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Purpose
The purpose of this study was to prepare microcapsules encapsulating hydrophilic
vitamin U (VU, methylmethionine sulfate chloride, MMSC) using complex
coacervation. The composition of these particles was optimized using central
composite design (CCD), which is one of response surface methodology (RSM),
and characterized.
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Methods
Since the complex coacervation reaction is known as a useful method for
encapsulating hydrophobic materials, multiple emulsion method and s/o dispersion
method were introduced for encapsulating highly water-soluble vitamin U (clogP =
-1.7072, Chemdraw®, cambridgesoft). A ratio of gelatin and gum arabic which are
compoenents in particle (X1, weight of gelatin / weight of gum arabic) and a volume
of oil phase (X2) were set as two variables to optimize acquired weight of
microcapsules (Y1) to maximize and to obtain a VU content of more than 2.5% in
microcapsule (Y2). Microcapsules prepared under optimal conditions were analyzed
for identifying their properties using an optical microscope, a fluorescence
microscope, a scanning electron microscope, a DSC and a laser diffraction particle
size analyzer. Odor of VU was quantitatively identified using a headspace-gas
chromatograph / mass spectrometer (HS-GC / MS).

Results & Discussion
When the microcapsules were prepared by applying the s / o dispersion method, a
VU content was very low (0.001 ± 0.0003%). Thus, the compositon of microcapsules
using multiple emulsion method was optimized. When the microcapsules were
actually prepared under optimal conditions, the predicted Y1 and Y2 values
corresponded to their actual measured values over 95%. Therefore, It can be
concluded that this model was well designed.
The morphology of microcapsules encapsulating multiple emulsion was identified
by using the optical microscope and the fluorescence microscope. In addition, the
SEM image of internal particle also indicated that the microcapsule encapsulated
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multiple emulsion. However, as a result of the analysis using a laser diffraction
particle size analyzer, the size was not uniform (average particle size 79.17 ± 69.82
μm) and showed a wide particle size distribution. The DSC results showed that the
materials that constitute the particles (vitamin U, transglutaminase, and gelatin)
exist in an amorphous state in the coacervate microcapsules. The amount of
dimethylsulfide, which is the cause of vitamin U odor, was analyzed by HSGC/MS. As a result, the amount of dimethysulfide detected in microcapsules
containing 6.25 mg of vitamin U was DMS generated from about 70 mg of vitamin
U powder. This suggests that the microcapsule manufacturing process affected the
stability of vitamin U, and further studies are needed to improve it.

Conclusion
The hydrophilic vitamin U was successfully encapsulated in the coacervate
microcapsules using the multiple emulsion method, and the DoE technique was
found to be a useful method for finding the optimum condition. It is believed that the
formulation is applicable to cosmetics and pharmaceuticals in the future.

keywords: Complex coacervation, Microcapsule, Vitamin U, Multiple emulsion,
Response surface methodology, Central composite design
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1. Introduction
Complex coacervation is a phenomenon that occurs in two polymers under acidic
conditions generally. Under acidic conditions, one polymer is positively charged, and
the other polymer is negatively charged. Two polymers then coagulate
electrostatically, followed by occurring phase separation and coacervate
microcapsules are formed with precipitation (Comunian et al., 2013; Rocha-Selmi et
al., 2013; Santos et al., 2014; van der Burgh et al., 2004). Combinations of two
commonly

used

polymers

include

gum

arabic/gelatin,

gelatin/carboxymethylcellulose, albumin/gum arabic and alginate/polylysine (Hong
and McClements, 2007; Oliveira et al., 2007; Qv et al., 2011).
Complex coacervation is a promising preparation method which can be used in
many industries, including food, cosmetics and pharmaceutics. It enables to
encapsulate toxic materials, promote controlled release and stabilize products,
isolate products, and even mask unpleasant odors or unflavorable taste (Comunian
et al., 2013; Qv et al., 2011).
Vitamin

U

(VU,

methylmethionine

sulfonium

chloride,

MMSC,

S-

methylmethionine), which is known to be effective against various gastrointestinal
diseases, was reported to have various advantages in skin. First of all, when applied
to the skin, it has anti-wound and photoprotective effect by protecting keratinocyte
progenitor cells (KPCs) and human dermal fibroblast (hDF) from ultraviolet B
irradiation (Kim et al., 2015). VU is also known to have anti-inflammatory effect
(Kim et al., 2010; Urazaeva, 1976). Therefore, it can be used as a potent cosmetic
raw material.
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VU is a hydrophilic material. The clogP value of VU calculated by Chemdraw®
(Cambridgesoft, MA, USA) was -1.7027. Since the complex coacervation reaction
is a useful preparation method for encapsulating hydrophobic materials (i.e. oils)
application of a complex coacervation to VU required a special method. In this study,
multiple emulsion method and s/o dispersion method were introduced into complex
coacervation for encapsulating VU (Comunian et al., 2013; Rocha-Selmi et al., 2013;
Santos et al., 2014).
Quality by design (QbD) methodology has been used widely in many fields
including the pharmaceutical industry. The concept of QbD can improve quality
management and understanding of manufacturing processes and products (Rathore
and Winkle, 2009). It can be a solution that can support the industry in a
progressive and scientific approach. Response surface methodology (RSM) is one
of the statistical QbD methodologies, and is often used to optimize the response
among several variables (Baş and Boyacı, 2007). RSM is a combination of
statistical and mathematical techniques, which is useful for developing and
optimizing processes as well as analyzing the relationship between independent
variables and response variables. (Anjum et al., 1997; Baş and Boyacı, 2007).
There are several advantages of process optimization by RSM. First of all, unlike
classical methods, RSM is time-efficient and can provide a lot of information in a
few experiments. Second, it is useful to observe the interaction of the independent
parameters using RSM. Thus, RSM is a convenient tool for optimization process.
However, there is a drawback to use RSM. It is possible to fit data to only a
second-order polynomial. Some systems, such as Michaelis-Menten equation
curvature, can not be accommodated by second order polynomial (Anjum et al.,
リ

1997; Baş and Boyacı, 2007).
The purpose of this study was to prepare microcapsules encapsulating hydrophilic
VU using complex coacervation. The composition of microcapsules was optimized
using central composite design (CCD), which is one type of RSM, and
characterized particles including morphology and particle size.
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2. Material and methods
2.1 Material
DL-Methionine methylsulfonium chloride (MMSC, vitamin U, VU) and olive oil
were purchased from Sigma-aldrich Co. (St. Louis, MO, USA). Gelatin from cold
water fish skin and gum arabic from acacia tree for the wall component of
microcapsules were also purchased from Sigma-aldrich Co. (St. Louis, MO, USA).
TWEEN80 and diethylene glycol monoethyl ether (Transcutol®) used as sulfactant
for preparing the multiple emulsion were also purchased from Sigma-aldrich Co. (St.
Louis, MO, USA). A transglutaminase (103U/g) used for crosslinking reaction was
purchased from Ajinomoto (Activa TG-S®, Tokyo, Japan).

2.2 Preparation of coacervate microcapsules encapsulating
w/o/w emulsion of VU
A method of complex coacervation encapsulating VU was established according to
previously published articles about coacervate microcapsules encapsulating
hydrophilic materials (Devi et al., 2012; Dong et al., 2008; Jun-xia et al., 2011;
Mendanha et al., 2009; Nori et al., 2011; Santos et al., 2014) with some revisions. To
produce a primary emulsion (W/O), 0.3ml of VU solution (which can be prepared
with 2500mg of VU dissolved in 1ml DI water) was added to 0.3ml of oil phase
(olive oil with 10% (v/v) Transcutol®) and homogenized (T25 model, IKA, Staufen,
Germany) for 3 min at 12,000 rpm. To produce a multiple emulsion (w/o/w), the
レ

primary emulsion was gently added to external aqueous phase solution in which
gelatin and gum arabic (total 1.25 g) were dissolved in 25 ml DI water in presence
of 2% (v/v) Tween80. They were homogenized for 30 sec at 8000 rpm. Immediately
after w/o/w emulsion was prepared, 10% acetic acid was added to adjust pH below
4.0 under constant magnetic stirring at 500 rpm for complex coacervation reaction.
The complex coacervation reaction proceeded for 1 hr. After the coacervation
reaction, transglutaminase (10 U/g gelatin) was added to the solution as a
crosslinking agent. The crosslinking reaction was proceeded for at least 12 hr. After
that, the product was washed with a washing solution, which was prepared with DI
water adjusted pH below 4 using 10% acetic acid, to remove the remaining VU and
other components. About 50 ml of washing solution was added to dilute supernatant.
It was left without any mixing for 30 min to make the microcapsules move beneath.
After phase separation into coacervate phase and upper phase, the upper phase was
removed. Subsequently, the remaining particles were dried using a freeze-dryer,
FDCF-12003 (Operon, Gimpo, Korea), to block aggregation between the
microcapsules and to facilitate storage of microcapsule. The microcapsules were
freeze-dried at -70 ଇ for 48 hr. These all procedures are shown in Figure 1.

2.3. Preparation of coacervate microcapsules encapsulating
s/o dispersion of VU
100 mg of VU powder was placed on the bottom of a 2.0 ml EP tube and the oil
phase (1.5 ml) used for multiple emulsion method was added. A probe-sonicator,
model VC750 (Sonics & Mateirlas Inc., CT ,USA) was used for 1 min at 25
ロ

amplitude to diseprse VU into the oil phase. The supernatant (1ml) after 1hr standing
without any mixing (s/o dispersion), was used to prepare complex coacervation in
the same way as used for multiple emulsion method. Three batches were prepared to
analyze VU content in microcapsules. These all procedures are shown in Figure 2.

2.4 Response surface methodology (RSM)
The VU-loaded coacervate microcapsules encapsulating w/o/w emulsion were
optimized using statistical software Minitab 17® for RSM modeling. Central
composite design (CCD) is a model of RSM, which is used to optimize variables
more than two (Hibbert, 2012). Throughout this study, the central composite design
(CCD) was used to optimize the formulation with the maximum acquired weight of
microcapsules (Y1) and VU content of 2.5% or more in microcapsules (Y2).
Independent variables used in this study were wall ratio (gelatin/gum arabic, total
weight of wall components was 1250 mg, X1) and amount of oil phase (ml, X2). The
independent variables (X1 and X2) and the response variable (Y1 and Y2), theirs
goal, importance and weight used in this study are listed in Table 1. The fourteen
experiments were designed by CCD and the response variables obtained by actual
measurement are shown in Table 2. The combination of independent variables was
built from designated as axial point and set 2 block scheme.

2.5 Characterization of the coacervate microcapsules
2.5.1

Morphological characterizations of the microcapsules : optical
ヮ

microscopy, fluorescent microscopy and scanning electron microscopy
(SEM)
The morphology of the microcapsules was characterized by an optical &
fluorescent microscopes (Olympus, model IX70, Japan) equipped with a ‘analySIS
TS Lite’ program. The wet microcapsules (prior to freeze-drying) were placed on a
slide glass to fix for observation. The lipophilic fluorescent dye, 100μl of DiI in
DMSO (0.1ug/ml) dissolved in oil phase was used for the fluorescent microscope
image.
A surface of freeze-dried microcapsules was characterized by scanning electron
microscope (Hitachi TM3000, Tokyo, Japan). Freeze-dried microcapsules were
adhered to the carbon tape. The sample was no pre-treated for SEM image. An
accelerating voltages of 15 kV was used to observe the surface of sample.

2.5.2

Differential scanning calorimetry (DSC)

Thermal characteristic of the freeze-dried microcapsules, together with its
ingredients (gelatin, gum arabic, oil phase, VU and transglutaminase) was
determined by differential scanning calorimetry using DSC-Q1000 model (TA
Instrument, New Castle, DE, USA). Each sample was heated from 25 ଇ to 200 ଇ
at a rate of 10 ଇ per minute.
2.5.3

Size analysis

The size of microcapsules and the distribution of size were determined by the laser
light scattering method. The Microtrac S3500 (Nikkiso, Tokyo, Japan) was used,
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which can measure sizes ranging from 0.02 to 2800 μm. The freeze-dried
microcapsules were dispersed in DI water for size analysis.

2.5.4

VU content measurment by LC-MS/MS

The LC-MS/MS was used for analysis of VU content by previous article (Kim et
al., 2017). The freeze-dried microcapsules were dispersed in DI water to a
concentration of 10 mg/ml. And the dispersed liquid was centrifuged under the
following conditions to break the microcapsules for dissolving the encapsulated VU
into DI water : 6 min, 40 ଇ, 13200 rpm. And then it was analyzed by LC/MS/MS
after dilution with standard samples for calibration curve. Details of condition are
follows : The used LC-MS/MS system was combined Agilent Technologies 1260
Infinity HPLC system (Agilent Technologies, SantaClara, CA, USA) and Agilent
Technologies 6430 TripleQuad LC/MS system (Agilent Technologies, SantaClara,
CA, USA). Gas temperature, gas flow, nebulizer pressure and capillary voltage in
this system was set to 300ଇ, 11 L/min, 15 psi, 4500 V (+) charge mode. The column
used for separating VU from other components was C12 column, Synergi Max-RP
5μ (Phenomenex, California, CA, USA) and injection volume was 3 μL. Mobile
phase used for analysis consisted of acetonitrile and distilled water (73:27, v/v) in
presence of 0.2% formic acid and flow rate was 0.5 mL/min. The m/z value of
precursor/product ion of VU was 163.9 and 102.0, respectively and fragment voltage
was 73V. In this conditions, retention time of VU was 1.04 min. The lower limit of
quantification (LLOQ) of VU was 20 ng/ml.
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2.5.5

Odor masking evaluation

A previous article reported that VU can be easily degraded into dimethylsulfide
(DMS) during storage (Akpolat and Barringer, 2015). Therefore, DMS can be used
as an indicator of VU odor. Aliquot (250 mg) of optimal microcapsules were used
for HS-GC/MS analysis. DMS measurement were performed in HS-GC/MS system
(HS : TurboMatrix40, Perkinelmer, Massachusetts, MA, USA; GC : Clarus 680,
Perkinelmer, Massachusetts, MA, USA; MS : Clarus 600T, Perkinelmer,
Massachusetts, MA, USA). Details of condition are followings : In the GC system,
initial temperature of oven was set to 35ଇ for 2 min, and ramped 5 ଇ/min to 45 ଇ,
hold 8 min and ramped 50 ଇ/min to 200 ଇ, hold 1 min. Temperature of injector
was 250ଇ. And carrier gas was He at 15 psi. Oven temperature and heating time in
the headspace conditions were set to 35 ଇ and 20 min, respectively. In the MS
system, solvent delay, transfer temperature and source temperature were 3.5 min,
250 ଇ and 250 ଇ respectively. Scan ranges was from 35 to 250 Da.

ヱ

3. Result
3.1 Preliminary study : content of vitamin U in microcapsules
using s/o dispersion method and multiple emulsion method
The content of vitamin U in the microcapsules using s/o dispersion method was
analyzed to 0.001±0.0003% whereas VU content of micrpcausles using multiple
emulsion method was over 1%. Therefore, the s/o dispersion method was not an
adequate approach for complex coacervation of VU.

3.2 Optimization by central composite design and 3Dresponse surface plots
The central composite design (CCD) was employed to optimize the
microcapsules. The response surface regression results are shown Table 3. They
showed that Y1 and Y2 were significantly influenced by X1 (p < 0.01) while Y1
was significantly influenced by only X2 (p < 0.01). And Y1, Y2 can be explained
with the following second order polynomial equations :

Y1 = -212 + 1633 X1 + 110 X2 - 867 X1*X1 - 63.2 X2*X2 + 121 X1*X2
Y2 = 4.907 - 3.84 X1 - 0.572 X2 + 1.374 X1*X1 - 0.0608 X2*X2 + 0.735 X1*X2
And this model have no significant lack of fit value.
The surface plots and contour plots (Figure 3-a ~ d) were used to find optimial point
for X1, X2. The countour plots of Y1, Y2 versus X1, X2 are shown Figure 3-a,
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Figure 3-b, respectively. And the surface plots of Y1, Y2 versus X1, X2 are shown
Figure 3-c, Figure 3-d, respectively. As a result of the optimization, the optimal X1
was 1.0 and X2 was 1.9. The predicted values of Y1, Y2 when microcapsules were
prepared under optimal conditions were 765.9 and 2.5, respectively according to the
optimization plot (Figure 4).
Additionally, the R-squared values of each model (Y1 versus X1, X2 and Y2 versus
X1, X2) were 0.9015 and 0.8976, respectively, which are closed to 1.0000. A
comparison between the predicted values (Y1 and Y2) and the actual measurement
values obtained by using optimized dependent variables is listed Table 4. Three
batches of microcapsules under optimal conditions were prepared for anlaysis. The
actual measurement values, Y1 and Y2, were analyzed to 748.3±56.3 (mg), 2.5±0.0
(%), respectively. The relative percentages (100 × measurement value / predicted
value) of Y1, Y2 were 97.7% and 98.8%, respectively.

3.3 Morphological

characteristics

of

the

coacervate

microcapsules by an optical microscopy, a fluorescent
microscopy and a scanning electron microscopy (SEM)
The optical and fluorescent microscopy images (Figure 5-a, 5-b) indicated that the
wet microcapsules exhibited circular shape and varied sizes, and encapsulating
multiple emulsion without phase separation.
The surface of freeze-dried microcapsule was observed by SEM. After the pretreatment process, the particles were burst and thus they did not a pre-treated. The
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morphology of the inner microcapsules is shown in Figure 5-c. The many internal
pores in the particle indicated that the microcapsule encapsulated multiple
emulsion.

3.4 DSC
The DSC thermograms of VU, gelatin, gum arabic, transglutaminase, oil phase and
coacervate microcapsules are shown in Figure 6. The coacervate microcapsules
exhibited different thermal behavior compared to the conponents. The coacervate
microcapsule did not show a clear peak of thermal behavior, while VU, gelatin and
transglutaminase exhibited distinct endothermic peak at about 139 ଇ, 71 ଇ,
148 ଇ, respectively.

3.5 Size analysis
The microcapsules showed wide size distribution (Figure 7). The mean diameter of
the volume distribution was measured to be 79.17±69.82 μm. The median diameter
was measured to be 72.85 μm. Around 20% of the particles had a diameter over 137.2
μm and 80% of the particles had a diameter over 10.43 μm.

3.6 Odor evaluation
The volitile dimethylsulfide (DMS) concentration in the coacervate microcapsules
encapsulating 6.25mg of VU was analyzed to have the same amount of DMS
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generated from 69.9±17.7 mg of vitamin U powder (Figure 8).
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4. Disccussion
The microcapsules prepared by w/o/w emulsion method had about 2500-fold higher
VU content compared with that by s/o dispersion method. Since, the complex
coacervation using multiple emulsion method was more adequate for VU-loaded
microcapsules. The microcapsules using multiple emulsion method were selected for
optimizing.
The independent variables (X1 and X2) were optimized by CCD modeling. The
response surface regression results indicated that this model describes Y1, Y2 well,
because this model have no significant lack of fit value (Sanchez et al., 2016) and
the R2 value of each model was close to 1.0000. The relative percentages of actual
measurement value versus predicted value were all more than 95%. It indicated that
the regression models were well predicted. Therefore, it can be concluded that this
model was well-established for optimization of VU-loaded microcapsules.
The morphology of wet microcapsules (prior to freeze-drying) with optical and
fluorescent microscope indicates that the coacervate microcapsules can encapsulate
multiple emulsion without phase separation. This morphology differed from the
particles obtained by Guo (Guo and Zhao, 2008) whose microcapsules did not
encapsulate multiple emulsion. The oil phase (containing DiI, the lipophilic
fluorescent dye) encapsulated in the microcapsule was identified from red signal in
the fluorescence microscope image. A internal morphology of the freeze-dried
microcapsules by the SEM image revealed the multiple emulsion encapsulated in
microcapsules from many pores in the inner particle. This morphology was similar
with particles obtained by Alvim (Alvim and Grosso, 2010) whose microcapsules
ラレ

encapsulated multiple emulsion.
As expected from the microscope images, the size distribution measured by laser
light scattering particle size analyzer was very broad. This tendency was consistent
with previous articles reporting as from 0.96 μm to 680 μm (Builders et al., 2008;
Kong et al., 2009; Prata et al., 2008).
The endothermic peaks of gelatin, transglutaminase and VU did not appear in the
thermogram of coacervate microcapsules. This result indicates that these
components remained in amorphous form and decomposited state in the coacervate
microcapsules.
From HS-GC/MS result, the DMS concentration of VU in coacervate
microcapsules (containing 6.25 mg of VU) was analyzed to DMS generated from
about 10-folded vitamin U powder. Therefore, it can be concluded the odor of VU
cannot be masked by complex coacervation.
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5. Conclusion
The central composite design successfully optimized complex coacervation of
hydrophilic vitamin U using multiple emulsion method. The predicted values of the
two response variables were well fitted. It was confirmed that the particles
encapsulate hydrophilic VU in multiple emulsion form. They had spherical shape
with their sizes ranging from less than 1μm to more than 200 μm. Thus, this
coacervate could be further developed in cosmetics, food and medicine industries.
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Table 1. Levels of Independent variables (X1 and X2) and goal, importance and
weight of response variables (Y1 and Y2).

Independent variables

Levels
Low

High

X1 : Wall ratio

0.6

1.2

X2 : Amount of oil phase (ml)

0.1

2.0

Response variables

Goal

Importance

Weight

Y1 : Acquired weight (mg)

Maximize

2

2

Y2 : VU Content (%)

Over 2.5%

1

1
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Table 2. Experimental combination of independent variables by central
composite design and response results.

Run

X1

X2

Y1

Y2

1

Wall ratio
(gelatin/gum arabic)
0.688

Amount of oil
phase (ml)
1.722

Acquired weight
(mg)
660

VU content
(%)
2.49

2

1.112

0.378

611

2.37

3

0.900

1.050

690

2.48

4

0.900

1.050

723

2.40

5

0.688

0.378

585

2.77

6

1.112

1.722

755

2.51

7

0.900

1.050

766

2.44

8

0.900

1.050

738

2.77

9

0.900

1.050

705

2.62

10

0.900

2.000

740

2.60

11

1.200

1.050

710

2.58

12

0.900

1.050

672

2.82

13

0.900

0.100

568

2.64

14

0.600

1.050

556

3.02
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Table 3. Response surface regression: Acquired weight (Y1) versus wall ratio
(X1), amount of oil phase (X2) and VU content (Y2) versus X1 and X2.
Source

DF

Seq SS

Model

6

59056.6

Contribution

Adj SS

Adj MS

F-Value

P-Value

Response surface regression of Y1 versus X1, X2
90.15%

59056.6

9842.8

10.68

0.003**a)

Blocks

1

728.6

1.11%

728.6

728.6

0.79

0.403

Linear

2

41056.0

62.67%

41056.0

20528.0

22.27

0.001**

X1

1

14347.2

21.90%

14347.2

14347.2

15.57

0.006**

X2

1

26708.8

40.77%

26708.8

26708.8

28.98

0.001**

Square

2

16081.7

24.55%

16081.7

8040.9

8.72

0.013*b)

X1*X1

1

10074.8

15.38%

11244.0

11244.0

12.20

0.010*

X2*X2

1

6006.9

9.17%

6006.9

6006.9

6.52

0.038*

1

1190.2

1.82%

1190.2

1190.2

1.29

0.293

1

1190.2

1.82%

1190.2

1190.2

1.29

0.293

7

6452.3

9.85%

6452.3

921.8

Lack-of-Fit

3

1369.6

2.09%

1369.6

456.5

0.36

0.787

Pure Error

4

5082.7

7.76%

5082.7

1270.7

13

65508.9

100.00%

2-Way
Interaction
X1*X2
Error

Total

Response surface regression of Y2 versus X1, X2
6

0.391902

89.76%

0.391902

0.065317

10.22

0.004**

Blocks

1

0.178766

40.94%

0.178766

0.178766

27.98

0.001**

Linear

2

0.133323

30.53%

0.133323

0.066661

10.43

0.008**

X1

1

0.128100

29.34%

0.128100

0.128100

20.05

0.003**

X2

1

0.005222

1.20%

0.005222

0.005222

0.82

0.396

Square

Model

2

0.035923

8.23%

0.035923

0.017962

2.81

0.127

X1*X1

1

0.030373

6.96%

0.028234

0.028234

4.42

0.074

X2*X2

1

0.005551

1.27%

0.005551

0.005551

0.87

0.382

1

0.043890

10.05%

0.043890

0.043890

6.87

0.034*

1

0.043890

10.05%

0.043890

0.043890

6.87

0.034*

7

0.044728

10.24%

0.044728

0.006390

3

0.020638

4.73%

0.020638

0.006879

1.14

0.433

4

0.024089

5.52%

0.024089

0.006022

13

0.436630

100.00%

2-Way
Interaction
X1*X2
Error
Lack-of-Fit
Pure Error
Total

DF : degrees of freedom
Seq SS : sequential sum of squares
Adj SS : adjusted sum of squares
Adj MS : adjusted mean squares
a) shows a highly significance, p<0.01
b) shows a significance, p<0.05
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Table 4. Comparison between predicted Y1 and Y2 obtained from CCD and
actual measurement Y1 and Y2 prepared under optimal conditions.
Predicted value (A)

Actual measurement

Relative

value (B)

percentage
(100 × B/A)

Y1

765.9 (mg)

748.3±56.3 (mg)

97.7 (%)

Y2

2.5 (%)

2.5±0.0 (%)

98.8 (%)

Y1 : Acquired weight, mg
Y2 : VU content, %
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Figure 1. Schematic illustration of the preparation of complex coacervate microcapsules of VU using multiple emulsion method.
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Figure 2. Schematic illustration of the preparation of complex coacervate microcapsules of VU using s/o dispersion method.

(d)

(c)
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Figure 3. a) Contour Plot of acquired weight (Y1) versus wall ratio (X1), amount of oil phase (X2). b) Surface Plot of Y1 versus X1 and
X2. c) Contour Plot of VU content (Y2) versus X1 and X2. d) Surface Plot of Y2 versus X1 and X2.

(b)

(a)

X1 : Wall ratio, gelatin/gum arabic, total 1.25 g
X2 : Amount of oil phase, ml
Y1 : Acquired weight, mg
Y2 : VU content, %

Figure 4. Optimization plots of Y1 and Y2 versus X1 and X2.
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(b)

(c)

リヱ

dried VU-loaded microcapsules by scanning electron microscopy. The scale bar is 20 μm.

The scale bar is 50 μm. Red fluorescence signal is DiI, lipophilic fluorescent dye, dissolved in oil phase. c) Micrograph of internal freeze-

bar is 50 μm. b) Fluorescence microscopic image of VU-loaded microcapsules (prior to freeze-drying) encapsulating multiple emulsion.

Figure 5. a) Optical microscopic image of VU-loaded microcapsules (prior to freeze-drying) encapsulating multiple emulsion. The scale

(a)

Figure 6. DSC thermograms of ingredients and VU-loaded coacervate
microcapsules.
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Figure 7. Size distribution of VU-loaded microcapsules prepared under the
optimal conditions.

ルラ

Figure 8. Calibration curve of dimehtylsulfide generated from vitamin U
powder for quantification.

ルリ

ሇ ῒ ㆢ ᳷
#
#
Sxusrvh#
→# ⪊ሆ⯲# ὃⲛ⯚# ⚲⭃○Ⱂ# ⋞㕚ₖ# X# +YX/# phwk|ophwklrqlqh# vxoidwh#
fkorulgh/# PPVF,Ḗ# ↣Ⱏ㧶# ṢⰎ㔆ᳶ㌻✪# ⰟⰪḖ# 㨃# ㏮⧞◒Ḏ℺Ⰾ◲#
+frpsoh{# frdfhuydwlrq,# ₲⯫⯞# 㙏㨎# Ⲷⴊ㧲ᅺ/# Ⰾ# ⰟⰪ⯲# ⴊ○⯞# ₲⯫
㣶Ἆℯ# +Uhvsrqvh# vxuidfh# phwkrgrorj|/# UVP,⯲# 㧶# ⴟᷲⰒ# ⶫ➆ᅞ㬧
ℯ# +Fhqwudo#frpsrvlwh#ghvljq/#FFG,⯞# Ⰾ⭃㧲⪆# ㇶⲛ㫮㧲ᅺ# ⰟⰪ⯲# 㝓
○⯞# 㡣ႚ㧲ᜮ# ᄝⰎ1# #
#
#
Phwkrgv#
㨃# ㏮⧞◒Ḏ℺Ⰾ◲# ₲⯫⯚# ⹚⭃○# ῖ⯞# ↣Ⱏ㧲ዊ⩪# ⲛ㨃㧶# ℯ⯖
ᳶ# ⧦ᲾⳒ# Ⱒ⯖⁚ᳶ/# ⚲⭃○Ⰾ# Ṿ⭊# Ⴏ㧶# ⋞㕚ₖ# X# +forjS@041:3:5/#
Fkhpgudzಕ/# fdpeulgjhvriw,Ḗ# ↣Ⱏ㧲ዊ# ⮞㨎▶# ⶫ⮺㫮ℯ# +pxowlsoh#
hpxovlrq#phwkrg,ᆖ# vrolg0lq0rlo#+v2r,# ∞╊ℯ⯞# ⯫⭃㧲⪆# ṢⰎ㔆ᳶ㌻
✪# ⰟⰪḖ# Ⲷⴊ㧲⪚1# ⰟⰪ⯲# ሆ○ῖⰒ# Ⲿᰖ㞎# +jhodwlq,ᆖ# ⧞ᰖ⋞⧞
ᄚ# +jxp# dudelf,⯲# ⋞⯂# +[4/# Ⲿᰖ㞎⯲# ⶫᱣ2⧞ᰖ⋞⧞ᄚ⯲# ⶫᱣ,ᆖ# ⮺
╛⯞# ሆ○㧲ᜮ# ῖⰒ# 43(# wudqvfxwroⰎ# ⭃㨎ᢶ# ⫆Ṇ⊦⮺⯲# √㧖/# ⸣#
⪾Ⱆ╛⯲# √㧖# +[5,Ḗ# ᣪ# Ⴖ⯲# ⅚⚲ᳶ# ▾ⲯ㧲ᅺ/# ⶫ➆ᅞ㬧ℯ⯞# 㙏㨎▶#
⩕⩎⹚ᜮ# ⰟⰪ⯲# ㆷᱣ# +\4,⯞# ㇶរ㫮❶㔾ᅺ/# ⲶⲶ# ᕎ⯲# ⋞㕚ₖ# X⯲# 㨂
ᱣ# +\5,Ⰾ# 518(# Ⰾ╛# ᢲᡞ᳷# ⴊ○⯞# ㇶⲛ㫮# 㧲⪚1# ⰎᲡᄦ# Ṧ⩎#
ṢⰎ㔆ᳶ㌻✪# ⰟⰪᜮ# ᆫ㧳㪞ₒᅗ# ₩# 㪯ᆫ㪞ₒᅗ/# ⶖ╆# ⲞⰪ㪞ₒᅗ/# GVF/#
ᲢⰎⲚ# 㬦Ⲣ# Ⱏᡞ∞▷ዊḖ# 㙏㨎# ⰟⰪ⯲# ○╛# ₩# ○⯞# 㫯Ⱂ㧲⪚ᅺ/# 㩾
✾㠲Ⰾ✾0ႚ✾㔆ᳶṢ㝒ኒᰲ㧖2ᱣ∞▷ዊ# +KV0JF2PV,ᳶ# ⋞㕚ₖ# X
⯲# ᕞ╢# ヂ㡪# ⪆√Ḗ# ⲯᱣⲛ⯖ᳶ# 㫯Ⱂ㧲⪚1#



ルル

Uhvxowv#)#Glvfxvvlrq#
⚲⭃○Ⱂ# ⋞㕚ₖ# XḖ# ↣Ⱏ㧲ዊ# ⮞㨎# v2r# ∞╊ℯ⯞# ⯫⭃㧲⪆# ṢⰎ㔆ᳶ
㌻✪⯞# Ⲷⴊ㧶# ᅗ⭊⩪ᜮ/# ⋞㕚ₖ# X# 㨂ᱣⰎ# Ṿ⭊# ᕈ⧲⯖⁚ᳶ# +31334佳
313336(,/# ⶫ⮺㫮ℯ⯞# Ⰾ⭃㧶# ㏮⧞◒Ḏ℺Ⰾ◲# ℯ⯖ᳶ# ⴊ○⯞# ㇶⲛ
㫮# 㧲⪚1# FFG# ὂ᠒⯞# 㙏㨎# \4ᆖ# \5ႚ# ㇶⲛ㫮ᢲᜮ# ⅚⚲⯲# ⴊ㨃⯞#
⩕⩢ᅺ/# ❾Ⲷᳶ# Ⰾ# ⴊ㨃⯞# ႚ⹚ᅺ# ṢⰎ㔆ᳶ㌻✪⯞# Ⲷⴊ㧲⪚⯞# ᧦/# ⪢㊻
ᢲᜮ# \4Ⴌᆖ# \5ႬⰎ# ኒᄝ⯲# ❾㊻Ⴌᆖ# <8(Ⰾ╛# Ⱆ㋲㧲⪚1# ⰎḖ# 㙏
㨎▶/# Ⰾ# ὂ᠒Ⰾ# ⰲ# ▾ᅞᢲ⩢ᅺ/# ㇶⲛ⯲# ⴊ○⯞# ヘᜮ᠊# ⮺⭃㧶# ℯⰞ⯞#
⧦# ⚲# Ⱒ⩢1# ᆫ㧳# 㪞ₒᅗᆖ# 㪯ᆫ# 㪞ₒᅗ⯞# ╆⭃㨎▶# ⰟⰪ⯲# 㪯㕶Ḗ# ᆚ
ナ㧶# ᅊᆖ/# Ⲿᰖ㞎# ṢⰎ㔆ᳶ㌻✪# ᕎ⩪# pxowlsoh# hpxovlrq⯞# ↣Ⱏ㧲ᅺ# Ⱒ
⯦⯞# 㫯Ⱂ㧲⪚1# ኒᲆᔲ/# ᲢⰎⲚ# 㬦Ⲣ# Ⱏᡞ∞▷ዊḖ# 㙏㨎# ∞▷㧶# ᅊᆖ/#
ⰟⰪ⯲# 㔆ዊᜮ# ቺⰖ㧲⹚# ⧤⧲ᅺ# +㡣ቺⰟⰪᅗ# :<14:佳9<1;5# 儙p,/# ᖭ⯚#
Ⱏᡞ# ∞㢆Ḗ# ⪚1# ᪪㧶/# VHP# Ⰾₒ⹚Ḗ# 㙏㨎# ⰟⰪ# ᕎ√⩪# Ⱒᜮ# Ṩ⯚#
sruh⯞# 㫯Ⱂ㧲⪚⯖Ἂ/# Ⰾᳶ▶# pxowlsoh#hpxovlrq# 㪯㕶ႚ# ⰟⰪ# ⧢⩪# ↣
Ⱏ# ᢲ⩎# Ⱒ⯦⯞# ⧦# ⚲# Ⱒ⩢1# GVF# ᅊᆖḖ# 㙏㨎▶# ⰟⰪḖ# ሆ○㧲ᜮ# ῖ
+⋞㕚ₖ# X/#wudqvjoxwdplqdvh/#jhodwlq,Ⰾ# ㏮⧞◒Ḏ℺Ⰾ㝒# ⰟⰪ# ⧢⩪
▶ᜮ# ῎ⲯ㪯⯲# ╛㕶ᳶ# ⴎⱆ㧶ᜮ# ᄝ⯞# 㫯Ⱂ㧺# ⚲# Ⱒ⩢1# ⋞㕚ₖ# X# ᕞ
╢⯲# ⶖ⭪ⰒⰒ# Ữ㋺▾㞦Ⰾ⯲# ⨫⯞# KV0JF2PVᳶ# ∞▷㧶# ᅊᆖ/#
9158pj⯲# ⋞㕚ₖ# XḖ# 㨂⮺㧲ᅺⰢᜮ# ṢⰎ㔆ᳶ㌻✪⩪▶# ᄚ㈶ᢶ# Ữ㋺▾
㞦Ⰾ⯲# ⨫⯚# ⨗# :3pj⯲# ⋞㕚ₖ# X# 㞦⭊⩪▶# ₶╷㧲ᜮ# ᄝᆖ# Ⱆ㋲㧲
⪚1# Ⰾᜮ# ṢⰎ㔆ᳶ㌻✪⯲# Ⲷⴊ# ᆖⲯⰎ# ⋞㕚ₖ# X⯲# ⧢ⲯ○⩪# ⪛㨿⯞#
ₒㅾዊ# ᧦ῒⰒ# ᄝ⯖ᳶ# ╷ႛᢲἊ/# 㨿㭞# ⰎḖ# Ⴖ►㧲ዊ# ⮞㧶# ⪊ሆႚ# 㧞⬮
㧶# ᄝ⯖ᳶ# ╷ႛᢶ1#
#
#
Frqfoxvlrq#
ⶫ⮺㫮ℯ⯞# Ⰾ⭃㧲⪆# ㏮⧞◒Ḏ℺Ⰾ㝒# ⰟⰪ# ᕎ⩪# ⚲⭃○Ⱂ# ⋞㕚ₖ# X
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Ḗ# ○ᆏⲛ⯖ᳶ# ↣Ⱏ㧲⪚ᅺ/# GrH# ዊℯⰎ# ㇶⲛ⯲# ⴊ○⯞# ヘᜮ# ⮺⭃㧶# 
ℯⰞ⯞# ⧦# ⚲# Ⱒ⩢1# 㨿㭞/# 㫮ⰿ㤢ᆖ# ⯲⨗㤢⩪# ⲛ⭃ႚ㧶# Ⲷ㪯Ⱂ# ᄝ⯖
ᳶ# ╷ႛᢶ1#
#
#
ⶖ⬮⩎# =# 㨃# ㏮⧞◒Ḏ℺Ⰾ◲/# ṢⰎ㔆ᳶ㌻✪/# ⋞㕚ₖ# X/#Pxowlsoh#
hpxovlrq/# ₲⯫㣶Ἆℯ/# ⶫ➆ᅞ㬧ℯ#
#
㧳™# =#5348#–#564:<#
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