@'PLOS ‘ ONE

CrossMark

click for updates

E OPEN ACCESS

Citation: Lin S-F, Chen Y-C, Chen R-N, Chen L-C,
Ho H-O, Tsung Y-H, et al. (2016) Improving the
Stability of Astaxanthin by Microencapsulation in
Calcium Alginate Beads. PLoS ONE 11(4):
€0153685. doi:10.1371/journal.pone.0153685

Editor: Chien-Sheng Chen, National Central
University, TAIWAN

Received: August 8, 2015
Accepted: April 1,2016
Published: April 19, 2016

Copyright: © 2016 Lin et al. This is an open access
article distributed under the terms of the Creative
Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: The authors have no support or funding to
report.

Competing Interests: The authors have declared
that no competing interests exist.

Improving the Stability of Astaxanthin by
Microencapsulation in Calcium Alginate
Beads

Shen-Fu Lin', Ying-Chen Chen?, Ray-Neng Chen?, Ling-Chun Chen?, Hsiu-O Ho?, Yu-
Han Tsung?, Ming-Thau Sheu?, Der-Zen Liu'**

1 Graduate Institute of Biomedical Materials and Tissue Engineering, College of Biomedical Engineering
Taipei Medical University, Taipei, Taiwan (ROC), 2 School of Pharmacy, College of Pharmacy, Taipei
Medical University, Taipei, Taiwan (ROC), 3 Department of Cosmetic Science and Management, Mackay
Medicine, Nursing and Management College, Taipei, Taiwan (ROC), 4 Center for General Education, Hsuan
Chuang University, Hsinchu, Taiwan (ROC)

* tonyliu@tmu.edu.tw

Abstract

There has been considerable interest in the biological functions of astaxanthin and its poten-
tial applications in the nutraceutical, cosmetics, food, and feed industries in recent years.
However, the unstable structure of astaxanthin considerably limits its application. Therefore,
this study reports the encapsulation of astaxanthin in calcium alginate beads using the extru-
sion method to improve its stability. This study also evaluates the stability of the encapsulated
astaxanthin under different storage conditions. The evaluation of astaxanthin stability under
various environmental factors reveals that temperature is the most influential environmental
factor in astaxanthin degradation. Stability analysis shows that, regardless of the formulation
used, the content of astaxanthin encapsulated in alginate beads remains above 90% of the
original amount after 21 days of storage at 25°C. These results suggest that the proposed
technique is a promising way to enhance the stability of other sensitive compounds.

Introduction

There has been considerable interest in the biological functions of carotenoids in preventing
degenerative diseases such as atherosclerosis, cancer, and aging. Carotenoids are the most
widely distributed class of pigments in nature. Astaxanthin (3,3'-dihydroxy-f,3'-carotene-4,4"-
dione) is the main keto-carotenoid found in many marine organisms and birds [1-3]. Because
of the structural similarity between carotenoids such as B-carotene, zeaxanthin, and lutein,
they share many of the same metabolic and physiological functions [4,5]. However, the pres-
ence of the hydroxyl and keto groups on each ionone ring provides astaxanthin with some
unique features, including a higher antioxidant activity, a polar configuration, and the ability
to be esterified. A number of studies have demonstrated that astaxanthin has much stronger
antioxidant activity than vitamin E and B-carotene, and is significantly more effective than -
carotene and lutein at preventing the UV light photooxidation of lipids. In addition, the anti-
cancer activity of astaxanthin in mammals has been evaluated. Compared to rats fed with
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carcinogens only, rats fed with carcinogen but supplemented with astaxanthin revealed a sig-
nificant decrease in the incidence of induced colon cancer. The protective effect of astaxanthin
was even more pronounced than that of B-carotene. The growth-inhibitory effects of the astax-
anthin-rich Haematococcus pluvialis extracts in HCT-116 colon cancer cells were reported.
Astaxanthin inhibits cell growth in a dose- and time-dependent manner by arresting cell cycle
progression and promoting apoptosis. The studies above suggest the effects and potential appli-
cations of astaxanthin in nutraceutical, cosmetics, food, and feed industries [6-8].

Because of its highly conjugated, double bond structure, astaxanthin is unstable during pro-
duction and storage. This causes a loss of its biological activity, and considerably limits its use
in nutraceutical and cosmetic applications. A number of studies have been conducted in an
attempt to improve the stability and solubility of astaxanthin. Apart from synthesis of astax-
anthin derivatives with improved solubility or stability, many techniques, such as microencap-
sulation have been investigated. For example, several studies have used cyclodextrin (CD) on
the inclusion of carotenoids. The formation of a f-CD-mediated inclusion complex can
improve the physical and chemical properties of carotenoids. Kim et al. prepared water soluble
and stable Inclusion complex (IC) of astaxanthin using B-CD [9, 10].

Microencapsulation with polymer matrices has received increasing attention in the last
decade, resulting in a great number of applications in industry, agriculture, medicine, pharmacy,
and biotechnology. Microencapsulation is a technique in which tiny particles are coated or
embedded in a homogeneous or heterogeneous matrix to provide a physical barrier between the
core material and environmental conditions. The advantages of applying microencapsulation
include reducing the core reactivity with environmental factors, decreasing the transfer rate of
the core material to the outside environment, promoting easier handling, controlling the release
of the core material, masking the core taste, and diluting the core material when it should be used
in only very small amounts [11-13]. Because of the biocompatibility and biodegradability of nat-
ural polymers, there are many reports and patents on the use of chitosan in preparing micro-
spheres and microcapsules. Higuera-Ciapara et al. microencapsulated astaxanthin in a chitosan
matrix using the multiple emulsion/solvent evaporation method [14]. Kittikaiwan et al. repeat-
edly immersed H. pluvialis beads in a chitosan solution to form chitosan-algae microcapsules
[15]. Alginate is a linear biopolymer consisting of -1,4 linked D-mannuronic acid (M block)
and L-guluronic acid (G block). The cooperative binding of divalent cations localized between
homopolymeric blocks of guluronate residues resulted in the gelling properties of alginate.
Because of its physicochemical properties, alginate has been used as a thickening, gel-forming,
and encapsulating agent in the food and drug industry [16-18]. The emulsification method is the
most widely and typically used method in microencapsulation technique. Other methods are
based on emulsion preparation between the drug and the encapsulating matrix, followed by
spray drying of the emulsion. The main disadvantage of these methods is that drug losses occur
during the process and the resulting product includes organic solvent [19-21]. Compared with
the emulsification method, the extrusion method is simple and mild. Therefore, the aim of the
current work is to encapsulate astaxanthin in sodium alginate beads using the extrusion method
to further increase its stability. This study also evaluates the stability of the encapsulated astax-
anthin under different storage conditions in terms of astaxanthin content.

Materials and Methods
Materials

Astaxanthin was obtained from Orgchem Technologies (Hsinchu, Taiwan). Sodium alginate
was purchased from Sigma-Aldrich (Dorset, UK). Carophyll™ Pink 10% CWS was obtained
from DSM Nutritional Products Ltd. (Kaiseraugst, Switzerland). Calcium chloride and Tween
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20 were purchased from Riedel-de Haén (Seelze, Germany). The HPLC grade analytical
reagents used included acetonitrile, dichloromethane (Merck, Germany), methanol (Mallinck-
rodt, USA) and water.

Analytical determination of astaxanthin content

The astaxanthin level was determined with a high performance liquid chromatography
(HPLC) system with a Gemini C18 110A (5 pum, 150 x 4.60 mm) Waters HPLC column and a
mobile phase consisting of 83% methanol, 7% water, 5% acetonitrile, and 5% dichloromethane.
Subsequently, 50 uL of sample was injected to HPLC with the temperature kept at 25°C. The
detection and quantitative measurement of astaxanthin was performed at 480 nm. The calibra-
tion of the peak area versus astaxanthin concentration was linear in the concentration range of
50-10 000 nM (R* = 0.9999, n = 6). Injections were performed in duplicate for each sample
and standard. To determine the astaxanthin content in the beads, samples were crushed and
the astaxanthin was extracted by dichloromethane and pH 6.8 phosphate buffer repeatedly.
The obtained solution was then passed through a 0.22 mm filter before further HPLC analysis.

Evaluation of astanxanthin stability under various environmental factors

The stability of the astaxanthin was examined under various environmental factors, including
light, temperature, and nitrogen gas. Astaxanthin was contained in small glass bottles placed
under different environmental conditions. For the samples tested for temperature, bottles were
stored at -30°C, 4°C, and 25°C. For the samples tested for exposure to light, control samples
were covered with foil paper. For samples subjected to nitrogen exposure, nitrogen was purged
into the bottles then secured tightly. Samples were taken at scheduled times (i.e., the 1st, 4th,
7th, 11th and 16th day) to analyze the astaxanthin content.

Preparation of astaxanthin encapsulated sodium alginate beads

The extrusion method was employed to encapsulate astaxanthin in sodium alginate beads. One
percent of astaxanthin was dispersed in various concentrations of sodium alginate solution
containing various concentrations of Tween 20. The polymer solution was then added drop-
wise into 10 mL of calcium chloride solution using a hypodermic syringe through a #27G nee-
dle under constant stirring at 150 rpm for 15 min at room temperature. The resulting beads
were separated from the solution by centrifugation and then allowed to dry at room tempera-
ture in a dust-free chamber. Table 1 lists the various experimental conditions, such as concen-
tration of calcium chloride solution (2% and 10%), sodium alginate solution (1%, 2%, and 3%)
and the surfactant Tween 20 (0.5% and, 2%). The particle size and morphology of beads were
measured using the built-in function of Colony Count in UVP BioSpectrum AC Imaging Sys-
tem (UVP, Upland, CA, USA). The microencapsulation yield (MY) in the microencapsulation
process was calculated as the dry weight gain of bead samples divided by the total weight of
sodium alginate, calcium chloride, and astaxanthin used in the process. The loading efficiencies
were determined as the ratio of the calculated weight of astaxanthin in the bead samples to the
actual weight of astaxanthin used in the process. Experiments were performed in triplicate.

Storage stability

The stability of the astaxanthin in the sodium alginate beads with various formulations was
monitored under different storage conditions (25°C, RH 60%, and 40°C, and RH 75%). At
specified times (i.e., the Ist, 7th, 14th, and 21st days), 50 mg samples were taken for assay of
astaxanthin content. The stability measurement continued for 21 d.
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Table 1. Preliminary experimental conditions evaluated for the preparation of calcium alginate beads without astaxanthin and results of physical
characteristics. The word “ALG” denotes alginate.

Code CaCl, Tween 20 in ALG Glycerol/ Needle  Stirringrate Stirring time  Weight Weight Diameter
name concn.(%) ALG (%) concn.(%) H,O (G) (rpm) (min) (9) (%) (um)
A 20 0.5 3 50/50 27 150 15 - - -
B 20 0.5 1 0/100 27 150 15 0.21 9.1#0.8  728.7+194.3
+0.02
C 10 0.5 1 0/100 27 150 15 0.18 15.4+1.6  620.3192.0
+0.02
D 2 0.5 1 0/100 27 150 15 0.15 45.8 566.0+92.5
+0.03 +10.3
E 5 0.5 1 0/100 27 150 15 0.15 23.7¢3.1  601.9+98.3
+0.02
F 2 0.5 2 0/100 27 150 15 0.27 57.9+4.2 726.8+78.6
+0.02
G 10 0.5 2 0/100 27 150 15 0.41 31.0¢5.8 822.0+100.9
+0.07
H 5 0.5 2 0/100 27 150 15 0.31 40.645.0 749.0461.1
+0.03
1 10 0.5 1 0/100 24 150 15 0.18 15.4+0.9 712.8+89.9
+0.01
J 2 0.5 2 0/100 24 150 15 0.27 59.4+2.0 838.7166.9
+0.01
K 20 0.5 2 0/100 27 150 15 0.53 21.6+.3 885.6+112.6
+0.11
L 5 0.5 3 0/100 27 150 15 0.50 56.0t0.8  903.2+59.0
+0.01
M 2 0.5 3 0/100 24 150 15 0.45 77.6+2.7 994.5+100.0
+0.02
N 10 0.5 3 0/100 24 150 15 0.63 43.942.3 1029.2+99.7
+0.02
(o} 10 0.5 3 0/100 24 150 30 0.57 39.5+2.8 1047.7
+0.04 +121.4
P 10 0.5 3 0/100 24 150 60 0.61 42.4+0.6 1112.9+71.1
+0.02
Q 20 0.5 3 0/100 24 150 15 0.78 30.2+¢3.8 1136.9+90.5
+0.10
R 20 0.5 3 0/100 24 150 30 0.77 29.6+1.0 1171.7
+0.03 +124.0
S 20 0.5 3 0/100 27 150 15 0.77 29.7+2.6  1053.4+99.7
+0.07
T 5 0.5 3 0/100 24 150 15 0.51 56.9t0.9 1041.3+86.6
+0.01
U 20 0.5 3 0/100 24 150 60 0.84 32.6+1.9 1156.4+88.9
+0.05
v 5 0 3 0/100 24 150 15 0.50 55.8+3.8 1199.4+94.0
+0.04
w 20 0 3 0/100 24 150 15 0.75 29.1+1.5 1326.4
+0.04 +130.8
X 5 2 3 0/100 24 150 15 0.55 62.1+1.2 1026.2+46.2
+0.01
Y 20 2 S 0/100 24 150 15 0.94 36.2+1.2 1192.5+64.3
+0.03
z 20 0.5 3 10/90 27 150 15 1.24 48.2+1.5 1460.2
+0.08 +214.5
(Continued)
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Table 1. (Continued)

Code CaCl, Tween 20 in ALG Glycerol/ Needle  Stirring rate  Stirring time  Weight Weight Diameter
name concn.(%) ALG (%) concn.(%) H,O (G) (rpm) (min) (9) (%) (um)
AA 20 0.5 3 20/80 27 150 15 1.23 47.6£3.2 1356.3x77.5
+0.10
AB 20 0.5 3 0/100 24 300 30 0.74 28.7+0.9 1332.2
+0.11 +513.2
AC 20 0.5 3 0/100 24 500 30 0.74 28.7+5.7 1162.4
+0.09 +176.8

doi:10.1371/journal.pone.0153685.t001

Statistical analysis

All results were expressed as the mean + standard deviation of the mean. This study compares
the data between treatment groups using one-way analysis of variance (ANOVA). Differences
were considered significant at p < 0.05.

Results and Discussion

Fig 1 shows a typical chromatogram for the astaxanthin in this study. The peak in this figure is
characterized by a retention time of 5.6 min. The stability of astaxanthin under various
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Fig 1. A typical chromatogram of astaxanthin.

doi:10.1371/journal.pone.0153685.g001
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Fig 2. Comparison of the stability of astaxanthin under various environmental factors. The asterisk
indicates statistically significant difference (p < 0.05).

doi:10.1371/journal.pone.0153685.g002

environmental conditions was evaluated to determine the effects of the light, temperature, and
nitrogen gas. Results show that the minimum loss of astaxanthin, 0.53%, was obtained under a
nitrogen atmosphere at -30°C after 16 d. Fig 2 shows that the most influential environmental
factor was temperature, as the lowest remaining content of astaxanthin (62.3%) appeared at a
storage condition of 25°C after 16 d.

The microencapsulation of astaxanthin was carried out by the extrusion method. In this
method, spherical beads were obtained by dripping the polymer solution (alginate solution)
into the calcium chloride solution. This instantly formed small beads that entrapped drugs
within a tridimensional lattice. Preliminary tests summarized in Table 1 revealed the appropri-
ate experimental parameters for preparing alginate beads. A comparison of stirring times while
the alginate droplets were dripped in calcium chloride solution revealed no significant differ-
ence among treatments (15 min, 30 min, and 60 min) in terms of average size, microencapsula-
tion yield, and loading efficiency. Hence, the stirring time was set at 15 min in this study. The
optimum stirring rate was 150 rpm (Fig 3A) because a faster stirring rate resulted in deformed
or irregularly-shaped beads (Fig 3B). This study further investigates the ideal experimental
conditions for preparing astaxanthin encapsulated sodium alginate beads, including the con-
centration of calcium chloride solution, sodium alginate solution, and the surfactant Tween 20
(Table 2). Table 3 lists the average yield weight, microencapsulation yield, average size, and
loading efficiency of astaxanthin encapsulated beads with various formulations. This table rep-
resents each formulation using a code name. For example, the code name “1A0.5T2C” denotes
a formulation using 1% of alginate solution, 0.5% of Tween 20, and 2% of calcium chloride
solution in the microencapsulation process. The microencapsulation yield and loading
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Fig 3. Photo images of alginate beads formed at different stirring rates. The stirring rate set at 150 rpm (A) and 500 rpm (B).
doi:10.1371/journal.pone.0153685.9g003

efficiency are both key aspects that must be considered in microencapsulation. The microen-
capsulation yield ranged from 97.94-25.83%, and the loading efficiency ranged from 100% to
82%. Considering the effect of experimental factors in this study, a higher concentration of
sodium alginate led to greater average weight and size of alginate beads. This is because the
drop size of alginate solution was expected to increase with increasing the viscosity of alginate
solution resulting from higher alginate concentration. However, a higher concentration of cal-
cium chloride led to lower microencapsulation yield no matter which alginate concentrations
used (Fig 4). This is because calcium ions are capable of binding to the limited carboxylic
groups of alginate, leading to the formation of a strong thermostable gel. Once the binding sites
were fully occupied, the excess calcium ions were unable to incorporate into alginate beads.
Hence, the more calcium chloride not entrapped the less microencapsulation yield would
result. On the other hand, the addition of surfactant Tween 20 has no effect on the microencap-
sulation yield and loading efficiency.

To determine the enhanced stability of encapsulated astaxanthin under different storage
conditions (25°C, RH 60%, 40°C, and RH 75%), this study compares the stability of astax-
anthin, encapsulated astaxanthin with various formulations, and Carophyll™ Pink, a commer-
cial product containing 10% astaxanthin. A pre-study first evaluated the stability of
astaxanthin under various environmental factors such as light, nitrogen storage, and tempera-
ture. Results show that astaxanthin is most sensitive to high temperature, agreeing with the
results of Kittikaiwan et al. [15]. Hence, the storage conditions were set at 40°C and 25°C to
test stability. The astaxanthin contents of various formulations of alginate beads and controls
were measured periodically during the 21 d of the study. The results in Fig 5 indicate that,
regardless of the storage conditions, the content of astaxanthin encapsulated in alginate beads

Table 2. Optimization of Experimental conditions? evaluated for the preparation of calcium alginate beads containing astaxanthin.

Surfactant concentration in ALG solution ALG* concentration CaCl, concentration
0.5% 1% 2%
2.0% 2% 10%
3%

2All formulations were injected with a 27 G needle into aqueous solution stirring at 150 rpm for 15 min.
*The word “ALG” denotes alginate.

doi:10.1371/journal.pone.0153685.t002
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Table 3. Results of physical characteristics including average yield weight, microencapsulation yield, average size, and loading efficiency for

astaxanthin encapsulated beads prepared with various formulations.

Code name Average Yield Weight (g) Microencapsulation Yield (%) Average Size (pm) Loading Efficiency (%)
1A0.5T2C 0.29+0.03 63.8+3.6 690.5+74.5 96.6+£3.6
1A0.5T10C 0.37+0.06 29.2+4.5 754.2+80.7 95.0+£2.9
1A2T2C 0.29+0.02 63.4+2.4 692.7+58.8 86.2+4.2
1A2T10C 0.33+0.04 25.8+4.9 685.9+55.1 82.5+4.2
2A0.5T2C 0.46+0.04 79.0+4.6 825.4+52.5 86.0+£3.2
2A0.5T10C 0.58+0.08 41.1£7.3 906.4+35.6 97.3£3.8
2A2T2C 0.46+0.04 80.3+£3.8 842.7+45.0 82.0+1.8
2A2T10C 0.62+0.08 44.2+8.2 883.6162.2 93.3+2.0
3A0.5T2C 0.64+0.02 91.3+2.6 939.4+47.9 86.8+2.9
3A0.5T10C 0.85+0.05 55.716.1 964.0+43.0 89.6+2.5
3A2T2C 0.69+0.02 97.9+2.8 1011.8+50.4 99.2+1.7
3A2T10C 0.97+0.03 63.2+3.0 1044.4164.6 100.0+4.2
doi:10.1371/journal.pone.0153685.t003
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doi:10.1371/journal.pone.0153685.g004
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Fig 5. The enhanced stability of astaxanthin encapsulated alginate beads with various formulations under storage conditions at 25°C, RH 60% (A) and
40°C, RH 75% (B). C-1: the control sample of Carophyll® Pink 10% CWS; C-2: the control sample of pure astaxanthin raw material.

doi:10.1371/journal.pone.0153685.g005

was significantly higher than the two controls (without encapsulation). This can be explained
by the reason that the alginate matrix protects the astaxanthin from thermal degradation and
blocks the attack of oxygen. Note that the extraction method caused some fluctuations in astax-
anthin content during storage, indicating that the technique of extracting astaxanthin from
alginate beads can be improved. After 21 d of storage at 25°C, regardless of the formulation
used, the content of astaxanthin encapsulated in alginate beads remained more than 90% of the
original amount. These results demonstrate that the proposed technique can be used to
enhance the stability of other sensitive compounds.

Conclusions

It is concluded that astaxanthin loaded alginate beads were successfully produced by optimally
adjusting formulation factors of alginate, calcium chloride, and Tween 20 concentrations and
processing conditions of stirring rate and time, and needle size. The utilization of alginate to
encapsulate astaxanthin with the aid of calcium ion was able to significantly improve the ther-
mal stability of astaxanthin. Calcium ion plays dual functional roles as a crosslinker to crosslink
alginate chain leading to the formation of alginate matrix layer for preventing oxygen exposure
and as a complexer to form the complex with astaxanthin enhancing its stability. Ultimately,
the bioactivity of astaxanthin loaded alginate beads needs to be examined to confirm its clinical
applicability.
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