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ARTICLE INFO ABSTRACT

Keywords: Lutein is critical for protecting the eye against light damage. The low solubility and high sensi-
Emulsion tivity of lutein to environmental stresses prevent its further application. The hypothesis is that the
Lutein

combination of one water-soluble antioxidant and one oil-soluble antioxidant will be beneficial to
improve the stability of lutein emulsions. A low-energy method was performed to prepare lutein
emulsions. The combination of a lipid-soluble antioxidant (propyl gallate or ethyl-
enediaminetetraacetic acid) and a water-soluble antioxidant (tea polyphenol or ascobic acid)
were investigated for improving the lutein retention rates. It was shown that the highest lutein
retention rate was achieved by using propyl gallate and tea polyphenol, 92.57%, at Day 7. It was
proven that the lutein retention rates of emulsions with propyl gallate and tea polyphenol were
89.8%, 73.5% and 55.2% at 4 °C, 25 °C and 37 °C, respectively, at Day 28. The current study is
helpful to prepare for the further application of lutein emulsions for ocular delivery.

Stability

Tea polyphenols
Propyl gallate

Low energy method

1. Introduction

Lutein is an important pigment for human beings [1]. In particular, lutein and zeaxanthin are the major carotenoids found in the
human retina and crystals [2]. The human body cannot produce it and can only be supplemented by external intake from foods or
others [3]. Lutein has strong antioxidation activity and can eliminate the damage of oxygen free radicals caused by ultraviolet rays to
skin as photoprotectors [4]. Lutein is also used as an anti-inflammatory agent. Lutein is mainly from plants and can be extracted from
marigold flowers [5] or microalgae [6,7]. The solubility of lutein in water is very low. In addition, lutein is sensitive to temperature [8],
light and pH [9]. This is a very large limit for further application. Therefore, it is necessary to find a suitable carrier that can protect
lutein from various physical and chemical factors and maintain good stability, improve the dispersion of lutein in aqueous solution,
and increase the utilization efficiency of lutein in the human body. Oil-in-water emulsions are a distinguished delivery system in the
field of foods and pharmaceuticals [10]. Therefore, the oil-in-water emulsion is a good choice for the further application of lutein.

The critical parameters for the preparation of emulsions mainly include the average particle size, physical and chemical stabilities,
and biological activities. The stabilities of particle size and lutein in emulsions are related to encapsulation modes [11], preparation
methods, components of oil and emulsifier [12,13], temperature, pH and other conditions in preparation, and kinds and concentra-
tions of antioxidants [14]. Antioxidants can improve the physical and chemical stability of bioactive products in emulsions. Many
antioxidants have been widely used in many emulsions, including ascorbic acid (ASC) [15,16], ethylenediaminetetraacetic acid
(EDTA) [15-17], propyl gallate (PG) [18], tea polyphenol (TP) [19], resveratrol [20], tocopherol [17,21], cellulose nanofibrils [22],
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and vitamin E [9,23]. Antioxidants will significantly improve the chemical stability of lutein during long-term storage.

In general, only one antioxidant is adopted in an emulsion preparation. There are few studies using a combination of antioxidants in
emulsions. Mixtures of 1-o0-galloylglycerol and rosmarinic acid and 1-o-galloylglycerol and tocopherols were applied as antioxidants in
oil-in-water emulsions [18], in which the performances using two antioxidants were similar to a single one. It is complex to optimize
the combination of antioxidants. The hypothesis is that the combination of one water-soluble antioxidant and one oil-soluble anti-
oxidant will be beneficial for improving the stability of lutein emulsions. In this study, several emulsions of lutein were prepared by a
low-energy method. The possible effects of four antioxidants were evaluated. The combinations of two antioxidants were investigated
to improve the stability.

2. Materials and methods
2.1. Chemicals

Lutein was purchased from Bide Pharmaceutical Co. (Shanghai, China). Tween 80 and medium chain triglycerides (MCT) were
obtained from Shanghai Macklin Co. (China). EDTA, PG and ASC were purchased from Lingfeng Chemical Agent Co. (Shanghai,
China). TP was purchased from Saen Chemical Technology Co. (Shanghai, China).

2.2. Preparation of emulsions by the low-energy method

The preparation of emulsions includes the low-energy method [12,24], solvent evaporation method [25], ultrasonic method [26],
electrostatic complexation [27], high pressure homogenization method [28,29] and others. The emulsions in this study were prepared
by a low-energy method. First, about 1.5 mg lutein was dissolved in 1 g oil to prepare the oil phase, and the oil phase and emulsifier
were mixedaccording to a certain proportion. Then, ultrapure water was added to the mixture at a certain dripping speed (0.2 mL/min)
and stirred for 5-10 min until the gel state of the system was formed. Next, the speed was increased, and a large amount of ultrapure
water was added and stirred for 20 min to make the system pass the gel phase quickly, forming an emulsion. Lutein was added to the oil
to prepare the emulsion. The final concentration of lutein in the emulsion was approximately 0.01% (w/w). The emulsion formation
with antioxidants was carried out similar to that without antioxidant mentioned above. ASC and TP were added to water, and EDTA
and PG were added to oil before the preparation of emulsions.

2.3. Effect of the ratio of surfactant and oil

The effects of the ratios of emulsifier and oil on the properties of the lutein emulsion were investigated. The ratios of Tween 80 and
MCT, 9:1, 8:2, 7:3 and 6:4 (w/w), were adopted when the contents of Tween 80 were 12-19%. Another ratio of Tween 80 and MCT,
1:9, was selected as a control when the content of Tween 80 was 5.44%. The prepared emulsions were stored at 25 + 0.1 °C for 7 days.
The particle size distributions and zeta potentials of emulsions were analyzed by a Zeta Sizer Nano Series based on the standard
protocol suggested by the manufacturer (NANO ZSE, Malvern Instruments Limited, Worcestershire, UK). Lutein retention rates (%)
were determined at Days 0, 3 and 7. The lutein in the emulsion was extracted by dichloromethane and methanol (1:1) first. Next, the
lutein content was analyzed by a reversed-phase C-18 column (4.6 x 250 mm, 5 pm particle size) in high-performance liquid chro-
matography. The mobile phase was 67.5% methanol: 22.5% dichloromethane: 9.5% acetonitrile: 0.5% water (v/v). The other oper-
ation conditions were shown in a previous study [7].

The lutein retention rate, E,, was calculated by Eq. (1) below [30].

E,(%):M x 100 @

lutein,0

where Ciytein, 0 is the initial lutein concentration in the emulsion at Day 0 (mg/L) and Cjygein, ¢ is the lutein concentration in the emulsion
at Day t (mg/L).

2.4. Effect of antioxidants on lutein retention rate

When the ratio of emulsifier and oil was 6:4 (w/w), a lutein emulsion was prepared by a low-energy method. The effects of four
antioxidants, PG, TP, ASC and EDTA, on the lutein retention rate were evaluated. Three concentrations of these antioxidants, 0.001%,
0.005% and 0.01% (w/w), were added to the emulsions. Lutein emulsion without antioxidant was used as a control. These emulsions
were stored for 7 days at 25 + 0.1 °C. The particle size distributions and lutein content of lutein emulsions were measured at Days 0, 3
and 7.

After the investigation of a single antioxidant on the lutein retention rate, the effects of the combination of two antioxidants (TP +
PG, TP + EDTA, TP + ASC, PG + ASC, EDTA + ASC, EDTA + PG) were evaluated. It should be mentioned that the addition con-
centration of PG was 0.01% (w/w), TP was 0.01% (w/w), EDTA was 0.005% (w/w) and ASC was 0.01% (w/w). Then, emulsions with
two antioxidants were prepared, and the ratio of Tween 80 to MCT was 6:4. The control was lutein emulsion without any antioxidants.
These emulsions were stored for 7 days at 25 + 0.1 °C. The particle size distributions and lutein content of lutein emulsion ns were also
measured at Days 0, 3 and 7.
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The emulsion with TP + PG was stained with phosphotungstic acid (PTA) [31], and a transmission electron microscope was taken
by a JEM-1200EX (Jeol electronics, Japan) at 100 Kv.

2.5. Long-term stability test

The emulsions were prepared with 0.01% PG and 0.01% TP. The control was an emulsion without any antioxidant. The ratio of
Tween 80 to MCT was 6:4. These emulsions were stored in the dark for 28 days at 4 + 0.1, 25 + 0.1 and 37 + 0.1 °C. The lutein
retention rates and average particle sizes were measured at Days 0, 3, 7, 21 and 28.

2.6. ABTS free radical scavenging activities

The ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt) assay is a typical colorimetric assay for the
evaluation of antioxidant capability [32]. ABTS free radical scavenging activities were determined based on the procedure proposed in
previous studies [33,34]. In the preliminary experiments, the ABTS free radical scavenging activities of the emulsion without PG and
TP and the conventional emulsion without PG and TP were very low. Therefore, the ABTS free radical scavenging activities of these
two emulsions were determined at Day 2 just after the preparation. The related activities of emulsions with PG and TP were determined
at Day 24. The different concentrations of emulsions were collected for the ABTS assay. The antioxidative activities of emulsions with
PG and TP and without lutein and without PG, TP and lutein were also measured at Day 2. The added emulsions were the same as those
with lutein groups. The ABTS free radical scavenging activities were calculated by Eq. (2) [32].

Aemu Ision
ABTS free radical scavenging activity(%) = (1 — —1) x 100 2)

control

where Acmulsion @and Acontrol are the absorbance of the emulsion and control at 734 nm, respectively. Control is the water without
emulsion.

2.7. Statistical analysis

All of the experiments were performed with three replicates. Statistical analysis (ANOVA) was conducted by Excel (Microsoft,
USA). Differences were considered significant if p was less than 0.05.
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Fig. 1. Effects of the ratio of surfactant (Tween 80) and oil (MCT) on lutein retention rate (A) and particle size (B) of lutein emulsions made by the
low-energy method. The experimental data are shown as the mean + SD (n = 3). Photographs of emulsions at Day 5 (C) and Day 9 (D) when Tween
80: MCT was 9:1, 8:2, 7:3, 6:4 and 1:9, respectively.
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3. Results and discussion
3.1. Effects of surfactant:oil

Surfactants and oil are major components in emulsions. In this study, Tween 80 and MCT were selected as surfactant and oil,
respectively. The ratio of Tween 80 and MCT is critical for emulsion formation, particle size distribution and lutein retention rate. As
shown in Fig. 1, the lutein retention rates declined from Day 0 to Day 7. The patterns of ratios of surfactant and oil, 9:1, 8:2 and 7:3,
were similar. At Day 7, the lutein retention rate was 53.55 + 0.44% when the ratio of Tween 80 and MCT was 6:4. Its average particle
diameter was approximately 123.0 nm. Its lutein retention rate was significantly higher than those of ratios of 9:1, 8:2 and 7:3. The
lutein retention rate was 72.04 + 0.06% when the ratio of Tween 80 and MCT was 1:9 (Fig. 1A). The related particle diameter of the
conventional emulsion was 252.2 + 34.47 nm (Fig. 1B). It was indicated that the lutein retention rate was also related to the particle
diameter of the emulsion [25,27]. The bioaccessibility of lutein in microparticles was higher than that in emulsions, but the particle
diameters of both emulsions and microparticles were more than 1208 nm [27]. In another study, emulsions with small particle sizes
had higher cellular uptake capability than conventional emulsions with large particle sizes. When the emulsions were stored for
approximately 5 days, all of them were stable (Fig. 1C). On Day 9, the emulsion with a ratio of Tween 80 and MCT of 1:9 was shown as
two layers (Fig. 1D). Although it could be dispersed after mixing, it was not stable during long-term storage. Finally, the ratio of Tween
80 and MCT, 6:4, was selected. The specific formulation of the lutein nanoemulsion prepared by the low-energy method is as follows:
the oil phase ratio is 10.14% (w/w), the emulsifier ratio is 15.12% (w/w), and the water phase ratio is 74.74% (w/w).

3.2. Effects of a single antioxidant

The effects of the four antioxidants on the chemical stability of lutein were greatly changed. The lutein emulsions were stored at
25 °C for 7 days. The lutein retention rates of emulsions with PG and TP as antioxidants were higher than those of emulsions with ASC
and EDTA as antioxidants, as shown in Fig. 2.

When PG was used as an antioxidant, the retention rate of lutein increased with increasing PG concentration at the beginning, but
when the PG concentrations were 0.005% and 0.01%, the effect on the lutein retention rate was not significant. The retention rates of
lutein in emulsions with 0.005% and 0.01% PG were approximately 72.44 + 10.00-74.47 + 7.22% on the 7th day (Fig. 2A). The
optimal concentration of PG was 0.01%.

When tea polyphenols were used as antioxidants, the retention rate of lutein increased with increasing concentrations of tea
polyphenols. The lutein retention rate of the emulsion with 0.01% tea polyphenols was 78.16 &+ 10.11% at Day 7 (Fig. 2B).

The protective effects of ascorbic acid and EDTA on the chemical stability of lutein were not obvious. The maximum lutein retention
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Fig. 2. Effects of PG (A), TP (B), ASC (C) and EDTA (D) on lutein retention rates at 25 °C. The control is an emulsion prepared without any
antioxidant. The experimental data are shown as the mean + SD (n = 3).
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rates were only 28.12 + 2.30-31.8 £ 4.21% (Fig. 2C and D). When the concentration of ascorbic acid was 0.01%, the retention rate of
lutein was similar to that of the control. In addition, there was no significant difference in the lutein retention rates in emulsions with
0.005% and 0.01% EDTA. The concentration of EDTA was 0.005% in the study below.

120 4

=
S
4.

®©
o
1

60

40 —&— control

Lutein retention rate ( % )

=0==TP+EG
—&— TP+EDTA
2047 TP+ASC
—&— PG+ASC
EDTA+ASC
—&— EDTA+PG
0 T T T
0 2 4 6 8
days
400 —5— control
—o— TP+PG
350 4—2— TP+EDTA
== TR+ASC
PG+ASC
300 H{—<— EDTA+ASC
= —b— EDTA+PG
€
< 250
N
8
@ 200 -
K} -
]
-5 150 A
=
©
o
100 €=
50 (B)
0 T T T
0 2 1 6 8
Storage ( days )
0 T 1 T
<10 - 4
E
S
E Cr= [d I I L
g 20 5 ab fa i fa
8 [°9] A :
T d
© b b T+ E[ B
N bb 1rap
® [ control bb :[
230 C m3rr+pc  ETP+EDTA 4
(C) [JTP+ASC [ZJPG+ASC b
[ EDTA+ASCIII] EDTA+PG
1 1 1

Storage days(d)
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taken on Day 7 The superscripts, a, b and c, represent a significant difference (p < 0.05).
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3.3. Effects of the combination of antioxidants

The results of the combination of the two antioxidants are shown in Fig. 3. The lutein retention rate of the emulsion with EDTA +
ASC at Day 7 was 76.69 £ 15.77% (Fig. 3A), which was significantly higher than those of emulsions with EDTA or ASC alone (Fig. 2C
and D). However, it was similar to those of emulsions with 0.01% TP (Fig. 2A) or 0.01% PG (Fig. 2A). The addition of EDTA to
emulsions with TP or PG (TP + EDTA or PG + EDTA) was beneficial to improve the chemical stability of lutein compared with
emulsions with 0.01% TP or 0.01 PG. The combinations TP + PG and EDTA + PG had the highest lutein retention rates (>93%)
compared with the control and other combinations of the two antioxidants. It should be mentioned that the average particle size of the
emulsion with EDTA + PG increased from 96.61 + 0.68 nm (Day 0) to 172.80 + 3.23 nm (Day 7) (Fig. 3B). At the same time, that of the
emulsion with TP + PG was slightly increased from 99.80 + 0.64 nm to 120.40 + 2.26 nm. It was proven that TP + PG had both
physical and chemical stability compared with the control and other combinations. The zeta potentials are shown in Fig. 3C.

3.4. Long-term test

The physical and chemical stabilities of lutein emulsions without any antioxidants (control) and with TP + PG were investigated for
28 days. The results are shown in Fig. 4. If there were no antioxidants, the lutein in the control at 25 °C and 37 °C was almost absent at
Day 28 (Fig. 4A). The color was fully white. At Day 3, the lutein retention rates of the control at 25 °C and 37 °C were 37.17 + 2.21%
and 15.00 + 1.91%, respectively. It was proven that lutein was thermally sensitive. At 37 °C, the average particle size of the control
increased from 95.07 & 0.13 nm to 259.77 + 40.48 nm (Fig. 4C). The final lutein retention rates of emulsions with TP + PG at 4, 25 and
37 °C were 89.80 + 9.97%, 73.50 + 8.53% and 55.17 + 9.59%, respectively (Fig. 4B). The average particle sizes of emulsions with TP
+ PG under three temperatures were varied in a narrow range (Fig. 4D). The combined antioxidants TP + PG enhanced the physical
and chemical stabilities of lutein emulsions. The prepared lutein emulsion had similar or better properties compared with other
emulsions [35]. The zeta potentials are shown in Fig. 5. It was indicated that these emulsions were stable during the 21 days for
emulsion with TP + PG (Fig. 5B) and control (Fig. 5A). TEM was taken when the emulsion was stored at 4 °C for more than 30 days. As
shown in Fig. 6A and B, the emulsion is also stable.
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Fig. 4. Lutein retention rates (A and B) and particle sizes (C and D) of emulsions without PG + TP (A and C) and with PG + TP (B and D). The
experimental data are shown as the mean + SD (n = 3).



Y. Wang et al. Heliyon 9 (2023) e15459

0 q 14 21 28
0 T T T T T
5 L .
=
E
= 0 -
£ I
(V] a a
° sl aa Ia
a -5k T 2 -
o bba ! Jijll
o a b bl a
N T I
20 b CIC | .
:I: C ¢ [14°C-control
(A) [ 25°C-control
Y [137°C-control
25
Storage days (d)
0 7 14 21 28
0
5L .
S
£
s .
S
a
: -
g |l T I
L a
S -15F aab a . 7 i
3 a
7} 1 I c
N I1
bTc
20 | I a bd a -
[14°C-PG+TP
(B) b [C125°C-PG+TP
[C137°C-PG+TP
25

Storage days(d)

Fig. 5. Zeta potentials of the control (A) and emulsions with PG + TP (B) at 4, 25 and 37 °C for 28 days. The superscripts, a, b ¢ and d represent a
significant difference (p < 0.05).

3.5. ABTS free radical scavenging activities of emulsions

The ABTS free radical scavenging activities of the lutein emulsion without PG and TP (surfactant:oil = 6:4) and the conventional
emulsion without PG and TP (surfactant:oil = 1:9) were similar when the emulsion concentration was lower than 60 mg/L, as shown in
Fig. 6C. It should be mentioned that both emulsions of lutein were stored for 2 days. This result indicated that particle size is not a
dominant factor for ABTS activity. The ABTS free radical scavenging activities of the 60 mg/L lutein emulsion with PG and TP were
more than 80% (Fig. 6C). It was stored for more than 20 days. It was proven that TP + PG improved the ABTS activity. In general, the
antioxidative capability of the emulsion will be decreased after long-term storage. The antioxidative activity of emulsions depends on
lutein and antioxidants. Compared with the control (without lutein and any antioxidants), the ABTS free radical scavenging activity of
the lutein emulsion without antioxidants was significantly higher (Fig. 6D). The effect of lutein on antioxidative activity was similar to
that of PG + TP.

3.6. Discussion

As shown above, neither EDTA nor ASC were good antioxidants to enhance the chemical stability of lutein when they were used as
single antioxidants shown Fig. 3. However, the combination of EDTA and ASC increased the lutein retention rate more than twofold,
from 28.12 to 21.83% to approximately 75.00 4+ 0.63%. EDTA is lipid soluble and ASC water soluble. One possible reason is that EDTA
and ASC remove oxygen from oil and water, respectively. The combination of TP and PG has the best performance. TP is water soluble,
and SP is lipid soluble. The possible mechanism is also similar to that of EDTA + ASC. TP + PG protects both the lipid phase and water
phase of the oil-in-water emulsion.

Although TP and PG were added to the conventional emulsion (Tween 80: MCT = 1:9), its ABTS free radical scavenging activity was
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Fig. 6. TEM (A and B) and ABTS activities (C and D). TEM of lutein emulsions without TP + PG (A) and with TP + PG (B). TEMs were taken by JEM-
1200EX under 100 kv. The scale bar is 200 nm ( x 100,000). ABTS free radical scavenging activities of lutein emulsions with PG + TP (Day 24) and
without PG + TP (Tween 80: MCT = 6: 4, Day 2) and conventional emulsions without PG + TP (Tween 80: MC = 1: 9, Day 2) (C). The antioxidative
activities of lutein emulsion with TP + PG (Day 24), lutein emulsion without TP + PG (Day 2), emulsion with TP + PG and without lutein (Day 2),
and control (emulsion without lutein, TP and PG, Day 2) (D). The experimental data are shown as the mean + SD (n = 3). The superscripts, a, b and
¢, represent a significant difference (p < 0.05).

less than that of the emulsion with a small particle size (Tween 80: MCT = 6:4). A similar result was also presented [25]. The small
particle size of the emulsion is beneficial to its utilization. It is also recognized that nanoparticles that are too small may be toxic.
Bioaccessibility and antioxidative capability rely on components of emulsion, particle size and antioxidants in emulsion, and other
conditions. Many more studies should be carried out before the utilization of lutein emulsions.

The properties of lutein emulsion depend on the selection of oils and emulsifiers, and preparation method. Some information of
emulsions, microparticles, nanocapsules of lutein are collected in Table 1. Compared with emulsion, microparticles had a larger
particle size and the lutein retention rate was improved from 30.74% to 74.51% [27]. The particle size was more than 1000 nm and the
application may be limited if the particle size was a limiting factor. The lutein retention rate of this study was lower than that of
emulsion [35]. Besides the oil and emulsifier, the preparation method may be much more critical to improve the lutein stability.
Compared with the emulsions without any antioxidants [21,36-38,39,40], the lutein retention rates of this study under three tem-
perature conditions are similar or better than them. The current study focused on the usage of combination of binary antioxidants. If
other preparation methods were performed and the oil and emulsifiers were optimized, the physichemical properties may be
improved. Especially, the lutein retention rates under 25 °C and 37 °C should be increased.
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Table 1
Comparison of the preparation conditions and properties of lutein emulsions.
Type oil Emulsifier Antioxidants ~ Preparation Particle Retention Storage Retention Ref.
method size (nm) temperature time rate (%)
°0) (day)
Emulsion Corn oil NaCas - High speed mixing 231.8 37 7 85 [35]
and high pressure
Emulsion MCT oil Tween 20 - Ultrasonic 610 4 46 62 [21]
Emulsion MCT oil Tween 20/ - Ultrasonic 540 4 46 90 [21]
lecithin
Emulsion MCT oil NaCas Microfluidizer 1208 37 22 30.74 [27]
Microparticles MCT oil NaCas + - Electrostatic 1750 37 22 74.51 [27]
NaALG complexation
Emulsion Corn oil LAE — Sonication 357 4 15 72 [36]
25 65
37 62
Tween 80 — Sonication 428 4 15 86 [36]
25 78
37 58
SDS - Sonication 289 4 15 50 [36]
25 40
37 30
Emulsion Corn oil High-pressure 234.01 4 30 90 [37]
homogenization
Lipid-core PCL- SM-  Polysorbate - Low-energy 191.9 4 60 36 [38]
nanocapsules MCT 80 method
Lutein Acetone Tween 80 + - Solvent 67 4 56 52.3 [41]
nanodispersions SDS displacement
Lutein Acetone NaCas - Solvent 113 4 56 94.3 [41]
nanodispersions displacement
Nanoemulsion Corn oil EA + WPI Tocopherol High pressure 68.8 5 28 80 [25]
homogenization + 20 32
solvent evaporation 40 10
Emulsion Corn oil EA + WPI Tocopherol High pressure 147.3 5 28 99 [25]
homogenization 20 60
40 40
Emulsion Coconut Xanthan + - High-speed shear 30-40 4 7 52.3 [39]
oil PGA 25 56.8
40 54.5
Emulsion Coin oil WPI - High-speed shear 242.16 4 21 84 [40]
and nano 25 73
homogenize 37 45
50 35
Emulsion Coin oil CA-WPI — High-speed shear 264.63 4 21 87 [40]
and nano 25 78
homogenize 37 58
50 50
Emulsion Coin oil CA-WPI- - High-speed shear 219.4 4 21 88 [40]
DEX and nano 25 80
homogenize 37 62
50 55
Emulsion Coin oil CA-WPI- Vitamin E High-speed shear 224.73 4 21 90 [401
DEX and nano 25 85
homogenize 37 70
50 65
Emulsion Coin oil WPI-DEX - High-speed shear 216.2 4 21 85 [40]
and nano 25 75
homogenize 37 48
50 40
Emulsion Coin oil BSA-CA-DEX  Vitamin E High-speed shear 220 4 15 88 [9]
and nano 37 58
homogenize 50 46
Nanoemulsion MCT WPI - High intensity 203-211 4 28 94 [42]
ultrasound 25 93
37 94
Emulsion MCT Tween 80 TP + PG Low energy 97.06 4 28 89.8 This
25 73.5 study
37 55.2

Bovine serum albumin (BSA), chlorogenic acid (CA) and dextran (DEX), Ethyl acetate (EA), Ethyl lauroyl arginate (LAE), Medium-chain-
triacylglycerol (MCT), Poly (e-caprolactone) (PCL), Propylene glycol alginate (PGA), Sodium alginate (NaALG), Sodium caseinate (NaCas), So-
dium dodecyl sulfate (SDS), Sorbitan monostearate (SM), Whey protein isolate (WPI).

- Indicates no antioxidant was used to prepare for emulsion.
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4. Conclusions

In this study, oil-in-water emulsions of lutein were prepared by low energy method. In addition to the effects of surfactant:oil, the
effects of four antioxidants, EDTA, ASC, PG and TP, and their binary combinations were evaluated on lutein retention rates and
physical stabilities. It was indicated that the combination of PG and TP was much more effective for improving the lutein retention rate
at 4-37 °C. A large particle size (>250 nm) was beneficial for enhancing the lutein retention rate, but the ABTS free radical scavenging
activity was lower than that of emulsions with PG and TP, in which the particle size was 97-120 nm.
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