhou U

318000, People's Republic of China. E-mail:
bSeasons Biotechnology (Taizhou) Co., Ltd,

Cite this: RSC Adv., 2021, 11, 4991

Received 7th December 2020
Accepted 19th January 2021

DOI: 10.1039/d0ra10312h

rsc.li/rsc-advances

© 2021 The Author(s). Published by
hly effective mixed natural
antioxidants to improve the oxidative stability of
microalgal DHA-rich oil

Fengwei Yin,a Xiaolong Sun,a Weilong Zheng,a Xi Luo,a Yingying Zhang,a Longfei Yin,a

Qiang Jiab and Yongqian Fu *a

Docosahexaenoic acid (DHA)-rich oil sourced from microalgae can easily become oxidized. The objective

of this work was to screen the optimal natural antioxidant mixture for protecting DHA-rich oil. Different

natural antioxidants, encompassing tea polyphenols, natural vitamin E, rosemary extract, licorice root

antioxidant, ascorbyl palmitate and lecithin were tested individually and in combination in an accelerated

oxidation process. Three antioxidants namely natural vitamin E, rosemary extract and ascorbyl palmitate

with synergistic effects were chosen, and their concentrations were further optimized using response-

surface methodology. The highest antioxidants activity of 16.1740 was obtained with a combination of

0.0224% vitamin E, 0.0259% rosemary extract and 0.0166% ascorbyl palmitate, which prolonged the

time until oxidation induction to 20.21 days. The mixed natural antioxidants showed a similar antioxidant

effect to 0.02% tert-butylhydroquinone and was better than 0.02% butylated hydroxyanisole. These data

indicate that the mixed natural antioxidants optimized in this work can be directly applied in the

protection of commercial microalgal DHA-rich oil.
1. Introduction

Docosahexaenoic acid (DHA) is one of the most important
omega-3 polyunsaturated fatty acids (PUFAs), with proven
effects against cardiovascular disease, hypertension, and dia-
betes.1 Most commercial DHA is still sourced from marine sh,
but marine DHA-rich oil is becoming increasingly disfavored
due to pollution, seasonal variation, and differences due to
geographical location. In recent years, microalgal DHA has
attracted much attention and become a new functional food
additive that is widely popular among consumers.2

As an oil product containing many PUFAs, one of the main
problems in the application of microalgal oil in the market lies
in its strong unpleasant avor caused by oil oxidation.3 When
oils are exposed to environmental factors during production
and storage, inevitably, autoxidation reactions produce unde-
sirable avors and other forms of deterioration. The primary
autoxidation products are hydroperoxides with no undesirable
avor. However, hydroperoxides are unstable and can be further
decomposed to form aldehydes, ketones and other compounds
called secondary oxidation products with detectable tastes and
avors. Notably, microalgal DHA-rich oil contains many
different fatty acids, and the PUFA percentage can be as high as
70%.4 It was reported that oils with high ratios of PUFAs tend to
niversity, No. 1139 Shifu Road, Taizhou
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be easily oxidized.5 Interestingly, microalgal oil also contains
endogenous antioxidants such as carotenoids and phenolic
compounds, which can play a certain role in antioxidant
protection.6–8

However, the inherent quantities usually cannot provide
sufficient protection during prolonged storage. Moreover, such
intrinsic antioxidants can be substantially removed during the
rening process. Therefore, one of the most effective and
convenient strategies to improve the stability of microalgal oils
is the addition of external antioxidants.9

Both natural and synthetic antioxidants have been studied
and applied in the protection of oils against oxidation.10 Anti-
oxidants have different mechanisms of action, whereby some
act by eliminating free radicals in the oil peroxidation chain
reaction, and others act as singlet oxygen quenchers that return
active oxygen to the ground state. For example, quercetin has
two pharmacophores within the molecule that can scavenge
radicals.10 O'Sullivan et al. showed that rosemary extract can
inhibit the formation of initial oxidation products.11 Typical and
frequently used synthetic antioxidants such as butylated
hydroxyanisole (BHA), butylated hydroxytoluene (BHT) and tert-
butylhydroquinone (TBHQ) have been approved for the pres-
ervation of oils.12 Although many synthetic antioxidants show
high antioxidant efficiency at relatively low safe concentrations,
due to the high requirements of food safety and increasing
doubts surrounding the safety of synthetic products,13 the
health food industry has to reduce the use of synthetic additives
and replace them with natural substitutes.14
RSC Adv., 2021, 11, 4991–4999 | 4991
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Fig. 1 Chemical structures of main active components of natural
antioxidants studied.
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Individual antioxidants can be used alone to signicantly
improve the oxidative stability of oils, but this approach does
not take advantage of the full scope of antioxidant protection or
achieve the best antioxidant effect. This is because oil oxidation
encompasses different stages, and antioxidants with different
chemical structures can act via different modes of action or
mechanisms.10 Therefore, in actual application, antioxidants
are usually used in combination to take advantage of their
different properties.15 For example, mixtures of phenolics and
carotenoids at suitable ratios effectively enhance each other's
antioxidant effects in synergy.16 Interestingly, the application of
antioxidant mixtures can lead to the regeneration of some
components of the mixture, as was observed in the mixture of
quercetin and a-tocopherol, which increased the antioxidant
ability of the system by regenerating a-tocopherol.17

With the rapidly developing commercial DHA production, it
is essential to screen an efficient antioxidant or antioxidant
mixture to improve the oxidative stability of DHA-rich oil during
storage, extending its shelf life. Published literatures did a lot of
work in exploring of synergistic effect of different antioxidants,
it should be noticed that, response surface methodology (RSM)
is a statistical experiment protocol for mathematical modeling,
which has become an ideal strategy to optimize the dosage
amount because it requires less experimental measurement,
and provides statistical interpretation of data and interaction
between variables. However, to the best of our knowledge, the
synergistic effect has never been used in reported studies to
screen optimal antioxidant combination using RSM. Therefore,
this study focuses on screening potential natural antioxidants
and designing their optimal combination through RSM, aiming
to provide ideal mixed natural antioxidants for commercial
products based on microalgal DHA-rich oil.

2. Materials and methods
2.1. Natural antioxidants and pretreatment of microalgal
DHA-rich oil

The microalgal DHA-rich oil, which was fermented using
Schizochytrium sp., was obtained from Jiangsu Tiankai
Biotechnology Co., Ltd. The crude oil was pretreated via
a rening process encompassing the steps of degumming,
alkaline rening, bleaching, and deodorizing.18 The nal
rened microalgal DHA-rich oil was applied for the antioxidant
screening.

Six different natural antioxidants, encompassing tea poly-
phenols, a mixture of polyhydroxy compounds, with the main
active components were epicatechin (EC), epigallocatechin
(EGC), epigallocatechin gallate (EGCG) and epicatechin gallate
(ECG); natural vitamin E (a-, b-, g-, d-tocopherol); rosemary
extract, in this study it was a lipid-soluble antioxidants mixture
with the main active component were carnosic acid, rosmarinic
acid, carnosol, ursolicacid, isorosmanol and so on; licorice root,
with the main antioxidant is a mixture of avonoids; ascorbyl
palmitate; and lecithin. The chemical structures of main active
components of antioxidants were shown in Fig. 1. Ascorbyl
palmitate is regarded as a natural antioxidant because it's
hydrolyzed to ascorbic and palmitic acid in the body.10
4992 | RSC Adv., 2021, 11, 4991–4999
2.2. Detection of antioxidant capacity

2.2.1. Individual antioxidant activity. Primary oxidation
products were estimated via the peroxide value (PV) which was
determined according to published literature.19 Briey, 2–3 g oil
sample was mixed with 30 mL chloroform–acetic acid mixture
(40 : 60) in a 250 mL iodine ask. 0.5 mL saturated potassium
iodide solution was added and reacted for 60 s, and then added
30 mL distilled water and 1 mL starch solution. Finally, the
solution was titrated with 0.1 M sodium thiosulfate until the
purple color disappeared.

PV (meq O2 per kg oil)¼
[(A � B) � C � 1000]/weight of sample (g)

where A and B were titration of samples and blank, respectively.
C was the equivalent concentration of sodium thiosulfate.

The induction period (IP) was considered as the time that is
needed for the PV of the oil to reach 20 meq kg�1. This was in
agreement with a general consideration that oil becomes rancid
at PV values above 20 meq kg�1.20 The effects of antioxidants on
oil oxidation were described by the stabilization factor (F).21
© 2021 The Author(s). Published by the Royal Society of Chemistry
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F ¼ IFa � IF0

where IPa and IP0 are the induction periods in the presence and
absence of antioxidant, respectively. A value of F greater than 1
indicates that the tested additive has anti-oxidative potential.22

2.2.2. Synergistic effects between different antioxidants.
The synergistic effects of antioxidants against microalgal oil
oxidation were described by the synergetic efficiency (SE%).20,23

SE% ¼ ðIPaþb � IP0Þ � ðIPa � IP0Þ � ðIPb � IP0Þ
IPaþb � IP0

� 100%

where IPa, IPb and IPa+b are the induction periods in the pres-
ence of antioxidant a, b, and their mixture, respectively. IP0 was
the induction period without antioxidant. A positive value of
SE% indicates synergism and a negative value indicate
antagonism.
2.3. Optimizing the optimum ratio of natural antioxidants

Based on their synergistic effects, using Design Expert® so-
ware, a further response surface methodology (RSM) experi-
ment was carried out to determine the optimum addition ratio
of the mixed antioxidants. The activity of the mixed antioxi-
dants was chosen as the response value for the RSM. Antioxi-
dants with synergistic effects were selected as experimental
factors for designing response surface optimization experi-
ments. Antioxidants activity (A) is dened as a general param-
eter which unies the effectiveness of the mixed antioxidants in
terminating the autoxidation chain and reducing the oxidation
rate.21

A ¼ Fm

Vm=V0

where Fm is the stabilization factor with antioxidants, Vm and V0
were the oxidation rate with or without antioxidants, and the
oxidation rate is the slope of the linear initiation stage of lipid
oxidation based on the measurement of peroxide value, as was
described in Asnaashari's study.21

On the basis of the synergistic effects investigations, a three-
factor, three-level Box–Behnken experimental design was per-
formed to optimize the added concentration. The 17 experi-
ments were conducted randomly to establish a model for
antioxidants activity. The experimental data obtained were
tted into a following second-order polynomial model:

A ¼ b0 þ
Xn

i¼1

biXi þ
Xn

i¼1

biiXi
2 þ

Xn�1

i¼1

Xn

j¼1

biiXiXj þ 3

where, A is antioxidants activity, b0 is an intercept function, bi is
linear coefficient, bii is quadratic coefficient, bij is interactive
coefficient, Xi, Xj are the independent variables and 3 is the
residual error.
2.4. Fatty acid proles

Analysis of fatty acid composition was carried out using a GC-
2020 gas chromatography (GC) system (Shimadzu, Japan)
equipped with a DB-23 capillary column (60 m � 0.22 mm) and
ame ionization detector (FID). The preparation of fatty acid
© 2021 The Author(s). Published by the Royal Society of Chemistry
methyl esters and the linear temperature-program for GC were
the same as in our pervious study.24

2.5. p-Anisidine value

The p-anisidine value (p-AV) was determined according to the
ISO 6885 method.

2.6. Accelerated oxidation test

Accelerated oxidation of the oils was performed using the
Schaal oven test.25 Specically, 50 g of the rened oil was
sampled into a 100 mL aluminum bottle with a cover, and was
placed in a light-proof oven at 60 �C for accelerated oxidation.
The oil was sampled every two days for analysis.

2.7. Statistical analyses

The data was analyzed statistically using Statistical Product and
Service Solutions (SPSS), and a t-test study for single means was
carried out to determine the signicantly differences (p < 0.05).

3. Results and discussion
3.1. Effects of individual antioxidants on the stability
microalgal oil

The oxidation of oils, especially those containing PUFAs, follows
the three steps of initiation, propagation and termination, with
the formation of primary and secondary oxidation products.26

Generally, the accumulation of primary products is the key to
the formation of secondary oxidation products, and PV is
applied as an index to measure the degree of oxidation in the
early stage of oil oxidation.21 The PV of different antioxidants
added individually to the same nal concentration of 0.01 and
0.02% is shown in Fig. 2. Studies have shown that DHA-rich oil
from Schizochytrium sp. contains endogenous antioxidants such
as carotenoids and phenolic compounds.6–8 This might the
reason for the relatively small oxidative activity of this oil.
However, the endogenous antioxidants cannot fully protect the,
and its PV increased fast at the beginning. In the accelerated
oxidation experiment, the oxidation rate and PV of the oil
increased rapidly, and the induction period was 9.74 d. With the
addition of antioxidants, the rate of increase of PV was
decreased. However, the antioxidant activity was not propor-
tional to the concentration of added antioxidants, indicating
that the protective effect of antioxidants is not a simple linear
relationship with their dosage. Among the tested antioxidants,
rosemary extract, tea polyphenols and ascorbyl palmitate
showed the best protective effect. The antioxidant activity of
rosemary extract is mainly attributed to the carnosic acid, car-
nosol, and rosmarinic acid compounds present in the mixture,
such as carnosic acid is phenolic acid (Fig. 1) that presents
effective antioxidant activity, acting as a hydrogen donor to free
radical. A recent study showed that adding 0.02% (w/w) of
rosemary was sufficient to stabilize axseed oil against oxida-
tion,19 and was successfully applied as an antioxidant for
sunower oil.27 In the protection of DHA-rich oil, it has been
reported that 0.5% rosemary extract showed a similar antioxi-
dant effect to 200 ppm of the synthetic antioxidant butylated
RSC Adv., 2021, 11, 4991–4999 | 4993
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Fig. 2 Changes of peroxide value of microalgal DHA-rich oil with
different antioxidants. (a) Rosemary extract; (b) vitamin E; (c) tea
polyphenols; (d) licorice root antioxidant; (e) ascorbyl palmitate; (f)
lecithin.
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hydroxytoluene (BHT).28 It has been proved that tea polyphenols
had stronger antioxidant activity than vitamin E and synthetic
antioxidant butyl hydroxyanisole (BHA),29 similar to the results
of this study. Moreover, the addition of 0.01% tea polyphenols
prolonged the induction period of lipid oxidation to 13.96 d,
which was 4.22 days longer than that of the control group.
However, tea polyphenols are not easily soluble in oils, which
might be solved through chemical modication such as esteri-
cation or acylation. For example, modied ascorbic acid–
ascorbyl palmitate, is easy to dissolve in oil and showed strong
antioxidant activity with a protection factor of 1.31 (Table 1).
Table 1 Stabilization factors of different antioxidants

Antioxidant IP (d) F

None 9.74 —
0.01% rosemary extract 12.94 1.33
0.02% rosemary extract 14.31 1.47
0.01% vitamin E 10.14 1.04
0.02% vitamin E 10.29 1.06
0.01% tea polyphenols 13.96 1.43
0.01% tea polyphenols 13.94 1.43
0.01% licorice root antioxidant 10.75 1.03
0.02% licorice root antioxidant 10.96 1.13
0.01% ascorbyl palmitate 11.63 1.19
0.02% ascorbyl palmitate 12.84 1.31
0.01% lecithin 7.82 0.80
0.02% lecithin 9.09 0.93

4994 | RSC Adv., 2021, 11, 4991–4999
Low concentrations of soybean lecithin did not have an anti-
oxidant effect on algal oil, but rather accelerated the oxidation.
This might be related to the amount of lecithin added. Some
studies indicated that below a concentration of 1% (w/w), there
was not a good protective effect of lecithin against oxidation.30

Glycyrrhiza antioxidant contains avonoids as the key antioxi-
dant components. In terms of the protection factor (F) (Table 1),
adding 0.02% of rosemary extract showed the highest value,
indicating that rosemary extract had the best antioxidant
activity as when used independently a single antioxidant.
3.2. Synergistic effects of different antioxidants

The single use of an antioxidant usually can have an antioxidant
effect against a certain component, however, it cannot protect
oil very well due to its limited physical and chemical properties.
Mixed antioxidant combinations can complement each other,
improving the performance of each component,15 and thereby
reduce the cost of antioxidants. In order to select the best
antioxidant combinations, the synergistic effects (SE) between
the different tested natural antioxidants were investigated. The
addition of a single antioxidant was 0.02% (w/w). As for anti-
oxidant mixture, each antioxidant was 0.01% (w/w). Vitamin E is
widely found in oil-rich plants and vegetables, and it plays an
important role as a protective antioxidant in oils. It has been
reported that ascorbic acid can regenerate vitamin E, thereby
synergistically enhancing its antioxidant activity.31 Vitamin E
reacts with free radicals to form tocopherol hydroxyl free
compounds, and these compounds can also be reduced to
vitamin E by ascorbyl palmitate. The main mechanisms of
interaction and synergistic effect between vitamin E and
ascorbyl palmitate should be: (1) ascorbyl palmitate can
regenerate tocopherol oxygen free radicals to vitamin E; (2)
ascorbyl palmitate reduces the consumption of vitamin E by
scavenging oxygen free radicals. For example, the combined use
of vitamin C and vitamin E enhanced its ability to scavenge free
radicals and showed synergistic. Previous study showed that,
tocopherol and ascorbyl palmitate exert a synergistic antioxi-
dant effect in a number of systems and this interaction is based
on radical exchange reactions between the two antioxidants.32

Liu et al. similarly showed that the combination of ascorbic acid
and vitamin E enhanced the free-radical scavenging ability of
the antioxidant system with a synergistic effect. In this study,
the combination of ascorbyl palmitate and vitamin E showed
a synergistic effect, with an improved antioxidant value of
57.75%. Rosemary extract can act as hydride donors to regen-
erate a-tocopherol, which helps improve the synergistic effect of
the composite antioxidants.33 It had also been reported that
rosemary extract could be combined with citric acid or ascorbyl
palmitate, showing a synergistic effect in preventing the
generation of hydrogen peroxide in sunower seed oil.20 In this
study, rosemary extract showed a certain synergistic effect with
other antioxidants (Fig. 3), which might be related to the
complex chemical constituents of rosemary extract (Fig. 1). The
highest synergistic effect was obtained with vitamin E (32.96%)
and ascorbyl palmitate (19.72%), respectively. Wada's studies
have proved that the mixture of 0.02% a-tocopherol and 0.05%
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Synergistic effects between antioxidants. Licorice root antiox-
idant (LRA), ascorbyl palmitate (AP), tea polyphenols (TP), vitamin E
(VE), rosemary extract (RE).

Table 2 Box–Behnken experimental design and experimental results.
(X) Vitamin E; (Y) ascorbic palmitate; (Z) rosemary extract

Run X (%) Y (%) Z (%) A

1 0.02 0.015 0.02 15.73
2 0.02 0.015 0.02 15.65
3 0.02 0.01 0.01 11.38
4 0.01 0.02 0.02 14.04
5 0.02 0.015 0.02 15.82
6 0.01 0.015 0.01 12.71
7 0.02 0.02 0.03 15.15
8 0.01 0.01 0.02 10.74
9 0.03 0.01 0.02 12.80
10 0.02 0.015 0.02 15.42
11 0.03 0.015 0.03 15.68
12 0.02 0.015 0.02 15.81
13 0.01 0.015 0.03 13.63
14 0.02 0.02 0.01 11.60
15 0.02 0.01 0.03 11.25
16 0.03 0.02 0.02 13.01
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rosemary extract shows strong antioxidant activity in the
protection of sardine DHA-rich oil, which prolongs the starting
time of oil oxidation for 5 days.33 Carnosic acid is phenolic acid
that presents effective antioxidant activity, acting as a hydrogen
donor to free radical, therefore, rosemary extract can be used as
a hydrogen atom donor to provide a hydrogen to a-tocopherol
free radical, reducing a-tocopherol.34 Besides, previous study
showed that the sh oil with tocopherols and rosemary extract
rich in carnosic acid had the highest antioxidant activity due to
the reduction of tocopheroxyl radicals by the carnosic acid.35

Ascorbyl palmitate can be used as both an antioxidant and
a surfactant because it possesses a hydrophilic ascorbic acid
and a lipophilic palmitic acid group. Ascorbyl palmitate
preserves the strong reduction potential of ascorbic acid and
can capture oxygen in the oil. Furthermore, it acts as a synergist
of many antioxidants. In addition, it can block the free radical
chain reaction of lipid peroxidation in the oil. However, not all
antioxidant combinations showed synergistic effects. For
example, the combination of some plant-derived phenols and a-
tocopherol sunower seed oil acted antagonistically.13 This
might be due to the competition in the formation of free radi-
cals of different active antioxidants in the oxidation process or
the selectivity of the microenvironment between antioxidants.
In addition, the effect of antioxidants does not usually increase
with the concentration, and some antioxidants actually
promote oxidation at high concentrations. For example, there
was little synergistic effect between ascorbic acid and neutral
phenols, or even antagonism. The synergistic effect of neutral
phenol and ascorbic acid was inversely proportional to the
concentration of ascorbic acid, and when the concentration of
ascorbic acid was higher than 0.5 mg mL�1, the interaction
changed to antagonism.36 Moreover, the effects of antioxidants
might be different in different systems. For example, the
combination of a-tocopherol with epicatechic acid or catechol
showed a synergistic effect in oil-in-water type vegetable oil
emulsions and phosphatidylcholinosome systems, but showed
antagonistic effects in crude oil.37
© 2021 The Author(s). Published by the Royal Society of Chemistry
We found that rosemary extract, vitamin E and ascorbyl
palmitate had synergistic effects with each other and showed
great antioxidant effect in actual application, therefore, the
concentration of these three antioxidants were further opti-
mized using response surface methodology.
3.3. Optimization of the mixed natural antioxidants using
RSM

Basing on the results above, the antioxidants dosages were
further optimized using RSM, the highest and lowest usage
amounts of different antioxidants are as follows: vitamin E (X)
0.01–0.03%, ascorbyl palmitate (Y) 0.01–0.02%, rosemary
extract (Z) 0.01–0.03%. The experimental results of antioxidant
activity (A) obtained according to the Box–Behnken method
were listed in Table 2. The analysis of variance of the response
surface was shown in Table 3.

According to the analysis of variance of the response surface
(Table 3), the F value of the model was 108.21, with a P < 0.0001,
indicating that the established model had very high statistical
signicance. All parameters of the model and their interaction
terms showed either signicant (P < 0.05) or highly signicant (P
< 0.01) effects. The P value of the missing items of the model
was 0.1204, i.e. it was not signicant (P > 0.05), showing that the
model had good applicability for predicting the variation.
Therefore, the discreteness of the experimental data was caused
by the pure error independent of the model. In addition, the
determinant coefficient R2 of the model was 0.9929, which
indicated that the model had very high signicance and appli-
cability for predicting the response, and that 99.29% of the
overall change of the results came from the three variables
studied. Similarly, the adjusted R2 was 0.9837, which was very
close to R2, indicating the signicance of the model. In general,
R2 will increase with the addition of parameters to the model,
but if the added parameters are meaningless, the adjusted R2

will decrease. Therefore, these two values should be close to
17 0.03 0.015 0.01 11.77
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Table 3 Analysis of variance (ANOVA) for response surface

Source Sum of squares DF Mean square F-Value P-Value

Model 56.0865 9 6.231834 108.2063 <0.0001
X 0.57245 1 0.57245 9.939724 0.0161
Y 7.277113 1 7.277113 126.356 <0.0001
Z 8.507813 1 8.507813 147.7252 <0.0001
XY 2.387025 1 2.387025 41.44706 0.0004
XZ 2.235025 1 2.235025 38.80781 0.0004
YZ 3.3856 1 3.3856 58.7858 0.0001
X2 3.945364 1 3.945364 68.50525 <0.0001
Y2 18.0504 1 18.0504 313.4178 <0.0001
Z2 6.796506 1 6.796506 118.011 <0.0001
Residual 0.403145 7 0.057592
Lack of t 0.295825 3 0.098608 3.675301 0.120422
R2 0.9929
Adj R2 0.9837
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each other to ensure that only meaningful parameters are
included in the model. Aer multiple regression analysis of the
experimental data, the second-order quadratic equation based
on each factor was postulated as follows:

A¼ 15.69 + 0.27X + 0.95Y + 1.03Z� 0.77XY + 0.75XZ + 0.92YZ

� 0.97X2 � 2.07Y2 � 1.27Z2

It can be seen from the formula that all rst-order coeffi-
cients are positive, indicating that the addition of all three
antioxidants can promote the activity of the system, and the
inuence of each factor on the antioxidant activity was in the
order rosemary extract > ascorbyl palmitate > vitamin E.
Vitamin E can block the chain reaction of free radicals or inhibit
the decomposition of peroxides to delay or prevent the oxida-
tion of oils. However, the free radicals of vitamin E can be
decomposed into hydrogen peroxide, which increases the
peroxide free radicals in the oil when the amount of vitamin E is
high.38 The P values of all the interaction items showed very
high signicance, indicating that the interaction of antioxi-
dants had an important impact on the overall antioxidant
activity of the system.

In order to better understand the effects of antioxidants and
their interactions on the activity of the system, a three-
dimensional response surface map was drawn, as shown in
Fig. 4.

The interaction between vitamin E and ascorbyl palmitate
with the dosage of rosemary extract held constant is shown in
Fig. 4a. As be seen from the three-dimensional graph, the
activity of the system in the experimental range increased with
the increase of ascorbyl palmitate concentration, and the speed
of change was faster with a steep curve, which was further
conrmed by the contour of the two-dimensional image.
However, with the increase of vitamin E concentration, the
system activity did not change signicantly. This might be
because the regeneration of a-tocopherol is the main interac-
tion of the system components, and the ascorbyl palmitate in
4996 | RSC Adv., 2021, 11, 4991–4999
the system could meet the regeneration requirements, of a-
tocopherol.

Fig. 4b shows the interaction between rosemary extract and
vitamin E. With the increase of the nal concentration of
rosemary extract, the antioxidant activity of the system
increased rapidly, indicating that rosemary extract had a greater
impact on the system. When the concentration of rosemary
extract exceeded 0.0259%, the curve tended to be smooth and
the antioxidant activity of the oil tended to be stable. When
rosemary extract was added to a certain amount, the antioxidant
activity of the system increased with the increase of vitamin E
concentration, indicating the obvious interaction between the
two factors. This system is also suitable for the antioxidant
protection of sh oil. For example, a study by Wada et al. indi-
cated that the synergistic effect of rosemary extract and vitamin
E could signicantly improve the oxidative stability of DHA
form sh oil.33

Fig. 4c shows the interaction between rosemary extract and
ascorbyl palmitate. It can be seen from the gure that the
interaction of the system is strongly dependent on the
concentrations of the two antioxidants, and the antioxidant
activity increased rapidly with the increased addition of the two
antioxidants. In addition, it can be seen from the planar two-
dimensional images that the contour lines of rosemary extract
and ascorbyl palmitate are elliptical, indicating that their
interaction is signicant. When the dosage of the two additives
reached the optimum system activity, the synergistic effect of
the two antioxidants was not signicant.

Based on the presented response surface analysis, it can be
concluded that rosemary extract, vitamin E and ascorbyl
palmitate contribute to the antioxidant activity of the system
both individually and in combination. When ascorbyl palmitate
is combined with tocopherol, the latter rst reacts with free
radicals to produce tocopherol free radicals. Tocopherol can be
regenerated in the presence of ascorbyl palmitate. Fang et al.
also conrmed that ascorbic acid could regenerate polyphenols,
while polyphenols could regenerate vitamin E.39 Moreover,
rosemary extract and ascorbyl palmitate (0.02%) could delay the
loss of natural tocopherol during the rapeseed frying process.40

According to the tted binary second-order equation, the
optimum mixture with the highest antioxidant activity con-
tained 0.0259% rosemary extract, 0.0224% vitamin E, and
0.0166% ascorbyl palmitate. At this ratio, the highest activity of
the antioxidant system was 16.1740. In order to verify the
adaptability and reliability of the model equation, the acceler-
ated oxidation experiments of oil were carried out under the
same conditions with the addition of the above proportion of
antioxidants. The actual activity of the optimized antioxidant
mixture was 15.9207, which was consistent with the predicted
value of the model.
3.4. Application of mixed antioxidants

To further verify the protective effect of the antioxidant system
on microalgal DHA-rich oil, we compared the optimized
formulation with the synthetic antioxidants TBHQ and BHA.
The changes of PV and p-AV of DHA-rich oil during accelerated
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 3-D plots and interaction between different factors of response surface. (a) Ascorbyl palmitate–vitamin E; (b) rosemary extract–vitamin E;
(c) ascorbyl palmitate–rosemary extract.
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oxidation were determined, and the fatty acid composition of
the DHA-rich oil aer oxidation with the different antioxidants
was analyzed and compared.

As can be seen in Fig. 5a, all three antioxidants have strong
antioxidant activity against the development of rancidity in
microalgal DHA-rich oil. During the induction period of lipid
oxidation, the PV rst increased slowly, but it began to increase
rapidly aer the 12th day. During this initial period, the lipid
oxidation rate was very low. The mixed antioxidants showed
similar effects to TBHQ and BHA. The induction periods of the
mixed natural antioxidants, TBHQ and BHA were 20.21, 19.60
and 17.71 days, respectively, indicating that the mixed natural
antioxidants and TBHQ had conferred similar oxidation
stability to the oil. Subsequently, the oxidation of oil began to
Fig. 5 Changes of peroxide value (a) and p-anisidine value (b) of DHA
oil with different antioxidants.

© 2021 The Author(s). Published by the Royal Society of Chemistry
accelerate, and the antioxidant activity of the mixed antioxi-
dants was lower than that of TBHQ. Aer 20 days, the PV was
20.23 meq kg�1 with the mixed antioxidants, while for TBHQ it
was 18.36. However, the difference was not statistically signi-
cant (P > 0.05). When compared with BHA, the mixed antioxi-
dants displayed higher antioxidant activity and the difference
was signicant (P < 0.05). Therefore, it can be concluded that
the mixed antioxidants have similar antioxidant activity to
TBHQ and higher than BHA.

Usually, the PV of oil reects its oxidation rate or the
protective ability of antioxidants, and the degree of oxidation of
oil is therefore measured via the p-AV value. The change of the p-
AV of the DHA-rich oil under accelerated oxidation conditions is
shown in Fig. 5b. Generally, the p-AV showed an initial increase
followed by a decrease and another increase in the course of
preservation, resembling an undulating upward curve overall.
However, in this experiment the p-AV increased continuously
during the whole process, which may be caused by the rapid
decomposition of hydrogen peroxide and the rapid accumula-
tion of secondary oxidation products under accelerated oxida-
tion conditions. Alternatively, this difference may be due to the
long sampling interval, since the decline of p-AV in the interval
time was not monitored. Nevertheless, it was clear from the
graph that the growth rate was different in the interval time. The
p-AV increased slowly during the induction period, and the
increase became rapid when entering the oxidation period. The
synthetic antioxidant TBHQ signicantly reduced the growth
rate of p-AV in the DHA-rich oil. Compared with TBHQ, the p-AV
of the mixed natural antioxidants increased rapidly aer
entering the oxidation stage, and reached 122.35 aer 20 days.
As can be seen in the p-AV curve shown in Fig. 5b, the effect of
different antioxidants on the secondary oxidation products was
in the order TBHQ > mixed natural antioxidants > BHA.
However, when compared with the p-AV of TBHQ (105.34), the
mixed natural antioxidants had no signicant difference (P ¼
0.07). Nevertheless, when compared with BHA, the difference
was highly signicant (P ¼ 0.01), which showed that the
protection against secondary oxidation conferred by the mixed
RSC Adv., 2021, 11, 4991–4999 | 4997
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Table 4 Effect of different antioxidants on fatty acid composition of DHA oil in accelerated oxidation experiment

Fatty acid Initial value

10 days 20 days

MNAsa TBHQ BHA MNAsa TBHQ BHA

C14:0 7.51 � 0.14 7.25 � 0.06 7.66 � 0.33 7.22 � 0.41 8.41 � 0.44b 8.99 � 0.47b 10.46 � 0.12a

C14:1 0.65 � 0.04 0.62 � 0.03 0.66 � 0.04 0.67 � 0.03 0.51 � 0.01a 0.48 � 0.02a 0.45 � 0.01a

C16:0 22.45 � 1.33 23.15 � 1.23 21.64 � 1.11 22.45 � 0.45 25.74 � 1.03b 24.64 � 1.87b 28.66 � 1.49a

C18:0 0.85 � 0.01 0.77 � 0.01 0.79 � 0.02 0.74 � 0.11 1.24 � 0.04b 1.21 � 0.06b 1.85 � 0.17a

Squalene 1.29 � 0.07 1.49 � 0.32 1.34 � 0.15 1.14 � 0.02 1.03 � 0.06a 0.96 � 0.01a 0.83 � 0.02b

DPA 18.18 � 0.32 16.38 � 1.22 17.68 � 1.36 16.21 � 0.54 14.21 � 1.02ab 15.64 � 1.24a 12.21 � 0.14b

DHA 44.37 � 1.66 44.54 � 1.14 44.55 � 1.66 44.12 � 0.38 42.44 � 1.44a 43.12 � 2.12a 40.44 � 2.01b

Others 4.7 � 0.11 5.8 � 0.05 5.68 � 0.21 7.45 � 0.06 6.42 � 0.34a 4.96 � 0.38b 5.1 � 0.01bP
SFA% 64.49 63.03 64.23 62.14 58.19 60.20 53.93P
UFA% 35.51 36.97 35.77 37.86 41.81 39.80 46.07

a MNAs mixed natural antioxidants.
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natural antioxidants was similar to that of TBHQ, and was
higher than that of BHA.

Table 4 lists the effects of different antioxidants on the fatty
acids in the microalgal DHA-rich oil. The rened DHA-rich oil
contains many different fatty acids, with total unsaturated fatty
acids and DHA accounting for 64.49 and 44.37% of the total,
respectively. Aer 10 days of accelerated oxidation, the fatty acid
composition of the oil remained basically unchanged, which
was similar to the increase of the PV, illustrating the protective
effect of the antioxidants on the fatty acids of the oil. However,
aer 20 days of accelerated oxidation, there were signicant
differences in the fatty acid ratios. As shown in Table 4, aer 20
days, the proportions of saturated fatty acids such as C14:0
(myristic acid), C16:0 (palmitic acid) and C18:0 (stearic acid)
increased, while that of DHA and DPA (docosapentaenoic acid)
decreased dramatically. This is likely caused by the accumula-
tion of hydroperoxide in the oil and the weakened protection by
the antioxidants with the prolongation of oxidation time. In this
process, polyunsaturated fatty acids are prone to oxidation
because of their unsaturated bonds.5 Conversely, the saturated
fatty acids could remain stable during the oxidation process,41

resulting in a decrease of the proportion of unsaturated fatty
acids and a corresponding increase of the proportion of satu-
rated fatty acids. When comparing the effects of different anti-
oxidants on the fatty acid composition of the oil, we found that
the proportion of fatty acids aer oxidation was similar when
using mixed natural antioxidants and TBHQ, and the propor-
tion of unsaturated fatty acids was higher than what was
observed with BHA, which further conrmed that the optimized
mixture of natural antioxidants had a good protective effect on
the PUFAs in the DHA-rich microalgal oil. Aer 20 days of
accelerated oxidation, the content of DHA was 42.44%, which
was only 4.35% lower than in the initial oil.
4. Conclusions

Adding antioxidant could slow down the oxidation rate of
microalgal DHA-rich oil. However, using a single antioxidant
cannot achieve the best antioxidant effect. Practical application
4998 | RSC Adv., 2021, 11, 4991–4999
tends to use mixed antioxidants with synergistic effects. Three
nature antioxidants namely rosemary extract, ascorbyl palmi-
tate and vitamin E presented synergies with each other and
showed an excellent antioxidant effect. Based on the results,
these three antioxidants were optimized by response-surface
methodology. The optimized antioxidant combination encom-
passed 0.0259% rosemary extract, 0.0224% vitamin E, and
0.0166% ascorbyl palmitate. The mixture prolonged the oxida-
tion induction to 20.21 days, which was 10.47 days longer than
that of the control group. The optimized natural antioxidant
mixture has similar antioxidant activity to 0.02% TBHQ, and
exhibits stronger oxidation protection than BHA. This natural
antioxidant mixture can be actually applied in micrialgal DHA-
rich oil, helping to enhance the antioxidant ability of DHA oil
and extend its shelf life.
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