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ABSTRACT: Although capsanthin possesses excellent coloring performance and healthcare functions, its application in the food indus-
try is limited due to its susceptibility to humidity, heat, and light. The purpose of this research was to microencapsulate capsanthin
by soybean protein isolate (SPI)-chitosan coacervation and evaluate whether the microencapsulation improved the stability of capsan-
thin against the adverse conditions mentioned above. The results indicated that the optimum conditions for capsanthin microencap-
sulation were emulsification speed 10,000 rpm, emulsification temperature 45°C, wall concentration 15 g/L and core to wall ratio 1:2
(w/w). Under these conditions, the droplets in the emulsion were even in size distribution without agglomeration and the microen-
capsulation efficiency and microencapsulation yield reached 90.46% and 86.69%, respectively. Microencapsulation increased the stabil-
ity of capsanthin against low/medium moisture, heat, and especially light, but was less effective in protecting capsanthin

microcapsules in high moisture. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39671.
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INTRODUCTION

Capsanthin (3,3'-dihydroxy-f§,k-caroten-6’-one) is the major
carotenoid present in paprika (Capsicum annuum) and has been
approved for the coloring of cheese, juices, sauces, and meats in
many countries." Meanwhile, capsanthin has potential applica-
tions in functional foods due to its antioxidant and anti-tumor
activities.” However, capsanthin is susceptible to oxidants, light
and heat and can be easily decomposed when exposed to such
factors.” Because of the commercial importance and consider-
able role in healthcare, many efforts have been devoted to
increase the stability of capsanthin during storage and process-
ing, such as the application of ascorbic acid and reduced
glutathione.*

In addition to the supplementation of antioxidants, microen-
capsulation is also recognized as a promising way of stabilizing
natural colorants.” Spray-draying is the most widely used
microencapsulation technology in the food industry and has
been reported to effectively protect paprika oleoresin from oxi-
dation.®” Furthermore, Santos et al. evaluated the functionalities
of microencapsulated paprika oleoresin in Arabic gum and rice
starch/gelatin incorporated into cake and gelatin gel. It was
found that the encapsulated pigment successfully dyed the cakes
without negative effect on taste, flavor or texture of analyzed
systems, but reduced the global sensory acceptance of gelatin
gel.” To overcome the adverse effects of high temperature used
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in spray-drying, Zilberboim et al. proposed an alternative
method to spray-drying for microencapsulating paprika oleo-
resin by cold dehydration with ethanol, but this process was
cost-ineffective and was rarely used in the food industry.®

Complex coacervation is another important microencapsulation
process and has attracted extensive attentions in recent years
due to its high loading capacity, ease of controlled release and
mild reaction conditions compared with spray-drying.” The
microencapsulation of carotenoids by complex coacervation and
the increase of storage stability have been reported by many
authors.'®™"? Complex coacervation is the electrostatic interac-
tion between two oppositely charged polymers. Gum Arabic—
gelatin is the most classical complex coacervation system and
has gained industrial applications, but new coacervation pairs
based on plant-derived proteins and cationic polysaccharides
are emerging in recent years.'*'>

Chitosan is the second most abundant polysaccharide in the
world and carries positive charges in acidic solutions. This natu-
ral polymer has been widely reported for the microencapsula-
tion of sensitive compounds through complex coacervation.'®"”
Soybean protein isolate (SPI) is amphoteric and is negatively
charged in solutions above its isoelectric point (pI). The authors
of this work have reported a complex coacervation pair based
on SPI and chitosan. It was found that the resultant coacervates
had a sponge-like structure interspaced by heterogeneously sized
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vacuoles, which provided locations for the inclusion of sensitive
compounds.'”® Hence, the chitosan-SPI coacervates were
expected able to microencapsulate capsanthin and improve the
stability of capsanthin against adverse conditions.

The purpose of this study was to optimize the conditions for
microencapsulating capsanthin through chitosan-SPI coacerva-
tion and the effects of emulsification speed, emulsification tem-
perature, wall concentration, and wall to core ration on the
morphology of emulsion droplets, microencapsulation efficiency
and microencapsulation yield were explored. Besides, whether
the resultant capsanthin microcapsules have improved stability
against moisture, heat, and light were also concerned.

EXPERIMENTAL

Materials

Food-grade soybean protein isolate (SPI) with protein content
90.5% was purchased from Qingdao Tianxin Food Additives
Co., Ltd. (Qingdao, China). Food-grade chitosan with viscosity
average molecular weight 150 kDal and 93.9% degree of deace-
tylation was purchased from Shandong Lake Crustacean Prod-
ucts Co., Ltd. (Qingdao, China). Capsanthin was a gift from
Shandong Tongxing Natural Pigments Co., Ltd. (Qingdao,
China). Transglutaminase with specific activity 125 U/g (one
unit is defined as the amount required to liberate 1 pmol
hydroxamate per min from N-carbobenzoxy-r-glutaminylgly-
cine at pH6.0 and 37°C) was purchased from Dongsheng Food
Science & Technology Company (Taixing, China). All other
reagents were of analytical grade.

Microencapsulation by Complex Coacervation

Because the optimum conditions for SPI-chitosan coacervation
has been established in our previous research,'® only the effects
of emulsification speed, emulsification temperature, wall con-
centration, and core to wall ratio on capsanthin microencapsu-
lation were investigated. After SPI stock solution (26.7 g/L) and
chitosan stock solution (20 g/L) were mixed in SPI to chitosan
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ratio 4:1 (w/w), capsanthin of a certain weight was added to the
mixture and emulsified with a dispersing homogenizer (FJ-200,
Shanghai Specimen Model Factory, China) for 5 min in water
bath of set temperature. Then, the emulsion pH was adjusted to
6.5 with 100 g/L NaOH at 100 rpm stirring to initiate the coac-
ervation between SPI and chitosan. Ten minutes later, the pH of
microcapsule suspension was adjusted to 6.0 and subsequently
transglutaminase (18.75 U per gram of SPI) was added to
harden the microcapsule wall at 60 rpm stirring for 1 h. The
microcapsules were filtered through 300-mesh nylon cloth,
washed with water and freeze dried (Alphal-4, Martin Christ
GmbH, Germany) for analysis.

Microencapsulation Efficiency (MEE) and Microencapsulation
Yield (MEY)
Capsanthin Content. Capsanthin content was determined using
a spectrophotometric method.>*?° Briefly, a certain weight of
capsanthin microcapsules were suspended in anhydrous ethanol,
diluted, and then applied to a UV spectrophotometer (Shanghai
Unicom Instrument, China) at 475 nm. Capsanthin content was
calculated according to the following equation:
A

*= Alo/i/m (1)
in which, x is the capsanthin content, A is the measured absorb-
ance, y is the dilution factor, A%Zﬂ’1 is the specific absorption
coefficient of a solution of 1 g capsanthin in 100 mL of solu-
tion, and m is the weight of capsanthin microcapsules.

MEE and MEY. MEE was defined as the percentage of capsan-
thin load that were entrapped inside the microcapsules to the
total microencapsulated capsanthin load and MEY was defined
as the ratio of microencapsulated capsanthin load to the cap-
santhin load in the emulsion. The equations for the two indexes
were as follows:

MEE

Microencapsulated capsanthin load

_ Microencapsulated capsanthin load

MEY (3)

Capsanthin load in the emulsion

The capsanthin load on the surface was determined in the
method mentioned above. The microencapsulated capsanthin
load was determined in the same procedure, except that the
microcapsules were exposed to ultrasonic (500 W) for 15 min
prior to determination.

Morphology of Capsanthin Emulsions

The morphology of emulsions was analyzed by a binocular bio-
logical microscope (Nikon YS100, Japan) under an objective
magnification of 20 and imaged using a digital camera (Sam-
sung M310W, South Korea).

Stability of Capsanthin Microcapsule
Capsanthin Retention Rate. The capsanthin retention rate was
calculated according to the following equation:
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(2

Y (%)= %100 (4)
X

in which, Y was the capsanthin retention rate, x, and x, were
capsanthin contents of microcapsules after and before a period
of storage, respectively.

Stability Against Moisture. A certain weight of free capsanthin
and freeze-dried capsanthin microcapsules were placed at 25 °C
in constant-temperature incubator under relative humidity (RH)
of 33%, 58%, 68%, or 98%, which were produced by saturated
solutions of MgCl,, KBr, CuCl,, and Na,HPO, respectively. Sam-
ples were taken every two days to examine capsanthin retention
rate. The experiment lasted 10 days in total.

Stability Against Heat. A certain weight of free capsanthin and
freeze-dried capsanthin microcapsule were placed in petri dishes
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Figure 1. Effect of emulsification speed on the morphology (a), efficiency and yield (b) of capsanthin microcapsules. The microcapsules were prepared
at 35°C, total biopolymer concentration 15 g/L and core to wall ratio 1:2 (w/w). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com. ]

and kept at 20, 40, 60, 80, or 100°C for 30 min in dark. Capsanthin
content was then determined to calculate capsanthin retention rate.

Stability Against Light. A certain weight of free capsanthin and
freeze-dried capsanthin microcapsule were preserved in brown
jars respectively at room temperature and placed in dark to avoid
exposure to light, while other equivalent samples were kept in
transparent jars and exposed to outdoor light to examine the sta-
bility against light. Samples were taken every 2 days to calculate
capsanthin retention rate. The experiment lasted 10 days in total.

Statistical Analysis
All the experiments were performed on triplicate samples and
values were expressed as mean values = SD. Differences

45°C

between mean values were conducted using the one-way analy-
sis of variance (ANOVA) by SAS 8.2 software. Differences were
statistically significant at P < 0.05.

RESULTS AND DISCUSSION

Effects of Emulsification Speed on Microencapsulation

As shown in Figure 1(a), the emulsification speed markedly
influenced the morphology, efficiency and yield of capsanthin
microcapsules. Homogenization at 10,000 rpm produced the
highest size uniformity and least empty microcapsules. As emul-
sification speed decreased or increased, the microcapsules
became uneven in size distribution. Besides, higher emulsifica-
tion speed led to smaller particle sizes. Though smaller droplets

100

| 80

MEY (%)

25 35 45 55 65
Emulsification temperature (°C)

Figure 2. Effect of emulsification temperature on the morphology (a), efficiency and yield (b) of capsanthin microcapsules. The microcapsules were pre-
pared at emulsification speed 10,000 rpm, core to wall ratio 1:2 (w/w), and wall concentration 15 g/L. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Figure 3. Effect of wall concentration on the morphology (a), efficiency and yield (b) of capsanthin microcapsules. The capsanthin microcapsules were
prepared at 45°C, emulsification speed 10,000 rpm and core to wall ratio 1:2 (w/w). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

had a higher surface area compared to bigger ones, the encapsu-
lating film around the droplets was thinner and further the
protection ability of the microcapsule against oil oxidation
was poorer than that of the microcapsule prepared from emul-
sion with the bigger droplets.”’ Meanwhile, both MEE and
MEY peaked at emulsification speed 10,000 rpm and MEY was
significantly higher than those at other emulsification speeds

1:3 1:4

(P < 0.05) [Figure 1(b)]. Hence, the emulsification speed
10,000 rpm was selected in subsequent experiments.

Effects of Emulsification Temperature on Microencapsulation
As shown in Figure 2(a), emulsification temperature markedly
influenced the morphology and size of capsanthin microcap-
Emulsification at 45°C yielded microcapsules with

sules.

152 1:3 1:4
core/wall ratio

1:5

1:5

Figure 4. Effect of core to wall ratio on the morphology (a), efficiency and yield (b) of capsanthin microcapsules. The microcapsules were prepared at
45°C, emulsification speed 10,000 rpm and wall concentration 15 g/L. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 5. Stability of capsanthin in microcapsules in relative humidity 33% (a), 58% (b), 68% (c) and 98% (d).

uniform size distribution. As temperature increased, the capsan-
thin microcapsules became uneven in size distribution and poor
in film integrity. Besides, the degree of aggregation and capsule
size also increased along with emulsification temperature eleva-
tion. This was possibly related to the gelation of certain protein
components in SPI. When the temperature was above the gel-
ling temperature of the protein components, the shell around
oil droplet was fluid. If two oil droplets coated with this fluid
layer came in contact for a sufficient amount of time, the two
fluid polymer shells will merge together and form a bridge
between two capsules, leading to increased microcapsule size
and aggregation.*” The variations of MEE and MEY correspond-
ing to temperature change [Figure 2(b)] were consistent with
morphological observation and emulsification in 45°C produced
the highest MEE and MEY. As the temperatures increased to
65°C, the MEE decreased significantly (P < 0.05).

Effects of Wall Concentration on Microencapsulation

As shown in Figure 3(a), the microcapsule size grew obviously
when the wall concentration increased from 5 g/L to 20 g/L This
was consistent with the conclusion of Alexander et al., who observed
that the mean size of microcapsules grew with the increase of wall
concentration.”” Furthermore, both MEE and MEY were the highest
at wall concentration 15 g/L [Figure 3(b)]. Therefore, wall concen-
tration 15 g/L was proper to prepare capsanthin microcapsules.

Effects of Core to Wall Ratio on Microencapsulation
It was been reported that greater core to wall ratio resulted in
poorer core retention** and the formation of larger dispersed
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oil droplets.”> The same trend was observed in this work. As
can be seen in Figure 4(a), coacervates obtained in the ratio 1:1
has the largest size than those produced in other ratios and the
retention of capsanthin was poor as evidenced by the existence
of agglomerated microcapsules. Decreasing the ratio from 1:1 to
1:5 resulted in great changes in MEE and MEY [Figure 4(b)].
The highest MEE occurred in 1:2 and the highest MEY in 1:3.
As the ratio further increased, both MEE and MEY declined.
This decrease in MEE and MEY were attributed to insufficient
SPI-chitosan coacervation available to form films around cap-
santhin beyond a core to wall ratio of 1:2. Because the index
MEE was more convictive to microencapsulation effect, the core

100

80
s
Z 60
B
£ 40
g —4— Microencapsulated
D 20 | capsanthin
~ —- Free capsanthin

0 L
0 20 40 60 80 100

Temperature (°C)

Figure 6. Effect of temperature on the stability of capsanthin in
microcapsules.
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Figure 7. Stability of capsanthin in microcapsule in dark (a) and outdoor light (b).

to wall ratio 1:2 (w/w) along with emulsification speed 10,000
rpm, emulsification temperature 45 °C, and wall concentration
15 g/L were selected as the optimum conditions for the micro-
encapsulation of capsanthin by SPI-chitosan coacervation.

Stability of Capsanthin Microcapsules

Stability Against Moisture. Figure 5 presents the stability of
incorporated capsanthin in different RHs. It could be seen that
free capsanthin was extremely susceptible to moisture and the
percentages of lost capsanthin reached 42.77%, 54.37%, 56.69%,
and 68.99% respectively after 10 days’ storage in RHs 33%,
58%, 68%, and 98%. Microencapsulation significantly increased
the stability of capsanthin in low and medium RHs and the
retention rates were 81.01%, 80.71%, and 73.79% respectively
in RHs 33%, 58%, and 68%. However, the microencapsulation
was less effective in protecting capsanthin in RH 98% and the
retention rate of incorporated capsanthin was only 45.81%.

The sensitivity of incorporated capsanthin to high moisture was
possibly related to the high water-binding capacity of SPL*
which increased the water content in the microcapsules in high
RH environment. This result is in line with the storage stability
study of Qv et al.,'" which reported that microencapsulation by
gelatin-gum Arabic coacervation failed to protect lutein in high
moisture due to the strong hygroscopicity of the two biomole-
cules. Nevertheless, the coacervation with chitosan was believed
to effectively increase the water barrier property of the SPI-
chitosan film and the enhanced but not significantly differed
retention rates in low and medium RHs supported this view.
Hence, capsanthin microcapsules prepared by SPI-chitosan
coacervation should be preserved in low and medium RH
environments.

Stability Against Heat. As shown in Figure 6, the retention rate
of capsanthin decreased with the rise of temperature. No signifi-
cantly differences in retention rates were observed between
microencapsulated and free capsanthin at 20 and 40°C. As the
temperature further increased, capsanthin in the microcapsules
displayed significantly enhanced stability. That is, the retention
rates of incorporated and free capsanthin were 90.18% and
82.70% at 60°C, 87.47% and 76.46% at 80°C, 81.97% and
64.98% at 100°C, respectively. The main effect of food thermal
processing on carotenoids is isomerization as well as degrada-
tion”” and the presence of oxygen accelerates the degradation.?®
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Though the film around capsanthin droplet formed by SPI-
chitosan coacervation did not provide heat insulation, the
oxygen-barrier property of the film was believed to reduce the
oxygen-induced degradation.

Stability Against Light. As can be seen in Figure 7, capsanthin
is extremely sensitive to light. Exposure to outdoor light for 10
days led to up to 81.27% loss of free capsanthin, while storage
in dark caused only 30.58% loss. Microencapsulation by SPI-
chitosan coacervation tremendously increased the stability of
capsanthin against light and the retention rates of incorporated
capsanthin were up to 85.84% and 62.91% after 10 days’ expo-
sure to dark and outdoor light. This indicated that the film pro-
duced by SPI-chitosan coacervation effectively reduced the
contact between incorporated capsanthin and light.

CONCLUSIONS

Capsanthin can be successfully microencapsulated by SPI-
chitosan coacervation and the microencapsulated capsanthin
displayed enhanced stability against low and medium moisture,
heat and especially light. Because this is the first report on the
microencapsulation of capsanthin by SPI-chitosan coacervation,
more researches on cross-linking and dehydration methods are
necessary to further improve the stability of capsanthin micro-
capsules during a long-term storage.
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