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ABSTRACT

Microencapsulation process make the small droptét®il are surrounded by a shell coating of proteiand
carbohydrate resulting in small dry granules, arteexied shelf life, and eliminating the unpleasaste and odor.
Response surface methodology (RSM) was appliedptimige the parameters of microencapsulation of the
silkworm pupal oil. The linear term of the ratio wéll material and core material, and the quadratiaf the mass
fraction of solids, the ratio of wall material armbre material, and homogeneous time, as well asrifezactions
between the mass fraction of solids and homogen&onasshowed significant effects on microencapsudficiency.
The optimal condition for microencapsulation of within the experimental range of the variablesegshed was

at 6.13min, 2.37 wall material:1 core material, 30% of the mass fraction of solids. At this cowditi the
predicted value of microencapsulates efficiencycheal 53.95%. The freeze-dried microcapsules hawdypes of
structures, small spherical units of less thaprh(and agglomerates less thamb
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INTRODUCTION

Silkworms are well-known as an efficient large-scptoducer of silk thread. The mulberry silkworBo(hbyx mori
L.) and two non- mulberry silkworm, the oak silkworAntheraea pernyiand the eri silkwormSamia cynthia
ricini), are the main species around the world [1]. Tingae are rich in protein, containing 18 known amaoals,
including all of the essential amino acids and Isutpcontaining amino acids, and are of high quaditgording to
the amino acid profile recommended by FAO/WHO [2i4]recent years, silkkworm pupae have been puhetist
of “novel food resources managed as common fobg'Ministry of Health PR China [5]. The silkworm pai oil is
abundant in unsaturated fatty acid, reaching 75%tatél fat, while polyunsaturated acid especialhe t
alpha-linolenic acid (ALA) accounts for a high pemtage as well. The long chain n-3 fatty acids, AlgA,
docosahexaenoic acid (DHA), eicosapentaenoic &rRAf, and n-9 fatty acids (e.g. oleic acid) arediyiladded
into the diet. The ALA and oleic acid are rich imee silkworm pupae oil, with 27.99% ALA and 33.26%ic acid
in mulberry silkworm pupal oil [6], 34.27% ALA an80.97% oleic acid in oak silkworm pupal oil, and. 5o
ALA and 9.13% oleic acid in eri silkworm pupal dif], respectively. There is a huge volume of litara
supporting the positive benefits of including tbed chain n-3 fatty acids in the diet. Thus, thiewsdirm pupal oils
are new sources of long chain n-3 and n-9 fattgsacHowever, the slight flavors and lipid oxidation the
silkworm pupal oils may limit the incorporation #eeoils into food formulations.

The microencapsulation of the fish oil can providany benefits such as providing an oxygen baresulting in an
extended shelf life, a taste profile barrier eliating fish oil taste and odor, high nutritional digyn and nutritional
availability, and a protective barrier from sheardatemperature changes when incorporated into fd8Hs
Microencapsulation is also a strategy that has hesed to stabilize and deliver bioactive and tagmbn-3 fatty
acids after they have been isolated from their@®{®-11]. Recently, the microencapsulation hachhesed in oils
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process, e.g. citronella oil [12], tea tree oil JJ18weet orange oil [14], clove bud oil and redrtteyoil [15], and
extra-virgin olive oil [16].

The coating materials, which were used by oil necapsulated, include zein, sugar beet pectin [,
gelatin/gum Arabic [18], soybean protein isolatefgArabic [14], silica gel [19], soybean soluble ygdccharide
and octenyl succinic anhydride [20]. The capsul# e@nponents and the addition of antioxidant dud# affected
the shelf life and chemical alteration [21]. In geat research, the soybean protein is@latgtlodextrin was
selected due to the low cost and the biocompatisitare of the ingredients involved, which is alsostrdesirable in
oil intended for human use. A larger literature idated that even the best combination of biopolgmiar

microencapsulating oil used with different dryimghniques can produce both stable and unstableigeed20]. A
commonly method such as spay drying or freeze drigas been used for microencapsulation. Spray-glrywhich

is a particularly simple and economically effectmeans of microencapsulating chemically reactiVe and flavor
compounds [22], may produce individual particleg, the low physical strength of the wall and theditions used
in this process may limit the use of this metha8][2

Microencapsulation process makes it possible twsfoam the oil into a powder, where the small detglof oil are
surrounded by a shell coating of proteins and daythate resulting in small dry granules that haoeevger like
flow characteristics [8]. The objectivity of thiegearch was to explore the feasibility of usindaisal soy protein
andp-cyclodextrin as wall material, to develop and oyitie the microencapsulation process for silkwormpgguoil.
The response surface methodology (RSM) was usegtimize the operating parameters on the microendafe
efficiency (ME) of oil, including homogeneous tintbe ratio of wall material and core material, thass fraction
of solids. The apparent diameter of microencapedlatilkworm pupal oil was observed by scanning tedec
microscope.

EXPERIMENTAL SECTION

MATERIALS

The oak silkworm pupal used in present researchewtrtacted followed the description by Wei et &{9) [6]. The
oak silkworm pupal was obtained from Shenyang Usitse of agricultural (ShenYang, China). The exteacpupal
oil contains 34.27%u-linolenic acid, 30.97% oleic acid, 19.92% palmitcid, 6.89% linoleic acid, 4.77%
palmitoleic acid, 1.99% Stearic acid, 0.60% heptadeic acid and 0.39% 0(Z),13(Z),16(Z)-nonadecatiie acid
[7]- The isolated soy protein affiecyclodextrin was purchased in the market.

REAGENTS

Carbon dioxide (99.99% purity), contained in a ogBr, was purchased from Jinwang Gas Co. (Anhuinalh
Petroleum ether, with boiling range from 30°C td®0was purchased from Hefei Haze Biotechnology, CbD
(Anhui, China). Other solvents and chemicals wdraioed commercially and were of analytical grade.

PREPARATION OF ENCAPSULATION MATERIALSAND EMULSIONS FOR DRYING

TheB-cyclodextrin suspensions was dissolved in 50°Gwatr 10 min until the emulsion was transparent] tnen,
was mixed with the isolated soy protein. The migturas homogenized with the oak silkworm pupal oilfome
minutes by a high shear homogenizer IKAT18 (Shahgbhina). The microcapsule emulsion including was
freeze-dried using a freeze-drier LGJ (Beijing, @i Then, the microencapsulated oak silkworm popddecome
powder and stored at 4 °C for further use. The oeiocapsulate efficiency (ME) of the oak silkwornpaloil was
determined by a modified method described by Tarale2005) [24]. Hexane (100 mL) was added to 10g
microencapsulated oak silkworm pupal oil powder aticted for 10 min. The suspension was filtered &me
residue rinsed three times by hexane through eaeh The residual powder was air dried at 80°C3@min and
weighed. The amount of surface oilf@vas calculated by as follows [8, 25]:

Os=0Original weight- Final Weight of microspheres (1)
The total oil (@) includes the encapsulated oilgj@nd Q. It was determined using the Soxhlet extractioit. 11
g microencapsulated oak silkworm pupae oil powdas extracted using 60 mL hexane for 5 h. Afteraetion, the
oil exhausted powder was air-dried to constant fateibhe G and the ME can be calculated as follows:
Or = Original weight-Weight of Soxhlet extracted naispheres (2)

Og=0 - Og 3
ME = Og/Oyx 100% 4)
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COLOR OF MICROCAPSULES CONTAINING OAK SILKWORM PUPAL OIL

Color of the microcapsules containing oak silkwgrapal oil was determined using the chroma metentéturab
(USA). Color data were reported in CIELAB color ksa(L*value is degree of lightness to darknessahre is
degree of redness to greenness, and b* value ieelej yellowness to blueness). The values of carand hue
angle were calculated as following [8]:

Chroma = [a* + b*]]*? (5)
Hue angle =tart (b*/a*) (6)

EXPERIMENTAL DESIGN FOR RESPONSE SURFACE METHODOLOGY

To obtain a high microencapsulate efficiency, tegponse surface methodology (RSM) and Box-Behnlesigd

was used for optimizing the microencapsulation gss¢including homogeneous time, the ratio of waterial and
core material and the mass fraction of solids. &hinelependent variables studied were the massdnact solids

(%, X1), the ratio of wall material and core ma&(iX2), and homogeneous time (min, X3), for unabdariable

levels (Table 1). These independent variables heil tevels were selected based on the prelimieaperiments
(data not shown). The experimental design needeexpBrimental settings with 12 factorial points @éhdentral

points, which was showed in Table 2. Response i(¥),microencapsulate efficiency at each desigmtpoias

recorded. Triplicate extractions were carried oubld the design points. Experiments at the cept@Ent were

conducted for evaluation of the experimental erfoisecond-order polynomial equation was used taesgthe
microencapsulate efficiency (Y) as a function o thdependent variables. The experiments were muandom

order to minimize the effects of unexpected valigbin the observed responses due to extraneottsria The

experimental design included 15 experiments ofglvariables at three levels (-1, 0, +1). Tablevegithe range of
variables employed. The actual set of experimeatfopmed (experimental runs 1-15) and the microesate

efficiency of the oak silkworm pupal oil obtaineatdisted in Table 2.

A second-order polynomial equation was developedttuly the effects of variables on the microenckapsu
efficiency. The equation indicates the effect ofiafales in terms of linear, quadratic, and crossdpct terms: The
second-order polynomial fitted was [6]:

3 3 3
Y=Bt BN AL BXIAD Y BXX 6)

i=1 i=1 i<j=1
where Y is the microencapsulate efficiency (ME)thd oak silkworm pupal oil (%), Xi and Xj are thevéls of
variables (the mass fraction of solids, the rafiavall material and core material, and homogenegous), fOthe
constant termpi the coefficient of the linear termgii the coefficient of the quadratic terms, gidthe coefficient
of the cross-product terms. The experimental resutire analyzed using SAS9.2 software to build eveluate
models and to plot the three-dimensional respoadace curves.

Table 1 Uncoded and coded levels of independent variables used in the RSM design.

variables Levels

Independent variables Symbol X ) 1
The mass fraction of solids (%) X1 15 20 25
The ratio of wall material and core material X2 1 23
Homogeneous time (min) X3 4 6 8

Table 2 Experimental scheme and results obtained from RSM for the oil microencapsulate efficiency.

Coded variable  Process variable ME

Design point =77=5""x3 X1 X2 X3 Y (%)
1 1 1 0 15 1 6 4350
2 1 1 0 15 3 6 46.70
3 1 1 0 25 1 6 4117
4 1 1 0 25 3 6 4915
5 0 -1 -1 20 1 4 4512
6 0 -1 1 20 1 8 4436
7 0 1 -1 20 3 4 4890
8 0 1 1 20 3 8 4909
9 1 0 -1 15 2 4 4105
10 1 0 -1 25 2 4 47138
11 1 0 1 15 2 8 4802
12 1 0 1 25 2 8 4500
13 0 0 0 20 2 6 5225
14 0O 0 0 20 2 6 5358
15 0 0 0 20 2 6 5455
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RESULTSAND DISCUSSION

FITTING THE MODEL

The experimental design was adopted on the bast®ddd level from three independent variables @dlb)l to
minimize the experimental runs and the time folimojaing microencapsulation conditions for oak sitkwwn pupal
oil, resulting in a 15 simplified experimental $&able 2). To obtain a regression equation thatdcpuedict the
response within the given range, the independahtiapendent variables were analyzed. The regressgificients
of intercept, linear, quadratic, and interactiome of the model are presented in Table 3, whictewelculated by
the least square technique. In order to checkigméficance of each coefficient and the interactstrength of each
parameter, the means of the ANOVA (F-test) andlpevare used (Table 3). The p-value of the modeal %8038,
which confirmed that the model was suitable fos #xperiment. Meanwhile, the “lack of fit” of thimodel with the
p-value was insignificant (0.4477). The above rssiddicate that the accuracy and general avaitplilf the
polynomial model are adequate, where the coefficieh determination (B and adjusted coefficient of
determination (Adj.R are 0.9655 and 0.9033, respectively.

To calculate the estimation of the coefficientdted second-order polynomial equation and the obthiegression
coefficients, multivariable linear regression, waaignificance was determined by the F-test andlpey was used
(Table 4). The corresponding variable will be meignificant if the absolute value of F becomesdargnd the
p-value becomes smaller. Neglecting the non-sicenifi parameters, the final predictive equationiabthis given
as below:

Y1 =-92.7 + 10.61875X2- 0.1967X1X1 - 0.23375X1)834125X2X2 - 0.795X3X3 (6)

From Table 4 and Eq. (6), it was evident that #wdr with the largest effect on the microencapsudficiency of

oil was the one linear term of the ratio of wallteréal and core material (p < 0.01), followed bg three quadratic
term of the mass fraction of solids, the ratio @fllwnaterial and core material, and homogeneous {pn< 0.01).

The interactions between the mass fraction of saditd homogeneous time also had high significdatsfon the
microencapsulate efficiency. Based on the aboveemadthe optimal condition for microencapsulate afko
silkworm oil was at homogeneous time 6.13min, thgorof wall material and core material 2.37:1, thass

fraction of solids 20.37%, and the microencapsudtieiency of oak silkworm pupal oil was 53.95%dan this

condition.

Table 3 Analysis of variance of regression parametersfor the response surface model

Source df SS MS F P
Model 9 228.1754 25.35283 15.53877 0.0038
Lack of fit 3 5.491325 1.830442 1.372866 0.4477
Pure error 2 2.6666 1.3333

Cor total 14 236.334

R?=96.55% Adj.R*=90.33%

Table 4 Regression coefficients of predicated second-order polynomial model for the response variables

Source DF SS MS F P

X1 1 1.470612 1.470612 0.90134 0.386

Xz 1 48.46201 48.46201 29.70241 0.0028

X3 1 2.02005 2.02005 1.238091 0.3165
X1*X 1 1 89.28667 89.28667 54.72388 0.0007
X1*X 1 5.7121 5.7121 3.500952 0.1202
X1*X 3 1 21.85563 21.85563 13.39533 0.0146
X2*X2 1 42.9975 42,9975 26.35321 0.0037
X2*X3 1 0.225625 0.225625 0.138286 0.7252
X3*X3 1 37.33809 37.33809 22.88455 0.0050

ANALY SIS OF RESPONSE SURFACE

According to Eqg. (6), three dimensional respongséase curves and contour plots were plotted tordetes their

optimum values and the interactions among the uargelected factors for attaining the maximum n@oncapsulate
efficiency. The best way to visualize the influerafethe independent variables on the dependentioi® draw

surface response plots of the model. The plots wenerated by plotting the response using the g-@gainst two
independent variables with keeping the other tvdependent variables at their zero level (Fig. 1-3).

Fig. 1 shows the interaction between the massidract solids and the ratio of wall material andeoaterial on

microencapsulate efficiency for oak silkworm pupei while homogeneous time is fixed at 6 min. The
microencapsulate efficiency significantly increaséth increasing the ratio of wall material and €onaterial, then
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decreased slowly with increasing the ratio of wadlterial and core material after the fixed masstima of solids
reach the center point, and this trend became otmri®us at lower mass fraction of solids tested.

46 44 42

Fixed levels: X3=6

Fig. 1. Response surface plots showing the effects of theratio of wall material and core material and the mass fraction of solidson
microencapsulate efficiency. X1: The mass fraction of solids (%); X2: Theratio of wall material and core material; Y: The
Microencapsulate efficiency.

The effect of the mass fraction of solids and hoemagpus time on microencapsulate efficiency was staw Fig.
2. The results indicated that the microencapsukticiency increased dramatically with the increask
homogeneous time at a lower fixed mass fractionsalfds, while the microencapsulate efficiency imsed
gradually with the increase of mass fraction ofdsohkt the lower homogeneous time. When the valubeomass
fraction of solids lies in the center point up atmlvn, the microencapsulate efficiency increasediglavith the
increase of homogeneous time, while the microendafes efficiency decreased flatly with the increasfe

homogeneous time.
Y
7.8 \
7.2
6.6
X3 Ol
5.4
46|
4.8
44
4.2 \
44 46 48 50 50 48
16 18 20 22 24

X1

Fixed levels: X2=2

Fig. 2. Response surface plots showing the effects of Homogeneous time and the mass fraction of solids on microencapsulate efficiency.
X1: The massfraction of solids (%); X3: Homogeneous time (min); Y: The Microencapsulate efficiency.

The interaction between the ratio of wall mateaiatl core material and homogeneous time showed 3f-that the

oak silkworm oil microencapsulate efficiency incsed gradually with the increase of homogeneous éin&fixed
the ratio of wall material and core material, tliecrease gradually with homogeneous time.
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Fixed: X1=20

Fig. 3. Response surface plots showing the effects of Homogeneous time and the ratio of wall material and core material on
microencapsulate efficiency. X2: Theratio of wall material and core material; X3: Homogeneous time (min); Y: The Microencapsulate
efficiency.

COLOR OF OAK SILKWORM PUPAL OIL MICROCAPSULES

We used two different drying techniques, includspgy drying and freeze drying, to produce oak sikw pupal
oil microcapsules. The color of two microcapsulmpkes was determined using the chroma meter Hiuatier The
values of L*, a* b* chroma and hue angle werevaman Table 5. The result indicated that the miamsule
sample using spay drying was more darkness and yedioav than the microcapsule sample using freeyang.

Table 5 The color of microcapsules containing oak silkworm pupae oil

Color wall  freeze drying spay drying
L* 90.09 86.26 73.93
a* 0.76 4.70 10.30
b* 16.08 5.94 0.87
chroma 16.12 7.57 10.34
hue angle 2.58 72.46 118.39

MICROCAPSULESCHARACTERIZATION

Microcapsules containing oak silkworm pupal oil eaharacterized by electronic microscopy afterzZeedried.
The blackberry-like morphology of the microcapsutesafresh slurry and their apparent diameter vilasagied less
than 1@um. The microphotographs of freeze-dried microcagsolf oak silkworm pupal oil clearly show two types
of structures: small spherical units of less th@pm and agglomerates less thayn®b (Fig. 4a), and all of the
microcapsules of oak silkworm pupal oil was smatlter coating materials, such as the soybean pristglate (Fig.
4b) and thes-cyclodextrin (Fig. 4c).

@

i SR 2 -
156/1qx1,0’oo topme,.«* © 3MaRsZT 15KV X1,000 10pm’ . 31IMAR/12

15kV X500 .

Fig. 4. Scanning electron microphotographs of the freeze-dried microcapsules.

a, microcapsules containing oak silkworm pupae(diagnified x 1000); b, microphotographs of the segt
protein isolate (Magnified x 1000); ¢, microphotags of thegd-cyclodextrin (Magnified x 500).

CONCLUSION

For the conditions used in this work, we conclubat tthe microencapsulation for oak silkworm pupilvwas
dependent on the linear term of the ratio of wadltenial and core material, and the quadratics ®flass fraction
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of solids, the ratio of wall material and core mile and homogeneous time, as well as the interastbetween the
mass fraction of solids and homogeneous time. Armohial regression model was established to desdtik
experimental results, the optimal condition for ra@ncapsulate efficiency was at 6.13min, 2.37:132%. At this
condition, the predicted value of microencapsulatésiency reached 53.95%. The freeze-dried miapstiles have
two types of structures, small spherical unitsesglthan 1m and agglomerates less thamb
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