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ABSTRACT KEYWORDS
To improve the solubility of rice bran supercritical CO, extract (RB- Aerosol solvent extraction
SCE) in water, RB-SCE microparticles were successfully prepared using system (ASES);
amixing process involving an aerosol solvent extraction system (ASES) Microparticle;
and particles from a gas-saturated solution (PGSS). To improve the Particles from gas-saturated
microparticle formation efficiency, RB-SCE, a sodium-caseinate solution (PGSS);

saturated aqueous solution, and ethanol (as a co-solvent) (1:3:10 wt%)
were used as raw materials, with supercritical CO, as the anti-solvent.
The particle size distribution of the RB-SCE microparticles ranged from
1.25 to 346.15 um; the median value of the particle size distribution and
the mean particle size of the RB-SCE microparticles were 266.42 and
250.12 um, respectively. 5% RB-SCE microparticles were stably
dissolved in atest tonic product. Thus, RB-SCE microparticles prepared
by a mixture process using an ASES and a PGSS can be used in the food
industry and for cosmetic product applications.
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Rice bran supercritical CO,
extract (RB-SCE).

INTRODUCTION solvent (SAS) processes and various modifications,

and particles from gas-saturated solution (PGSS)

Varioustechnigques using supercritical fluidsfor
particleformation from polymersand non-polymeric
materials have been devel oped. The particleforma-
tion technol ogy that uses supercritical fluidshastaken
various forms over the last 30 years, including the
rapid expansion of supercritical solutions (RESS),
gasanti-solvent (GAS) processes, supercritica anti-

processesY.

Among them, the aerosol solvent extraction sys-
tem (ASES) utilizes the extraction properties of
supercritical gases for the production of
microparticles?. Extraction with supercritical gases
is frequently used in the pharmaceutical, cosmetic,
and food industries. In the ASES process, the drug
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or polymer is dissolved or dispersed in an organic
solvent, which is then sprayed into a supercritical
gas phase (e.g., carbon dioxide). The organic sol-
vent is soluble in the supercritical gas phase and is
extracted, resulting in the formation of solid
microparticles.

Supercritical carbon dioxide (CO,) also shows
strong interactions with polymers and fats, which
can be exploited to favor theimpregnation of active
compoundsin these carriers, or to powderize them.
In particular, the PGSS process is a particle forma-
tion technique based on the interactions of
supercritical CO, with low-melting point polymers
and fatgd.

Rice branisthelargest single by-product of the
rice-milling process, representing 8% of the milled
rice. Between 20 and 30% of thisby-product isused
for oil production, and the remainder is discarded
or used as livestock feed or fertilizer™. Previous
studies have reported that rice bran oil has various
health benefits, including antioxidant, anticancer®,
and anti-hyperlipidemicl® effects. In addition, rice
bran extract has been shown to act as a 5-a-reduc-
tase inhibitor in cell linesin vitrol” and to promote
hair growth in vivol®. Rice bran oil extract has been
used in the food industry® and for cosmetic appli-
cations as askin moisturizer™ and hair-growth pro-
moting agent(®.

Supercritical CO, extraction (SCE), which is
conducted at low temperatures using supercritica
CO, asthe solvent, has been introduced as an alter-
native one-step method for oil extraction. Extract-
ing oil a alow temperature minimizes the thermal
degradation of proteins, antioxidants, and other nu-
tritionally valuable components. Additionally,
supercritical CO, has the advantages of being envi-
ronmentally friendly, non-toxic, non-tammable, in-
expensive, and easily removed from the final prod-
uct!y,

Rice bran supercritical CO, extract (RB-SCE)
isinsoluble in water, indicating that its application
to the food and cosmetic industries is limited, be-
cause water-insoluble materials are usually charac-
terized by low absorption, poor bioavailability, as
well as poor availability for making oil-in-water
emulsions. These solubility limitations could be

overcometo some extent by applying microparticle
technol ogy.

In this study, to improve the solubility of RB-
SCEagainst water, RB-SCEmicroparticleformation
was successfully performed using acombination of
the ASES and PGSS processes; i.e., microparticles
produced using high-speed solvent dispersionviaa
high-pressure reactor and separator. The particle
sizedistribution and inclusion efficiency of the pre-
pared RB-SCEmicroparticles were measured.

MATERIALSAND METHODS

Reagentsand materials

All chemicals and solvents used in this study
were of analytical grade. Triple-distilled water was
prepared in our |aboratory. Pure CO, (99.99%)
wasprovided by KOSEM Co., Ltd. (Yangsan, Ko-
rea).

Oryza sativa Bran Prepar ation

Rice (Oryza sativa LINN. var. japonica; the
Korean cultivars, Dongjin; Gramineae) used in this
study was harvested in Gijang, Busan during thefall
of 2011. The rice bran was milled and provided by
PN RICE Co., Ltd. (Kimhae, Gyeonsanggnhamdo,
Korea) in March of 2012.

Preparation of RB-SCE

Supercritical CO, extractions of rice bran were
performed in a semi-continuous flow-type appara-
tuswith a3-L extractor as per Choi et al. (2013)*2.
Briefly, CO, was pumped into the extractor using
positive displacement-controlled volume-metering
pumping. A flow rate of 135-g CO, min'* was used
for extraction. The pressurein the extractor was con-
trolled using a back-pressure regulator. The extrac-
tion vessel was loosely packed with glass wool. A
1-kg rice bran sample was added and distributed
throughout the packing. A small plug of glasswool
was then placed in the outlet end of the tube before
closure to reduce entrainment. The extract was col -
lected in a separator and chilled with ice by ex-
panding theloaded solvent to ambient pressure. Ex-
tractions were performed at 32°C and 270 bar for
240 min. RB-SCEwas stored at “80°C until use.
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Figure 1 : Flow chart of the continuous-type RB-SCE microparticle formation process using an aerosol solvent
extraction system (ASES) and particles from gas-saturated solution (PGSS) processes

Apparatus

Figure 1 shows a schematic diagram of the ap-
paratus used for the ASES and PGSS. It consisted
mainly of aCO, cylinder, asolution vessdl, two high-
pressure pumps, a stainless steel precipitator (di-
ameter: 7 cm; height: 30 cm), and a separator posi-
tioned after the precipitator to recover the liquid
solvent.

Procedure

RB-SCE, asodium caseinate-saturated agueous
solution, and ethanol (co-solvent) (1:3:10, wt%) as
raw materialswere mixed; theraw materia mixture
was then transported to a static mixer viaaheat ex-
changer using a high pressure-controlled volume
pump. Theraw materia mixtureandliquid CO,were
pre-mixed in the static mixer and pumped through
the heat exchanger into thefirst reactor at 32°C and
130 bar, with aflow rate of 70 mL min™. Inthefirst
reactor, the raw material mixture and supercritical
CO, were strongly stirred at 1,250 rpm by a mag-
netic-drive impeller, converting the raw-material
mixtureinto micelle(i.e., thefirst microparticlization
step). The ethanol used for dispersion of the RB-

SCEand sodium caseinate was evaporated to the
supercritical phase. The first microparticlization
particles (primary particles) were passed through a
spray nozzleinto asecond reactor with supercritical
CO,, resulting in the formation of finer secondary
microparticles by shearing force and cavitation as
theresidual ethanol evaporated. Thus, supercritical
CO,acted as an anti-sol ventin the reaction path be-
tween the first and second reactors. The
mi croparticles prepared after compl etion of the sec-
ondary reaction were passed through a 0.5-um-
meshmetal frit filter located in the lower portion of
the second reactor, forming a precipitate in the re-
actor. The mixture of supercritical CO, and ethanol
werefed into aseparating tank and converted to the
gaseous phase under a reduced pressure and high
temperature (80°C) within the separation vessel. The
gaseous ethanol and CO, gaswerethen delivered to
acondenser, in which the ethanol was condensed to
liquid ethanol. Gaseous CO, was liquefied through
acooler and transferred to a CO, storage tank. The
separated ethanol and liquid CO, were then re-
cycled.

Scanning el ectron microscopy (SEM) analysis
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TABLE 1 : Formulation of the test tonic water containing rice bran supercritical CO, extract (RB-SCE)

microparticles

INCI Per centage of components (W/W)
Water(agua), demineralized as100.00

Ethanol 30.00
RBOmMmicroparticles 5.00
Hyaluronic acid (1%) 1.00
HCO 60 0.50
BHT 0.02
Menthyl lactate 0.30
Tocopheryl acetate 0.15
Grapefruit seed extract 0.20
E-NAPRE 0.80
Sodium salicylate 0.20
Lavender oil 0.10
Teatree ail 0.10
Patchouli oil 0.10
German chamomile 0.10
TEA (100%) 0.80
Flavoring 0.05

The particle size and morphology of samples
were observed using field-emission scanning elec-
tron microscopy (FE-SEM, JSM-6700F, JEOL, Ja-
pan). Samples were sputter-coated with OsO, using
a sputter coater for 30 s before analysis. The par-
ticle size of the sampleswas obtained with IMAGE-
PRO PLUS 6.0 particle analytical software.

Particle size distribution of RB-
SCEmicroparticles
The particle distribution of RB-

SCEmicroparticles was determined using a laser-
diffraction particle size analyzer (LS 13320,
Beckman Coulter, USA). The particle size distribu-
tion and average particle sizewere analyzed in qua-
druplicate with the particles suspended in water.
Before taking the measurements, the suspended
sampleswere sonicated for 1 min; the analyseswere
carried out under constant stirring.

I nclusion efficiency of RB-SCE

Theinclusion efficiency of the RB-SCE was cal-
culated as follows:Inclusion efficiency of RB-SCE
= (RB-SCE content (g) / RB-SCE microparticle
powder (g)) x 100%.

Preparation of test tonicwater product with RB-
SCE microparticle

To confirm the solubility of RB-SCE
microparticles, a test tonic water product was pro-

duced with the RB-SCE microparticles. The test
tonicwater product waskindly supplied by ECMINE
Co., Ltd. (Busan, Korea). The formulations studied
(TABLE 1) were prepared in a PRIMIX RM
homomixer (PRIMIX Co., Ltd., Osaka, Japan) at 500
rpm for 10 min, and supplemented with 5% RB-SCE
microparticles (as adried solid materia).

RESULTSAND DISCUSSION

RB-SCE microparticle

The microparticleformation process of RB-SCE
used in thisstudy combined an ASES and aPGSSto
produce microparticles using high-speed solvent
dispersion in ahigh-pressure reactor and separator.
Food-grade sodium caseinate was used as an inclu-
sive agent. Organic solvents having a partition co-
efficient of 0.31 < K (the distribution coefficient)
<0.77 include ethanol, methanol, and ethyl acetate.
Among them, ethanol was selected for this study,
duetoitslow dermal toxicity. The molecular struc-
ture of sodium caseinateused as an inclusive agent
in this study has amphoteric surfactant properties,
allowing it to surround the RB-SCE via an annular
structure.

RB-SCE, asaturated aqueous sol ution of sodium
caseinate (threetimesthe RB-SCE amount) and etha-
nol (as a co-solvent) was mixed with CO, in the
static mixer; this mixture wasthen introduced to the
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Figure 2 : Scanning electron microscopy (SEM) images of RB-SCE microparticles, M agnification: x1,000

primary reactor. Within the primary reactor, thefine
crystal nuclei of RB-SCE/sodium caseinate inclu-
sion bodies were primarily generated by
supercritical CO, acting asan anti-solvent. Thecrys-
tal growth was initiated by internuclear cohesion
between the generated nuclei; at thispoint in the pro-
cess, the size of the inclusion body was determined
by the rotating force of the magnetic drives. These
inclusion bodies were transferred through the spray
nozzle from the first reactor into the secondary re-
actor; their size decreased due to the shear force
inside the narrow nozzle duct and cavitation caused
by rapid diffusion. Figure 2 showsthe prepared RB-
SCE microparticlesin this study.

Shape and particle size distribution of RB-SCE
microparticles

The microparticle shape of the RB-SCE was
globular, as shown in Figure 3. The particle size
distribution of RB-SCE microparticleswas 1.25 to
346.15 um (Figure 4); the median value of the par-
ticle size distribution and the mean particle size of
RB-SCE microparticles were 266.42 and 250.12
um, respectively. Because RB-SCE microparticles
were prepared using sodium caseinate as an inclu-
sive agent, the particle size of the RB-SCE
microparticle was relatively high; this was attrib-
uted to the strong cohesiveness of sodium caseinate
during recrystallization.

ﬁiogecﬁtzoﬁ)y

Tonicproduct with RB-SCE

The filling rate of RB-SCE in this study was
33%. A test tonic product with 5% RB-SCE
mi croparticleswas prepared to confirm the RB-SCE
microparticle solubility, as shown in Figure 4. The
RB-SCE microparticles stably dissolved in the test
tonic product.

In previous studies, RB-SCE, which containsli-
noleic acid and y-oryzanol, exhibited outstanding hair
growth-promoting potential, suggesting the use of
these substances as hair-loss treatments. Addition-
ally, ricebran extract hasaskin moisturi zing effect!*,
In our previous studies, there was no indication of
in-vitro cytotoxicity of RB-SCE on RAW 264.7 cells,
single-dose oral toxicity in Sprague-Dawley rats,
or single-dose and 4-week repeated dose dermal
toxicity of RB-SCE in Sprague-Dawley ratg'> %3,
Thus, RB-SCE is generally thought to be safe for
cosmetic applications. Certain biological and phar-
maceutical compounds that are oilic or waxy may
be more difficult to process?¥. RB-SCE isailic and
insoluble in water. Therefore, for commercial ap-
plications, the solubility of RB-SCE must be im-
proved.

Inaprevious study!®, the formation and stability
of rice bran oil-in-water emulsions produced using
various emulsifiers (e.g., whey protein, gum Ara
bic, and modified starch) were investigated. How-
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Figure 3 : Particle size distribution of RB-SCE microparticles prepared using the optimal conditions

Figure 4 : Test tonic product with 5% RB-

SCEmic roparticles

ever, the results showed that a more effective pro-
cess was needed to improve the solubility of RB-
SCE.

Crystallization with supercritical fluids is a
promising new technique. The use of supercritical
fluids as solvents or anti-solvents in particle pro-
duction hasbeen shown by numerousresearchersto
be useful in modifying particle properties, such as
particle size, size distribution, crystal habit, and

morphology. Another advantage is the easy separa-
tion of the anti-solvent from the particles after pre-
Cipitation™®!,

Several processes involving supercritical flu-
ids and the rapid depressurization of spraying de-
vices, such as the rapid expansion of supercritical
solutions (RESS), have been proposed and investi-
gated. In this process, a solid is dissolved in a
supercritical fluid that expands adiabatically through
acapillary nozzle to a gaseous state. The resulting
high supersaturation causesrapid nucl eation and pre-
cipitation of the desired product asfine particles. In
the PGSS approach, the supercritical fluid is solu-
bilized in a molten substance and this solution is
expanded in anozzle. The cooling effect during ex-
pansion solidifies the desired substance.

Inthe GAS method, the supercritical fluidisused
in batch mode. The solid isfirst dissolved in acon-
ventional solvent. The solution is then introduced
into a supercritical fluid (anti-solvent), leading to
rapid volume expansion of the solution. Asaresult,
the solvent power of the conventional solvent de-
creases and supersaturation triggers the precipita
tion of particles. After the solid has precipitated,
fresh anti-solvent is used to flush away the solvent.

The semi-continuous gas anti-sol vent techniques
includethe ASES*¥, SAS precipitation*” and solu-
tion enhanced dispersion by supercritical fluids
(SEDS)18. In the ASES and SAS techniques, the
solid isdissolved in aconventional solvent and the
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solutionissprayed continuoudy through anozzleinto
the supercritical fluid. Thedispersion of solutionin
the supercritical fluid leads to an expansion of the
droplets and the simultaneous extraction of thelig-
uid into thefluid. The solvent power of the conven-
tional solvent decreasesdramatically and supersatu-
ration leadsto particle precipitation. The SEDStech-
nique resembles ASES and SAS techniques; how-
ever, in SEDS, the solution is sprayed continuously
and co-currently with a compressed gas or
supercritical fluid anti-solvent through a two-fluid
nozzle.

In this study, to improve the solubility of RB-
SCE, RB-SCE microparticle formation was at-
tempted using the combination of the ASES and
PGSS. RB-SCE, food-grade sodium caseinate satu-
rated agueous solution, and ethanol (co-solvent)
(2:3:10, wt%) as raw materials and ethanol as an
anti-solvent were used to improvethe microparticle
formation efficiency. As a result, RB-SCE
microparticles, ranging in size from 1.25 to 346.15
um, were prepared (Figure 4). The median value of
the particle size distribution and the mean particle
size of the RB-SCE microparticleswere 266.42 and
250.12 um, respectively.

According to Shin et al., (2011)™9, the inclu-
sion efficiencies of the omega-3 fatty acid ethyl es-
ter of fish oil were 17.83%, 16.06%, and 13.99%,
respectively, when beta-cyclodextrin, chitosan, and
starch wereused ascarriers. Theinclusion efficiency
of RB-SCE using sodium caseinate as a carrier in
this study was 33%; thus, higher than that of previ-
ous studies. RB-SCE microparticles (5%) were sta-
bly dissolved in atest tonic product (Figure4). Fur-
ther research is needed to confirm the physical and
chemical stability of the remaining RB-SCE
microparticles with respect to the shelf life of the
test tonic product.

CONCLUSION

In conclusion, our results suggest that the com-
bination of theA SES and PGSSiseffectivefor RB-
SCE microparticle preparation, and improved the
solubility of RB-SCE. Therefore, RB-SCE
microparticles prepared using the proposed method

should be applicable to food and cosmetic manu-
facturing.

CONFLICT OF INTEREST

The authorsdeclarethat there are no conflicts of
interest.

ACKNOWLEDGEMENTS

This work was supported by a grant (No.
311014-03) from the Ministry for Food, Agriculture,
Forestry and Fisheries, Republic of Korea.

REFERENCES

[1] S.D.Yeo, EKiran; J.Supercritical.Fluid., 34, 287-
308 (2005).

[2] JBleich, B.W.Miiller, W.Waszmus; Int.J.Pharm., 97,
111-117 (1993).

[3] E.Weidner; J.Supercritical.Fluid., 47, 556-565
(2009).

[4] A.Manosroi, W.Ruksiriwanich, M,Abe,H.Sakai,
W.Manosroiand,J.Manosroi; J.Supercritical .Fluid.,
54, 137-144 (2019).

[5] S.C.Li, T.C.Chou,C.K.Shih; FoodRes.Inter., 44,
209-216 (2011).

[6] R.JJariwdla; DrugsExp.Clin.Res., 27, 17-26 (2001).

[7] W.Ruksiriwanich, JManosroi, M.Abe, W.Manosroi,
A.Manosroi; J.Supercritical .[Huid., 59, 61-71 (2011).

[8] J.S.Choi, M.H.Jeon, W.S.Moon, J.N.Moon,
E.J.Cheon, JW.Kim, SK.Jung,Y.H.Ji, S.W.Son,
M.R.Kim.Biol.Pharm.Bull., 37, 44-53 (2014).

[9] R.Charoen,A.Jangchud, K.Jangchud, T.Harnslawet,
O.Naivikul, D.J.McClements, J.FoodSci., 76, E165-
E72(2011).

[10] V.Sabale, P.M.Sabale, C.L.Lakhotiya;
Indiand.Pharm.Sci., 69, 215-218 (2007).

[11] I.S.M.Zaidul, S.Jinap, A.A.Karim, K.A.Abbas,
N.A.N.Norulaini, A.K.M.Omar; J.FoodEng., 95,
240-253 (2009).

[12] J.S.Choi, E.J.Cheon, T.U.Kim, J.Y.Kim, W.S.Maoon,
S.W.Son, JW.Kim,M.R.Kim; Food Science and
Biotechnology(in press).

[13] J.S.Choi,W.S.Moon, J.N.Moon,E.J.Cheon,
S.W.Son, J.W.Kim, M.R.Kim;
Toxicol .Environ.Health.Sci., 5, 215-220 (2013).

[14] M.Rantakyld, M.J4ntti, O.Aaltonen, M.Hurme;
J.Supercritica .Fluid., 24, 251-263 (2002).

%jogecﬁnoby

Hn Tndéan

e



BTAIJ, 12(2) 2016 Mi-Ryung Kim et al. 87
—==w— FuLL PAPER
[15] A.Tabernero, M.E.M.del Valle, A.M.Galan; [18] T.Randolph, A.Randolph, M.Mebes, S.Yeung;

Chem.Eng.Process, 60, 9-25 (2012). Biotechnal .Prog., 9, 429-435 (1993).
[16] J.Bleich, PK.leinebudde, B.W.Miiller; Int.J.Pharm., [19] S.K.Shin, H.S.Yoon, J.H.Han, H.J.Kong,
106, 77-87 (1994). K.T.Kwon,Y.M.Kim; Method for particles having
[17] E.Reverchon, G.Della Porta, A.DiTrolio,S.Pace; functional oil by high pressure carbon dioxide and
Ind.Eng.Chem.Res., 37, 952-958 (1998). polymer, Korea Patent KR10-1099938 (2011).

H4n Tndéan

——— Qgiogecﬁtzza{ggy



