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Abstract

This study explores the potential uses of deodorizer distillate (DD) and crude rice bran wax (RBW) from
the physical refining process of edible rice bran oil (RBO) manufacturing as the sources of bioactive compounds
and structuring ingredients for the formation of the water-soluble vesicle and oil-based three-dimensional network
called oleogel, respectively.

The pilot-scale molecular distillation (MD) unit was used to concentrate the phytosterols, tocols, Y-
oryzanol, monoglyceride and diglyceride in the unevaporated fraction (UMD) after the free fatty acids (FFAs) were
evaporated out by the MD. The pilot-scale MD unit operated at 120, 140 or 160 °C, 0.1 Pa, and a flow rate of
10.14 - 10.66 kg/h could concentrate phytosterols from 1,540.8 mg in 100 ¢ DD to 3,990.2 — 4,904.8 mg in 100 ¢

UMDs.  Although Y-oryzanol content was increased from 598.9 mg in 100 g DD to 870.0-1,018.1 mg when the

temperature was raised to 160 °C, such high temperature decreased the tocol contents from 2,185.7 mg/100 g
DD to 850.5 mg/100 ¢ UMD, resulting in the reduction of antioxidant capacity of UMD measured as 2,2-diphenyl-1-
picrylhydrazyl (DPPH) scavenging capacity.

The UMD obtained from the pilot-scale MD unit operated at 140 °C, 0.1 Pa, and a flow rate of 10.14 -
10.66 kg/h was used as a source of rice phytochemicals for the fabrication of vesicles with other surfactants. The
water-soluble vesicles could be formed when polyoxyethylene sorbitan monooleate (Tween80) was used. The
size of Tween 80/UMD vesicles ranged from 200 nm to 300 nm in phosphate-buffered saline (PBS) pH 7.0

suspensions could find potential use in shelf-stable drinks containing rice phytochemicals. The filtered sterile

vesicle suspensions in the isotonic PBS, a model drink, were stable within the temperature range of 4 to 37 °c

and maintained the size range of 200 — 300 nm for 96 h. Results indicated that the Tween 80/UMD vesicle was

able to carry 814 g phytosterol/mL, 453 Llg tocols/mL, and 200 pg Y-oryzanol/mL as maximum load without
causing phase separation of the oil phase in the PBS after preparation and storage at low temperatures. At high
concentration of Tween80/UMD vesicle of 5 mg/mL (163 Llg/mL phytosterol, 91 Ug/mL tocols and 40 [lg/mL Y-
oryzanol), the vesicles reduced viability of Caco-2. Moreover, the vesicle showed potential immunomodulation
properties in the THP-1 macrophages.

The crude RBW, a by-product from winterizing step, was explored for its use in the formation of an
oleogel holding the liquid oil in the three-dimensional network at the temperature higher than the melting
temperature of RBO. The tailored edible oleogel had increased storage modulus @, higher viscoelastic transition
temperature, and a prolonged time for the oleogel to change from solid to liquid behavior. In a comparative
study using crude RBW and ethylcellulose (EC) network as gelator holding liquid oil in the RBO oleogel, it was
found that the RBO-EC and RBO-RBW-EC oleogels could prevent the sedimentation of salt and spices in the oil-

based marinade sauce at 2 °C for two days and withstand the temperature at 90 °c during grilling. Nonetheless,
the appearance and the texture of grilled pork marinated with RBO-RBW was more superior than those marinated

with the sauce containing EC.

Keywords: bran; encapsulation; edible oil; oleogel; phytochemicals; rice; wax
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Abstract

The potential uses of deodorizer distillate (DD) from the physical refining process of
edible rice bran oil (RBO) manufacturing as the sources of bioactive compounds were

investigated. The deodorizing step in the refining process evaporated a substantial amount of

phytosterols and Y-oryzanol, which accumulated in the DD. This study used DD as a raw
material fed to a pilot-scale molecular distillation unit (MD) to evaporate out the FFAs,

resulting in an unevaporated fraction (UMD) that contained concentrated phytosterols, tocols,

and Y-oryzanol. The pilot-scale MD unit operated at 120, 140 or 160 °C, 0.1 Pa, and a flow
rate of 10.14 - 10.66 kg/h could concentrate phytosterols from 1,540.8 mg in 100 ¢ DD to
3,990.2 - 4,904.8 mg in 100 ¢ UMDs. Although Y-oryzanol content was increased from 598.9
mg in 100 ¢ DD to 870.0-1,018.1 mg when the temperature was raised to 160 °C, such high
temperature decreased the tocol contents from 2,185.7 mg/100 ¢ DD to 850.5 mg/100 ¢ UMD
and antioxidant capacity of UMD measured as 2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging
capacity. The ratio of FFA to monoacylglycerol (MAG) to diacylglycerol (DAG) to triacylglycerol
(TAG) in the UMD obtained at 120 °C was 0.2:0.3:0.0:0.5, which was changed to 0.0:0.1:0.2:0.7
in the UMD obtained at 140 °C and 0.0:0.3:0.1:0.6 in the UMD obtained at 160 °C. Using
different distillation temperatures during the MD process resulted in different compositions of
rice phytochemicals and mono- and di-acyl glycerol (mainly oleic esterified) surfactants readily

for use in further food processing.



2.1 Introduction

Rice bran oil (RBO) is well recognized as a healthy oil that contains a proper ratio of
saturated, monounsaturated, and polyunsaturated fatty acid. Not only suitable fatty acid
profile, but RBO is also known as the source of health-promoting phytochemicals, especially
tocopherols, tocotrienols, phytosterols, and Y-oryzanol (Van Hoed et al. 2006). However,
some of these phytochemicals are reduced in refined RBO during the refining process and
become concentrated in the co-products, in particular gum, soapstock, deodorizer distillate
(DD) and wax.

Our previous investigation revealed that the DD, a by-product obtained from the steam

deodorization process, could be used as a source for the production of Y-oryzanol and
phytosterols (Sawadikiat and Hongsprabhas 2014). Further distillation to separate free fatty
acids (FFAs) could be employed in the attempt to concentrate those rice phytochemicals.

Molecular distillation (MD) or short-path distillation is a high-vacuum distillation process
suitable for separation and purification of high-molecular-weight and thermally sensitive
materials (Lei et al. 2005). The separation principle of MD is dependent on the difference in
the molecular mean free path of materials (Lei et al. 2005). Generally, MD is characterized by
low operating temperature (due to high vacuum), short exposure of the distilled liquid to
elevated temperature, high vacuum, and a small distance between the evaporator and the
condenser. Due to the high vacuum condition, oxidation that might occur in the presence of
oxygen is reduced.

The separation efficiency of MD is dependent on many operational factors, i.e.,
evaporation temperature, feed flow rate, and operating pressure (Batistella et al. 2002; Liu et
al. 2008; Martins et al. 2006; Posada et al. 2007). Therefore, the influences of evaporation

temperature during the MD process on the retention of oil-soluble rice phytochemicals,

namely tocols, phytosterols, and Y-oryzanols, in the unevaporated fraction (UMDs), were

investigated in the current study.



2.2 Materials and methods

2.2.1 Materials

Deodorizer distillate (DD) from commercial production of physically refined rice bran
oil was used as the raw material for the production of rice phytochemicals using a pilot-scale

molecular distillation (MD) unit at Surin Bran Oil Co. (Surin, Thailand).

2.2.2 Characteristics of rice bran oil deodorizer distillate (DD)

Thermo-oxidative stability of DD

The thermo-oxidative stability of DD was characterized by a Mettler Toledo DSC821e
differential scanning calorimeter (Schwerzenbach, Switzerland). Four to five mg of DD were
weighed into a 40 pL aluminum sample pan, closed with a lid having a hole of 1 mm internal
diameter drilled in the center. This hole allowed the sample to be in contact with an oxygen
(O,) or nitrogen (N,) stream. A sealed aluminum empty pan was used as a reference. The
sample and reference pans were heated at heating rates (B) of 2, 5, 10, 16, and 20 °C/min. For
thermal stability evaluation, experiments were performed under a N, stream at 100 mL/min
flow rate. The thermo-oxidative stability of DD was determined under an O, stream at a flow
rate of 100 mL/min. When the run was completed, the onset temperature (T,) of oxidation
was determined as the intersection of the extrapolated baseline and the tangent line (leading
edge) of the exothermic peak (Ostrowska-Ligeza et al. 2010). The characterization was
performed in duplicate.

The Ozawa-Flynn-Wall method (OFW) was used to determine activation energy (E,)
(Ostrowska-Ligeza et al. 2010). Linear regression of log [3 versus 1/T, was plotted using Eq. (1)

to determine the slope A:

logp = A(To) + B (1)

where B is the heating rate (°C/min), and T is the onset temperature of oxidation in Kelvin (K).

The activation energy (E,) was calculated using Eq. (2), where R is a gas constant:
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The acid value of DD

The acid value of DD was determined according to the AOCS Official Method Cd 3d-63
(AOCS, 1997). Briefly, 2 mL of 1% phenolphthalein in isopropyl alcohol was added to 125 mL
of solvent mixture (isopropyl alcohol: toluene at the ratio of 1:1 v/v) and neutralized to a faint
pink using 0.1 N KOH. Samples were weighed into an Erlenmeyer flask; 125 mL of a solvent
mixture containing phenolphthalein was added, followed by titration with 0.1 M KOH. The acid

value was calculated using Eq. (3):

Acid value (mg KOH /g sample) = (A-B)* Normality of KOH*56.1 (3)
g sample

where Ais mL of 0.1 N KOH titrated with the sample, and B is mL of 0.1 N KOH used in

titrating a blank (solvent mixture).

Determination of tocopherols and tocotrienols in DD

The AOCS Recommended Practice Ce 7-87 (AOCS, 1997) was used to quantify
tocopherol (Q-T and Y-T) and tocotrienol (QL-T3, B—T3, Y-T3, and O-T3) contents. Briefly, 20 to
30 mg of samples were silylated by sylon BFT, i.e. 1 mL of pyridine and 2 mL of N,O-
bis(trimethylsilyUtrifluoroacetamide (BSTFA) + trimethylchlorosilane (TMCS) mixture (99:1).
Samples were heated at 50 °C for 10 min. The internal standard (heptadecanyl stearate) was
added to silylated samples and mixed thoroughly. An aliquot (1 pL) of each sample was
injected into a gas chromatographic apparatus and quantified for tocopherol and tocotrienol

contents using the response factor (FC) equation shown in Eq. (4):

FC — AIS X CStandard (4)
Astandard X CIS

where A is the area of internal standard (heptadecanyl stearate), Asiangarg IS the area of tocol
standard, Cs is mg of internal standard, and Csizngarg IS Mg of tocol standard.

Capillary gas chromatography was performed by a gas chromatograph equipped with a
flame ionization detector (HP 6890 Series GC system; Agilent Technologies, Santa Clara, CA,
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USA) and HP-5 capillary column (30 m x 0.32 mm x 0.25 um; Agilent Technologies). Helium

was used as a carrier gas at a flow rate of 2 mL/min. The oven temperature was programmed
to increase from 140 to 300 °C at a rate of 10 oC/min, with a 6 min hold at 300 OC; the
temperature was then increased from 300 to 320 °C at a rate of 5 °C/min and held for 10

min. The injector and detector were maintained at 240 and 345 °C, respectively.

Determination of Y-oryzanol in DD

The Y-oryzanol content in each sample was determined spectrophotometrically using
the method described by Khatoon and Gopala Krishna (2004). Briefly, 10 mg of sample was
weighed into a 10 mL volumetric flask, dissolved in hexane, and determined for Y-oryzanol
content by a UV spectrophotometer (Genesys 10S UV-Vis; Thermo Fisher Scientific, Waltham,
MA, USA) at 314 nm using 1 cm cell length. The Y-oryzanol content was calculated, as shown

in Eq. (5):

Absorbance at 314 nm in hexane solution * 10000
g of sample * 358.9

y —oryzanol (mg/100g) =

(5)

Determination of phytosterols in DD

Rice phytosterol contents were determined according to the method described by
Schwartz et al. (2008), using a flame ionization detector (HP 6890 Series GC system) and HP-5
capillary column (30 m x 0.32 mm x 0.25 pm; Agilent Technologies) as previously described

by Sawadikiat and Hongsprabhas (2014).

Antioxidant capacity of DD

The total free radical scavenging capacity of DD, determined by 2,2-diphenyl-1-
picrylhydrazyl (DPPH) assay, was evaluated using a modified method described by Rossi et al.
(2007) and Ghafoorunissa (2007). DPPH was dissolved in ethyl acetate at a concentration of
126.8 uM, and the dilution adjusted to obtain an absorbance at 515 nm of 0.6237 absorbance
units (AU) (Infinite® M200 PRO microplate reader; Tecan Group Ltd., Mannedorf, Switzerland).
UMD samples were diluted with ethyl acetate to obtain approximately 200-3,000 pg/mL of
UMD. A mixture of 100 pL of DPPH solution and 100 pL of diluted UMD sample, having a final
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DPPH concentration of 63.4 uM, was incubated in the dark at 25 + 0.1 °C for 30 min. The
absorbance (Abs) of the mixture was measured at 515 nm. The % scavenging of the sample

was determined, as shown in Eq. (6):

0 : _ Abscontrol B Abssample *
% scavenging = A 100 (6)
S

control

where Abs.oniol is the absorbance at 515 nm of DPPH solution with ethyl acetate (instead of
the sample), and Abs,mpe is the absorbance at 515 nm of DPPH solution containing the
sample. The 50% inhibition concentration (ICso, pg of sample/mL) was determined graphically
by plotting a graph between % scavenging and sample concentration, and calculated as pg of
sample per mL of solution required to obtain 50% of the maximum scavenging capacity. For

comparison, Ol-tocopherol was evaluated under the same conditions.

2.2 3 Effect of distillation temperature on chemical characteristics of the unevaporated
fraction (UMD)

A pilot-scale MD unit modified at Surin Bran Oil Co. (Surin, Thailand) was operated at
distillation temperatures of 120, 140, and 160 °C and a pressure of 0.1 Pa. The unevaporated

fraction, designated as UMD, was analyzed for acid value, 7Y-oryzanol, tocotrienols,
tocopherols, and phytosterols, as well as DPPH antioxidant capacity, using the methods
described above. All samples were kept at 4 °C in amber glass bottles before analyses.

The saponifiable matter in the UMDs obtained after molecular distillation at different
temperatures was determined by high-performance thin-layer chromatography (HPTLC)

(Camag, Berlin, Germany). First, a silica plate was pre-developed in hexane and diethyl ether

using a ratio of 1:1 (v/v). The plate was activated at 110 °C to remove impurities. The
standards and UMD samples were spotted near the bottom of the plate using a glass micro-
syringe. The plate was first developed at a distance of 4.5 cm from the origin. The solvent
system consisted of a mixture of methyl acetate: isopropanol: chloroform: methanol: 0.25%
(w/v) KCl in a ratio of 25: 25: 25: 10: 9 by volume. The plate was dried over NaOH in a
desiccator for 30 min. The second development of the plate was performed at a distance of

9.5 cm in a mixture of hexane: diethyl ether: glacial acetic acid in a ratio of 80: 20: 2 (v/v).
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Separate lipid classes were detected by spraying with 3% (w/v) cupric acetate in 8% (w/v)

phosphoric acid, followed by charring at 160 °C for 20 min to visualize the bands.

2.2.4 Effect of distillation temperature on thermal properties of the unevaporated fraction
(UMD)

Ten mg samples of UMDs obtained at different operating temperatures were weighed
into individual stainless steel pans and analyzed by differential scanning calorimetry (DSC)

(Pyris 1; PerkinElmer, Norwalk, CT, USA). The DSC program was set for the following cycle:
heating from 25 °C to 90 °C and holding at 90 °C for 3 min, cooling from 90 °C to -60 °C at

10 °C/min and holding at =60 °C for 3 min, and heating from -60 °C to 90 °C at 10 °C/min.

The onset temperature (To) and the end temperature of melting (Te) were determined.

2.2.5 Physical characteristics of rice bran oil (RBO) supplemented with the unevaporated

fraction (UMD) and commercial mono-, diacylglycerol (MDG)

Thermal properties
One g samples of RBO, RBO supplemented with 1% UMD obtained after distillation at

140 °C, RBO supplemented with 1% commercial MDG, and RBO supplemented with 1% UMD

and 1% commercial MDG were heated at 70 °C. Fifteen mg samples were weighed into

stainless steel pans and analyzed by DSC. The DSC program was set for the following cycle:
heating from 25 °C to 60 °C and holding at 60 °C for 3 min, cooling from 60 °C to -60 °C at

10 °C/min and holding at =60 °C for 3 min, and heating from -60 °C to 60 °C at 10 °C/min.
The onset temperature (To) and the end temperature of melting (Te) were determined. Solid

fat content (SFC) was calculated by dividing the partial area under the melting curve by the

total area from -60 to 60 °C and multiplying by 100.

Apparent viscosity

RBO and RBO-AMF - in the absence or presence of 1% UMD obtained after distillation

at 140 oC, or 1% commercial MDG — were melted at 70 °C and cooled down to 25 °C. The

apparent viscosity of each sample was measured using a Brookfield viscometer equipped with
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a UL adapter (DV-lll programmable rheometer; Brookfield Engineering, Middleborough, MA,

USA) at 60 rom and 25 °C.

2.2.6 Statistical analysis

One batch of DD was distilled at different temperatures using a pilot-scale MD unit in
two separate trials. Results were subjected to analysis of variance (ANOVA) with confidence
interval set at 95% (P < 0.05) using the statistical software program SPSS for Windows version
12 (SPSS Inc., Chicago, IL, USA). Differences among means were differentiated using Duncan’s

multiple range test at P < 0.05.

2.3 Results and discussion

2.3.1 Chemical characteristics of unevaporated fractions (UMDs) after molecular distillation of

deodorizer distillate (DD)

The DSC thermogram in Figure 1 illustrates that in the absence of oxygen (under a N,
stream), DD obtained from the physical refining process of rice bran oil was thermostable

between 25-300 °C. However, when O, was present, the oxidation of DD started at 121.2 °C at

a heating rate of 2 °C/min.
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Figure 1 DSC thermograms of deodorizer distillate (DD) at a heating rate of 10 °C/min under

oxygen (solid line) and nitrogen (dotted line) streams at a flow rate of 100 mL/min.
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Table 1 indicates that raising the heating rate increased the onset temperature (T,) of
oxidation. The calculated activation energy (E,) of DD was 111.3 kJ/mol, which was higher than
those of sunflower oil, soybean oil, and corn oil (Adhvaryu et al. 2000). The E, of rice bran oil
DD reported in the present study was within the same range as olive oil (Ostrowska-Ligeza et
al. 2010). The reason is probably that both oils contain around 2% polyunsaturated fatty acids
and around 85% monounsaturated fatty acids, while sunflower oil, soybean oil, and corn oil
contain around 46-61% polyunsaturated fatty acids (Adhvaryu et al. 2000; Ostrowska-Ligeza et
al. 2010).

Table 1 Effect of heating rate on onset temperature of oxidation (T,) and activation energy (E.)

of deodorizer distillate (DD).

Heating rate (°C/min) T, (°O)

2 121.25+ 0.2
5 128.89 + 0.4
10 137.1°+ 0.4
16 142.2° + 0.8
20 149.0° + 0.5

E, (kJ/mol), calculated from Arrhenius equation  111.2 + 2.1

Means X s.d. followed by different superscripts are significantly different (P < 0.05).

Table 2 indicates that DD was a rich source of oil-soluble rice phytochemicals. The Y-
oryzanol content in DD was 598.9 mg/100 ¢. The DD also contained high contents of
tocotrienols, tocopherols, and phytosterols. The antioxidant capacity, expressed as the ICs,
was 2,301.6 lg/mL. However, the acid value was very high, i.e., 125.4 mg KOH/g (Table 2),

which is unsuitable for food use.
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Table 2 Chemical characteristics of rice bran oil deodorizer distillate (DD) obtained from

physical refining process

Chemical constituents Mean T s.d.
Acid value (mg KOH/ ¢) 1254 £ 1.0
Y-Oryzanol (mg/100 g) 598.9 + 0.5

Tocotrienol contents (mg/100 g)

Ol-Tocotrienol 777+ 14
B—Tocotrienol 1,132.6 £ 16.1
Y-Tocotrienol 139.2+ 3.2
O-Tocotrienol 6129 £ 155

Tocopherol contents (mg/100 ¢)

Ol-Tocopherol 166.1 £ 1.2
Y -Tocopherol 572+ 0.4
Phytosterol contents (mg/100 g)
B-Sitosterol 970.8 + 77.9
Campesterol 259.2 + 24.3
Stigmasterol 3108 = 17.4
DPPH radical scavenging capacity (ICsq; pg/mL) 2,301.6 £ 45.3

Nonetheless, most FFAs were evaporated after the MD process, resulting in UMDs

having low acid values (Table 3). The acid values of UMDs were reduced dramatically at
distillation temperatures at and above 140 °C and reached the minimum values of less than
2.1 mg KOH/g. After FFAs were removed, some oil-soluble rice phytochemicals were

concentrated in the UMD fractions. Table 3 indicates that Y-oryzanol content was the highest

in UMD obtained at a distillation temperature of 140 °C (P<0.05).
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Table 3 Effect of distillation temperature during molecular distillation on chemical contents of

unevaporated fraction after molecular distillation (UMD)

Chemical constituents Distillation Temperature
120 °C 140 °C 160 °C
Acid value (mg KOH/ g) 42.9° + 2.6 21°+05 1.5°+ 0.1
Y-Oryzanol (mg/100 g) 870.0°+25.1  1070.3°+4.1  1018.1°+28.1
Tocotrienol contents (mg/100 g)
OL-Tocotrienol 150.5°£5.2 151.6°£6.7 81.8°+6.4
B—Tocotrienol 1804.0°+42.2  1206.4°+179.0 471.6°6.3
Y-Tocotrienol 205.7°+14.9 257.7°+18.3 83.4°+7.4
O-Tocotrienol 955.1%+20.3 429.8°+72.8 152.7°+21.2

Tocopherol contents (mg/100 ¢)

Ol-Tocopherol 2655°+11.9  2958%+19.4  61.0°43.9

Y -Tocopherol 108.9°+0.4 76.0°+5.8 not detected
Phytosterol contents (mg/100 g)

B-Sitosterol 2635.0°+134.6 2778.7°+190.4 3160.7°+37.5

Campesterol 763.4°+485  748.0°+545  860.8%+17.6

Stigmasterol 591.8°+44.1  816.2°+60.1  883.3%+235
DPPH radical scavenging capacity 1053.9° +61.7  899.0°+30.7 1385.87+1.1

(ICsp; pg/mL)

Means in the same row, followed by different superscripts are significantly different (P<0.05).

Tocotrienols were the main tocols in DD and all UMD samples. Tables 2 and 3 indicate
that B—tocotrienol was the most abundant isomer, followed by 5—tocotrienol, Y-tocotrienol,

and Ol-tocotrienol, respectively. Both tocopherols and tocotrienols were effectively
concentrated at a low distillation temperature of 120 °C. As distillation temperature increased

to 160 °C, all tocol concentrations in UMDs were dramatically decreased (P<0.05). The

chromatogram in Figure 2 indicates that a high distillation temperature of 160 °C reduced

some unsaponifiable matter, i.e., tocols having a retention time between 12-20 min, shown as

a lower number of peaks in UMD obtained after distillation at 160 °C.
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Figure 2 Effect of distillation temperature on phytochemical profiles of (a) deodorizer distillate,
and unevaporated fractions obtained after molecular distillation at (b) 120 °C, (c) 140 °C and

(d) 160 °C.

Among all four isomers of tocotrienol, more of the O isomer was lost during MD. More

QL isomer, however, was retained at a high distillation temperature than the others. The
variation in the reduction of different isomers may be due to the differences in thermal

stability and boiling point of each isomer. The boiling point of each isomer at 760 mmHg was
predicted using ACD/PhysChem Suite software from ACD/Labs (Toronto, Canada); the Q-
tocotrienol isomer had a boiling point of 542 ¢, while &-tocotrienol had a lower boiling point
of 517 °C (The Royal Society of Chemistry, 2013). The difference in the boiling point could be
due to the different structure of the chromanol head group, of which Ol-tocotrienol has three

methyl-substituted groups, whereas O-tocotrienol has only one methyl-substituted group. The
increase in methyl-substituted groups on the chromanol head group likely increased
intermolecular forces. Consequently, the OQl-tocotrienol isomer has a higher boiling point
compared with the O-tocotrienol isomer and was retained to a great extent when MD was
operated at 140 °C and 160 °C.

The MD process in the present study was performed under high vacuum pressure (i.e.,

0.1 Pa). As a result, oxidation of tocols was likely minimized due to low O, content. Verleyen
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et al. (2001) reported that the headspace pressure and O, concentration above the Q-
tocopherol in triolein hardly influenced the degradation of Q-tocopherol at a high
temperature of around 180-260 °C and reduced pressure of 400-4,000 Pa. Therefore, it is
most likely that the loss of tocols (Table 3) was mainly due to evaporation rather than
thermo-oxidative degradation since the high vacuum pressure was used in the pilot-scale MD
unit investigated in this study. This was due to the thermal stability of DD against the high
temperature, and a very low pressure (0.1 Pa) used during the MD process investigated in the
current study. Phytosterols and Y-oryzanol, however, had higher boiling points than the
tocols, and thus more were concentrated at higher distillation temperature.

Low contents of tocols when the DD was distilled at 160 °C, and low Y-oryzanol
contents when the distillation was carried out at 120 °C, significantly reduced the DPPH
radical scavenging capacity (P<0.05). The values of ICso of UMD obtained after distillation at
160 and 140 °C were different (Table 3). A distillation temperature of 140 °C was then used in
a further investigation as the source of phytosterols, tocols, and 7Y-oryzanols to be
encapsulated due to the high content of Y-oryzanol and reasonably high tocols.

The constituents from UMDs obtained at different distillation temperatures contained
TAGs the most, followed by DAGs or MAGs, depending on distillation temperature. The HPTLC
chromatograms showed only triolein, diolein, and monoolein as compared to the standards

(Figure 3).
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Standard 120 °C 140°C 160°C
Unknown

Triolein

Oleic acid

Diolein
Monoolein

Figure 3 Effect of distillation temperature during molecular distillation on the profile of non-
polar compounds of the unevaporated fractions (UMD), determined by high-performance thin-

layer chromatography.

Densitometric analysis revealed differences in the ratios of non-polar fractions of FFA:

MAG: DAG: TAG in UMDs obtained after distillation at different temperatures (P<0.05; Table 4).

The increase in the distillation temperature from 120°C to 140°C markedly reduced FFA

content. TAGs remained at a level of more than 50% in all UMDs, regardless of distillation
temperature. The increase in temperature from 140°C to 160°C during the MD process,

however, did not significantly change the Y-oryzanol content.
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Table 4 Effect of distillation temperature during molecular distillation on the mass ratios of

non-polar fractions and Y-oryzanol content in the unevaporated fraction (UMD).

Constituents Distillation temperature during molecular distillation
120 °C 140 °C 160 °C
Mass ratios of non-polar fractions
Free fatty acid 0.20% & 0.04 0.00° £ 0.00 0.00° & 0.00
Monoacylglycerol 0.30% & 0.05 0.10° £ 0.00 0.30* = 0.01
Diacylglycerol 0.00° £ 0.01 0.20* £ 0.01 0.10° &+ 0.02
Triacylglycerol 0.50° £ 0.00 0.70* £ 0.01 0.60° £ 0.01

Mean values in the same row, followed by different superscripts are significantly different

(P<0.05).

2.3.2 Physical characteristics of the unevaporated fractions (UMDs) obtained after molecular

distillation

Figure 4 illustrates the thermograms of UMDs obtained after the molecular distillation

(MD) process at different temperatures, i.e., 120, 140, and 160°C, at 0.1 Pa. The UMDs

obtained at distillation temperatures of 140 and 160°C started melting at (-)46 °C. However,

the UMD obtained at a distillation temperature of 120 °C started melting at (-)29 °C. All UMDs

completely melted at 38°C. Similar thermograms of UMDs obtained after distillation at 140

and 160°C suggested that both UMDs had similar constituents, but they were different from

those of the UMD obtained after the MD process at 120°C. Unlike the UMDs obtained from

distillation at high temperatures, the UMD obtained after distillation at 120°C showed an

endothermic peak between around (-)29 and (-)9°C.
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Figure 4 Effect of distillation temperature during molecular distillation on melting profiles of

the unevaporated fraction (UMD).

The endothermic peak was most likely residual FFAs present in the UMD; HPTLC

chromatograms confirmed this as a band of oleic acid, which was found only in the UMD

obtained after distillation at 120°C (Figure 3). The UMD obtained after distillation at 140 °C
(UMD140) was then used in further investigations as the source of mono- and diacylglycerols

from rice bran source on physical characteristics of RBO blends since the UMD4, contained no

FFA, had high Y-oryzanol content, MAG, and DAG.

2.3.3 Effect of surfactants on thermal properties and apparent viscosity of RBO and RBO-AMF
blends

The commercial MDG contained 62.39% palmitic acid, according to manufacturer
datasheet. The commercial MDG had a high content of saturated fatty acid, while the
majority of the MAG and DAG in the UMD was monounsaturated fatty acid of oleoyl esters.
Thermograms of RBO containing UMD and/or commercial MDG are shown in Figure 5. The
addition of UMD and/or commercial MDG did not significantly change the melting

characteristics of RBO, although they were different in terms of chemical composition and

melting point. The melting point range of UMD was between (-)46.2 to 37.8°C (Table 2), while
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the melting point range of commercial MDG was between 45-65°C (results not shown). The

melting temperature of RBO was within a range of (-)30 to 5°C.

RBO

RBO + 1% UMD
RBO + 1% commercial MDG

RBO + 1% UMD
+ 1% commercial MDG

Endothermic heat flow (mW)

o

-60 -5'0 -‘;0 -3IO -‘.;0 -{0 0 1'0 20 3'0 4'0 5'0 ‘ 63?5‘
Temperature (°C)
Figure 5 Effect of surfactant addition on the melting profiles of rice bran oil (RBO). The

surfactants used were the unevaporated fraction after molecular distillation at 140 °C (UMD)

and a commercial mono- and diacylglycerol (MDG).

From practical standpoints, physically refined RBO was prone to clouding when stored

at low temperatures (15 and 25°C) as in the refrigerator or in the temperate zone, observed as
the solid fat content (SFC) at low temperature (Table 5). Although the melting profiles of RBO

supplemented with UMD and commercial MDG were not significantly different, the addition of
UMD and MDG slightly increased SFC of RBO at 15°C (P<0.05). The presence of MDG slightly

increased the SFCs of RBO at 25°C (P<0.05), indicating that commercial surfactant could

induce nucleation of solid fat crystal shown as clouding defect in the liquid oil. However, such

crystallization of solid fat was too low to form a fat crystal network between 15-35°C.
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Table 5 Effect of surfactant addition on the onset of melting (To) and solid fat content (SFC) of

rice bran oil (RBO). Surfactants used were the unevaporated fraction after molecular

distillation at 140 °C (UMD) and commercial mono- and diacylglycerol (MDG).

Treatments RBO RBO RBO RBO
+1% UMD +1% commercial + 1% UMD
MDG + 1%

commercial MDG

To (°C) —30.6° £ 1.0 —285% 1t 1.2 —28.6° % 1.1 —27.7° %t 16
Te (°0) 4.9 %07 499103 542106 50204
SFC at 15 °C 0.7°£ 0.0 0.8° 0.1 0.8%° 1+ 0.1 0.9t 0.1
SFC at 25 °C 0.4° 0.0 0.5% +.0.0 0.6 £ 0.0 0.6°% 0.1
SFC at 35 °C 0.1 £ 0.0 0.1 £ 0.0 0.1 £ 0.01 0.1 £ 0.0

Mean values (X standard deviation) in the same row, followed by different superscripts are

significantly different (P<0.05).

The addition of UMD did not affect the apparent viscosity of RBO and mixed RBO-AMF
at the ratio of 75:25. However, the addition of commercial MDG increased the apparent
viscosity of RBO and RBO-AMF slightly (P<0.05; Table 6), which suggested that the solid fat
particles s induced by commercial MDG, despite minute amount, could induce nucleation that
resisted the liquid flow of RBO observed as a slight increase in viscosity of RBO-MDG blend.
However, the presence of UMD caused a minute amount of SFC to be retained at 25°C (Table

5), it did not affect the viscosity of RBO at SFC similar to that of MDG (Table 4).
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Table 6 Effect of surfactant addition on apparent viscosity at 25 °C of rice bran oil (RBO) and
rice bran oil-anhydrous milk fat (RBO-AMF) blended at a ratio of RBO to AMF of 75:25.

Surfactants used were the unevaporated fraction after molecular distillation (UMD) obtained at

140 °C and commercial mono- and diacylglycerol (MDG).

Treatments Apparent viscosity (mPa-s)
RBO 79.2° %+ 35
RBO + 1% UMD 759° k1.7
RBO + 1% commercial MDG 88.6°+ 3.2
RBO-AMF 75.9°*t 94
RBO-AMF + 1% UMD 73.6°% 2.3
RBO-AMF + 1% commercial MDG 85.6°t 2.8

Mean values (X standard deviation) followed by different superscripts are significantly different

(P < 0.05).

This study indicated that deodorizer distillate (DD) from the physical refining process of
rice bran oil was a rich source of tocotrienols, tocopherols, phytosterols, and Y-oryzanol. DD
was quite thermo-oxidatively stable for the MD process under the operating conditions used in
the current study. Nevertheless, the distillation temperature during the MD process was a

crucial processing parameter influencing the retention of rice phytochemicals in the

unevaporated fraction in UMDs. The UMD, which contained high contents of Y-oryzanol,
tocols, and phytosterols, as well as readily present rice surfactants, could further be used in

further food processing.
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Abstract

The UMD obtained from the pilot-scale MD unit operated at 140 °C, 0.1 Pa, and a flow
rate of 10.14 - 10.66 kg/h was used as a source of rice phytochemicals and co-surfactants
during vesicle preparation using different surfactants, namely polyoxyethylene sorbitan
monooleate (Tween80), soy lecithin, or sucrose palmitate. It was found that the vesicles
formed by soy lecithin and sucrose palmitate were polydispersed and varied in size. However,
the size of Tween 80/UMD vesicles ranged from 200 nm to 300 nm in phosphate-buffered
saline (PBS) pH 7.0 suspensions, which could be used as a carrier for rice phytochemicals

when used in the aqueous phase. The filtered sterile vesicle suspensions in PBS, a model

drink, were stable within the temperature range of 4 to 37 °C and maintained the size range

of 200 — 300 nm for 96 h. Results indicated that the Tween 80/UMD vesicle was able to carry

814 g phytosterol/mL, 453 g tocols/mL, and 200 pg Y-oryzanol/mL as maximum load
without causing phase separation of the oil phase in the PBS after preparation and storage at

low temperatures. The suspensions containing Tween 80/UMD vesicles could be uptaken by
Caco-2 and THP-1 cells. At high concentration of 163 Llg/mL phytosterol, 91 Wg/mL tocols

and 40 Ug/mL Y-oryzanol, the vesicles reduced viability of Caco-2. Moreover, the vesicle

showed potential immunomodulation properties in THP-1 macrophages.

3.1 Introduction

Rice bran oil is well known as healthy oil since it is composed of many nutraceuticals
that possess many health benefits (Orthoefer, 2005). Many factors influence the immune
system development, including the diets and nutritional status of the individual. Among
nutrients, lipids have a crucial role in the immune system (Sierra et al, 2005). The
unsaponifiable components of RBO are, in part, responsible for the health effect of RBO.
Sierra and colleague (2005) showed that RBO modulated the immune system by enhancing B-

lymphocyte proliferation and T-helper 1-type (Ty1-type) cytokine such as Interleukin-2 (IL-2) or
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Tumor Necrosis Factors- QU (TNF-Q) in mice. They also suggested that RBO may have
antiallergenic properties due to the reduction of the T-helper 2 (TH2) cytokine Interleukin-4
(IL-4) and immunosglobulin E (IgE) levels in mice. Moreover, they also pointed out that Y-
oryzanol may partly modulate the immune system.

Vitamin E is another RBO component that plays a crucial role in the normal function of
immune cells. Yamada et al (2002) suggested that tocotrienol and Ql-tocopherol modulate
lipid metabolism and immune functions in aged Sprague-Dawley rats. Supplementation of
vitamin E above currently recommended levels has been shown to improve immune
functions in the aged rats, which include delayed-type hypersensitivity skin response and
antibody production in response to vaccination (Meydani et al, 2005). Vitamin E improved
immune functions by mediating through the increased production of IL-2, leading to the
enhanced proliferation of T cells, and through reduced production of prostaglandin E,, a T-cell
suppressive factor, as a result of a decreased peroxynitrite formation. The vitamin E-induced
enhancement of immune functions in the aged animals was associated with significant
improvement in resistance to influenza infection in aged mice and a reduced risk of acquiring
upper respiratory infections in nursing home residents (Meydani et al, 2005). Moreover,
tocotrienol has been shown to contribute to the immunomodulation, antibody production,
and resistance to the implanted tumor (Nesaretnam et al, 2006).

Phytosterols component in RBO is well known as natural hypocholesterolemic agents.
However, not only the cholesterol-lowering effect, phytosterol also showed other benefits
such as protective effect in cancer and cardiovascular disease and immunological effects
(Desai et al, 2009). According to Calpe-Berdiel et al (2007), phytosterols modulated the T-
helper immune response /n vivo, in part independently of their hypocholesterolemic effect in
a setting of acute, aseptic inflammation in a mouse model. Moreover, B—sitosterol, a
significant member of phytosterol, is effectively modulating the secretion of pro/anti-
inflammatory cytokines and showed a beneficial effect in multiple sclerosis management

without side effect related to statin therapy (Desai et al, 2009).
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However, the insolubility of these rice phytochemicals in the aqueous phase could
lead to their limited use in aqueous food systems. In the present study, we proposed that
the UMDs could be used in the fabrication of small vesicles that can disperse in water due to
their indigenous phytosterols, MAG and DAG in the UMDs (Nukit et al. 2014; Sawadikiat and
Hongsprabhas 2014). Amphiphilic molecules usually fabricate a closed spherical structure of
vesicle in a bilayer membrane (Mollet and Grubenmann 2001). A well-known vesicle
fabricated by phospholipids is called a liposome. Usually, the fabrication of a vesicle also
requires cholesterol to stabilize the vesicular structure (Vemuri and Rhodes 1995), which
would be replaced by rice phytosterols in the current study.

We hypothesized that the rice phytochemicals concentrated in the UMDs could act as
co-surfactant and vesicle stabilizer. To our knowledge, the use of the unevaporated fraction
(UMDs) - obtained after molecular distillation of DD from the physical refining process of rice
bran oil — which contains a mixture of rice phytochemicals and surfactants, has received little
attention and thus merits further investigation. The objectives of the present study were to
explore the effects of UMDs in the fabrication of vesicles that were stable in the aqueous
phase and explore if the human cell model could passively absorb such small-sized vesicles.
The insights obtained could be used to enhance the utilization of co-products from rice bran

oil refinery in the production of water-dispersible rice nutraceuticals.

3.2 Materials and methods

3.2.1 Materials

Deodorizer distillate (DD) from commercial production of physically refined rice bran
oil was used as the raw material for the production of rice phytochemicals by a pilot-scale
molecular distillation (MD) unit at Surin Bran Qil Co. (Surin, Thailand) in the unevaporated
fraction (UMD) using process conditions as previously described. De-oiled soy lecithin (Solae,
St. Louis, MO, USA) and sucrose palmitate (HLB 16) (P1670;, Mitsubishi-Kagaku Foods
Corporation, Tokyo, Japan) were kindly provided by Rama Production Co., Ltd., Thailand, and
Caltech Corp., Ltd., Thailand, respectively. Polyoxyethylene sorbitan monooleate (Tween 80)

was purchased from Sigma-Aldrich. Other chemical reagents were of analytical grade.
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Heterogeneous human epithelial colorectal adenocarcinoma (Caco-2) cell passage
number between 30-54 (American Type Culture Collection, Rockville, MD, USA) and the
human monocytic leukemia cell line (THP-1, American Type Culture Collection, Rockville, MD,

USA) were used in this study.

3.2.2 Effect of UMD and commercial surfactants on vesicle fabrication

Vesicles were prepared using the Bangham method, described by Takahashi et al.

(2007). Commercial surfactants — soy lecithin, Tween 80, or sucrose palmitate (0.05 to 0.16 ¢)

- and UMD samples (0.04-0.15 g) obtained from MD operated at 140 °C were dissolved in 8
mL chloroform in a screw-cap test tube and mixed thoroughly. The solvent was evaporated to
dryness under a N, stream. The residual solvent was further dried overnight in a hood. Then 8

mL of phosphate-buffered saline (PBS) pH 7.3 was added to the thin film of surfactant/UMD

and heated at 55-60 °C for 10 min. The test tube was then shaken vigorously using a vortex
mixer for 5 min. The solid concentration of surfactant/UMD vesicles, having different ratios of
surfactant to UMD of 1:0, 1:0.25, 1:1, 1:2, 1:3, 1:4 and 1:5 in the suspension, was 2.5% (w/v) in
PBS.

Determination of vesicle size diistribution in PBS

The size distribution of surfactant vesicles and surfactant/UMD vesicles in PBS was
analyzed by a Zetasizer Nano-ZS (Zen 3600; Malvern Instruments Ltd., Worcestershire, UK).
Only treatments capable of UMD holding capacity (no observable phase separation between

the aqueous phase and oil phase) were used.

Storage stability of vesicles in PBS

Surfactant/UMD vesicle suspensions in PBS were aseptically filtered to sterile the
suspensions using a 0.22 Wm nitrocellulose membrane (MF-Millipore™ membrane filter;

Millipore, Billerica, MA, USA). The sterile suspensions were kept at 4-5 °C or 37 °C for 0, 24,

48, 72, and 96 h before determination of size distribution using a Zeta Nano-ZS.
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3.2.3 Biofunctional properties of Tween80/UMD vesicle in Caco-2 cell monolayer and THP-1

macrophages

Formation of Tween80-based vesicles containing different oil-soluble phytochemicals

The tween80-based vesicle was prepared by using the Bangham method as previously
described, with or without the UMD. Extra virgin olive oil was also used as a lipid phase in the
absence of UMD. B—Sitosterol and dioleoyl glycerol surfactants were tested for their ability to
stabilize the vesicle and as a co-surfactant, respectively. Tween80-based vesicle composition
in each treatment is presented in Table 7. The suspensions were prepared by dissolving the
chemicals and UMD in 8 mL chloroform in a screw-cap test tube and mixed thoroughly. The
solvent was evaporated to dryness under the N, stream. The residual solvent was further

dried overnight in @ hood. Then the thin film of surfactant-UMD was added with 8 mL of

phosphate-buffered saline (PBS) pH 7.3 and heated at 55-60 °C for 10 min. The test tube was
shaken vigorously using a vortex mixer for 5 min. The suspensions were tested for size
distribution by using Zetasizer Nano-ZS (Zen 3600, Malvern Instruments Ltd., Worcestershire,
UK) since the oil medium was changed from rice bran oil-based to virgin olive oil-based in the
formulation without UMD. The experiments were carried out at Wageningen University and

Research, The Netherlands.

Table 7 Formulation of Tween80-based vesicles

Treatment Tween80 B—Sitosterot Dioleoylglycerol Olive oil UMD
(surfactant) (stabilizer) (co-surfactant) (oil phase) (mg)
(mg) (mg) (me) (mg)

A 50 - - 1135 -

B 50 - - 150

C 50 6.5 - 113.5 -

D 50 - 30 113.5 -

E 50 6.5 30 1135 -
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Stability of Tween80/UMD vesicle during in vitro gastrointestinal digestion

The prepared Tween80/UMD vesicles were exposed to various in vitro digestion steps,
as previously described by Vreeburg et al (2012). Briefly, 10 ¢ of Tween80/UMD vesicle
suspension (25 mg/mL) was mixed with 140 mM NaCl 5 mM KCL 10 mL in 50 mL tube and
adjusted pH to 2 with 1 M HCl. A 0.667 mL of 40 ¢/L porcine pepsin in 0.1 M HCl was added

to the suspension and incubated for 30 min at 37 °C. After incubation, 1 M NaHCO; was used
to raise the pH to 5.8, then 0.95 mL of 40 ¢/L pancreatin in 0.1 M NaHCOs, 40 ¢/L lipase in 0.1
M NaHCO; and 0.5 mL of bile salt were added to the suspension and pH was adjusted to 6.5

by 1 M NaHCO;. The tube headspace was flushed with N, gas and incubated at 37°C for 30
min. The digestion was stopped by adjusting the pH to 7.5 using 1 M NaHCO; The digested
sample was further analyzed for their size distribution by a Zetasizer Nano-ZS to estimate the

stability of vesicles against the physiological conditions of the Gl tract.

Influence of Tween80/UMD vesicle on the viability of Caco-2 monolayer

The colorimetric MTT metabolic activity assay was used to determine the viability of
Caco-2 cells monolayer after they were exposed to Tween80/UMD vesicles. Briefly, Caco-2
cells were seeded at a density of 1.95 X 10° cells per insert in a 24 transwell plates format
and grew to confluence for 21 d. The culture medium was replaced every other day. The
transepithelial electrical resistance (TEER) value was measured by using MilliCell-ERS Q-meter
to assess the integrity of Caco-2 monolayers. Caco-2 monolayers with a TEER value above 200

Q)/cm? were used for viability tests. The 21-days old Caco-2 monolayers were exposed to

Tween80/UMD vesicle at concentrations 0.1, 1.0, and 5.0 mg/mL for 3 h at 37 °Cin 5% CO,
humidified incubator. After incubation, medium in basolateral and apical chambers was
removed, and the cells were washed with fresh PBS, added with 50 uL of 0.25% trypsin-EDTA
into the transwell apical chamber and incubated for 10 min at 37°C to detach cells from
transwell membrane. The 100 pyL of DMEM medium was added into the apical chambers to
inhibit trypsin activity.

The detached cell suspension was transferred to 96-wells V bottom plate, centrifuged
at 500 relative centrifugation force (rcf) for 5 min. The supernatant was removed by using a
multi-channel micropipette. The sediment cells were resuspended in 100 pL of MTT solution
containing 0.5 mg/mL MTT in DMEM and 10% FBS and incubated for 2 h at 37°C in 5% CO,
humidified incubator. The plate was centrifuged at 500 rcf for 5 min, and the MTT solution
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was discarded using a multi-channel micropipette. A mixture of 50 UL of DMSO: ethanol (1:1)
was added into each well, and the plate was mildly shaken for 5 min. The absorbance was
measured at 570 nm using a microplate reader (Infinite 200 PRO, Tecan Group Ltd,
Mannedorf, Switzerland). All experiments were performed in duplicate. Viability of Caco-2

cells in PBS in a similar amount as the treatment groups was used as a control.

Influence of Tween80/UMD vesicle on the viability of THP-1 macrophage

The human monocytic leukemia cell line (THP-1, American Type Culture Collection,
Rockville, Md.) was grown in RPMI 1640 culture medium containing 10% fetal bovine serum
(FBS) and 1% penicillin/ streptomycin (P/S). The THP-1 monocytes were differentiated into
macrophages by the addition of phorbol 12-myristate 13 acetates (PMA, Sigma). In brief, 0.5

ml (5 x 10° cells) or 82 ML (8.2 x 10* cells) of cell suspension containing PMA (final
concentration 100 ng/ mL of cell suspension) were seeded into 24 wells and 96 wells cell
culture plate, respectively, and incubated in an incubator humidified with 5% CO, at 37 °C for
48 hrs.  After incubation, undifferentiated monocyte and PMA were discarded, and
differentiated macrophages were washed twice with RPMI 1640 culture medium containing
10% fetal bovine serum (FBS) and 1% penicillin/ streptomycin (P/S) and rest for 24 hrs before
the experiment.

The colorimetric MTT metabolic activity assay was used to determine the viability of
THP-1 macrophage after exposure to Tween80/UMD vesicles. The differentiated macrophages
were treated with 100 uL of the sample, i.e., PBS (control) and Tween80/UMD vesicles at
concentrations 0.01, 0.1, and 1.0 mg/ml into the designed well and incubated for 24 hrs. After

incubation, the stimulating mediums were removed, and 100 UL of MTT solution (0.5 mg/ml)
were added to each well and incubated for 2 hrs. MTT solutions were discards and 30 AL

DMSO: ethanol (1:1 v/v) were added and mildly shake the plate for 5 minutes and read

absorbance at 570 nm.

Effect of oil-soluble phytochemicals in Tween80-based vesicles on THP-1 gene
expression

Various types of Tween80-vesicles were prepared by using the Bangham method as
described previously. Tween80-vesicle containing UMD was designated as a Tween80/UMD

vesicle (UV). The 8 mL of vesicle suspensions contained Tween80 (50 mg), dioleoylglycerol
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(30 mg), trioleoylglycerol (113.5 mg) and B—sitosterol (6.5 mg) was designated as Tween80/
dioleoylglycerol/trioleoylglycerol/ B—sitosterol vesicle (EV). Tween80/dioleoylglycerol/
trioleoylgLycerol/B—sitosteroL vesicle containing either Ol-tocopherol (0.44 mg/8 mL) or Y-
oryzanol (1.6 mg/8 mL) was designated as Tween80/dioLeoylgtycerol/trioleoytglyceroL/B—
sitosterol/tocopherol vesicle (TV), and Tween80/dioleoylglycerol/trioleoylglycerol/ B—
sitosterol/Y-oryzanol vesicle (OV), respectively. The treatments were designed to elucidate
the constituent in the UMD was most likely responsible for the immune responses of THP-1
macrophase.

The differentiated THP-1 macrophages were stimulated for 24 h with Tween80-

vesicles at concentrations of 0.01, 0.1, and 1 mg/mL. Stimulated macrophages were

harvested, and immunomodulatory activities were investigated by measuring gene expression.

The expression of genes encoding for pro-inflammatory cytokines, i.e., IL—1B, IL-8 and TNF-QL,
were evaluated.

The gene expression by real-time gPCR was conducted by isolation of total RNA by
using the RNeasy mini kit (Qiagen, USA) with RNase-free DNase (Qiagen, USA) treatment for 15
min. The 1% agarose gel was used for checking the purity of the RNA sample, and Nanodrop
was used to calculate the concentration of RNA in the sample. The complementary DNA
(cDNA) was synthesized from isolated RNA sample with an iScript cDNA synthesis kit (Bio-Rad,
USA). cDNA 200 ng was mixed with 10 WL of IQ™ SYBR Green Supermix (Bio-Rad, USA) and
primer pair in 20 UL reaction volume. The mixture was preheated at 95 °C for 90 s, followed
by PCR for 40 cycles, denaturing at 95 °C for 10 s, annealing at 58 °C for 10 s, elongation at
72 °C for 15 s, and finally elongation at 72 °C for 2 min. Glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) was chosen for normalization. The values expressed as fold change

relative to the value at time point zero, calculated as AACt as described in Eq. 7.

AACt = 2—(ACt GAPDH—-ACt sample) (7)
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3.2.4 Statistical analysis

Results were subjected to analysis of variance (ANOVA) with confidence interval set at
95% (P < 0.05) using the statistical software program SPSS for Windows version 12 (SPSS Inc.,
Chicago, IL, USA). Differences among means were differentiated using Duncan’s multiple range

test at P < 0.05.
3.3 Results and discussion
3.3.1 Effect of commercial surfactants on the formation of vesicles containing UMD

Vesicles containing UMD in the presence of a commercial surfactant, i.e., soy lecithin,
Tween 80, and sucrose palmitate, were fabricated. In the absence of UMD, soy lecithin
vesicles showed a bimodal size distribution, with a high % intensity of the particles having
sizes around 170 nm and 970 nm (Figure 6a). Incorporation of UMD into soy lecithin/UMD
vesicles using lecithin to UMD ratio of 1:0.25 (w/w) resulted in bimodal size distribution with
smaller particle sizes of 60 nm and 380 nm. Further increasing the UMD ratios in lecithin/UMD
vesicles to 1:1, 1:2, and 1:3 resulted in polydispersed colloidal suspensions, which indicated

the instability of soy lecithin/UMD vesicles in PBS.
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Figure 6 Particle size distributions of surfactant/UMD vesicles prepared using different ratios of
surfactant to UMD: (a) soy lecithin/UMD vesicles, (b) Tween 80/UMD vesicles, and (c) sucrose

palmitate (SP)/UMD vesicles.
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The size distribution of vesicles fabricated using Tween 80 in PBS showed bimodal
distribution (Figure 6b). Most Tween 80 vesicles had a size around 20 nm, whereas a much
lower population had a diameter of around 1,000 nm. The incorporation of UMD into Tween
80/UMD vesicles at a Tween 80 to UMD ratio of 1:0.25 (w/w) resulted in two major groups of
vesicles. The first group with a high % intensity had a size of about 20 nm. The second group
of vesicles, with lower % intensity, had a size range between 200 to 300 nm. When the UMD
ratio was increased to 1:1, 1:2, and 1:3 (w/w), the Tween 80/UMD vesicles showed
monomodal size distribution, with the majority having sizes of around 200 to 300 nm, and no
lipid separation was observed, suggesting that the fabricated Tween 80/UMD vesicles could
hold a high content of UMD, indicating the potential for encapsulating rice phytochemicals
concentrated from DD by the MD process. Increasing the ratio of UMD to 1:4 and 1:5, however,
resulted in the aggregation of Tween 80/UMD vesicles at a size of around 3000-4000 nm
(results not shown), which separated from the aqueous phase after 3 h of preparation. In this
study, Tween 80/UMD vesicles had an average diameter higher than that of micellar Tween 80
of 35 A (Amani et al. 2011),

Sucrose palmitate (SP), however, gelled in PBS at the concentration used in the current
study. Therefore, the size distribution of vesicles in PBS could not be determined.
Nonetheless, incorporation of UMD into SP/UMD vesicles resulted in suspensions instead of
gel. However, the SP/UMD vesicles showed polydispersed distribution, ranging from submicron
to micrometer size (Figure 60).

The more exceptional ability of Tween 80, compared with soy lecithin and sucrose
palmitate, in aiding the formation of surfactant/UMD vesicles may be due to the structure of
the surfactant and the composition of the UMD itself. The UMD was composed of
triacylglycerol, DAG, and MAG, with an oleoyl chain as the major esterified fatty acid (Nukit et
al. 2014). Therefore, the hydrophobic tail of the oleoyl chain in Tween 80 molecules and the
oleoyl chain in the UMD reported in the current study may self-assemble into stable vesicles.

Despite the highly negatively charged groups of phosphatidylcholine and
phosphatidylethanolamine, which generally favor liposome or vesicle formation by soy
lecithin, the major acyl groups of commercial soy lecithin are usually linoleoyl (65.9 %) and
oleoyl (10.6%) chains (Magil et al. 1981). The conjugated double bond of linoleoyl and oleoyl
chains may not favor the formation of a thermodynamically stable bilayer of vesicles. Similar
results were observed in SP/UMD vesicles, of which the esterified palmitate was the major

acyl chain.
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After filtered sterilization, the size distribution of Tween 80/UMD vesicles in PBS
showed the monomodal distribution of around 200 nm, with a narrow size range. The filtered
sterile suspensions were quite stable at a low temperature of 4-5 °C and 37 °C for 0, 24, 48,
72, and 96 h (Figure 4). After storage, the average vesicle diameter remained around 200 nm
(Figure 7). The Tween 80/UMD vesicles, however, had a wider size range compared to that
before storage at 0 h, possibly due to vesicle flocculation. Nevertheless, Tween 80/UMD

vesicles in PBS showed potential use in the formulation of vesicle suspensions that were

stable over a temperature range from chilled storage to body temperature.

30

30 30
* 4°C (@)0h * 4°C (b)24 h * 4°C (c)48h
B 37 OC 8 37 °C 2 37 oC
204 204 20
[72] [%} 17}
5 g 5
E E E
X R R
104 104 104
(o (o] 0
10 100 1000 10000 1 10 100 1000 10000 1 10 100 1000 10000
Size (nm) Size (nm) Size (nm)
30 30
* 4°C (d)72h +* 49 (e)96h
B 37°C 8 37°C
204 20
= =
[2] |2}
g s
£ £
£ R
10 104
o] 0
1 10 100 1000 10000 1 10 100 1000 10000
Size (nm) Size (nm)

Figure 7 Effect of storage time and temperature on the particle size distribution of Tween

80/UMD vesicles stored at different temperatures.
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3.3.2 Effect of phytosterol and diacylglycerol formulation on the stability of vesicle

Figure 8a illustrates that Tween80 alone could not stabilize Tween80/olive oil vesicle.

The vesicles in PBS were polydispersed and had a size range of 20 nm to above 6 lUm. On the

other hand, UMD, which contained residual triacylglycerol, monoacylglycerol, diacylglycerol
(Nukit et al, 2014), as well as mixed phytosterols such as B—sitosterot, campesterol,

stigmasterol, as well as tocols and Y-oryzanol (Sawadikiat et al. 2015), was able to maintain
the average size of the vesicle ranged from 30 to 1,000 nm, with the average size of 200-300

nm (Figure 8Db).

The vesicles containing Tween80, olive oil, and B—sitosterol (Figure 8c), and those

containing Tween80, olive oil, and dioleoylglycerol (Figure 8d), showed polydispersed

suspensions.  Only the vesicles containing Tween80, olive oil, dioleoylglycerol, and B—
sitosterol (Figure 8e) maintained the size range of 50-1500 nm with the highest % intensity at

400 nm.

The result confirmed that both dioleoylglycerol and B—sitosterol were essential in the
formation of Tween80-based vesicles. However, the size of the vesicles shown in Figure 8b

(Tween80/UMD vesicles) was smaller than vesicles shown in Figure 8e. Both vesicle types

contained Tween80, olive oil, dioleoylglycerol, and B—sitosterol. The Tween80/UMD vesicles
contained additional surfactants like monooleoylglycerol in the UMD (Nukit et al., 2014). This
result suggested that the monoacylglycerol in UMD could also act as co-surfactant along with
dioleoylglycerol and be responsible for the fabrication of vesicles having a size range of 200-
300 nm. Such a small size could help enhance the cellular uptake of the vesicles and

phytochemicals through passive diffusion.
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Figure 8 Effect of formulation on the size distribution of vesicles: (a) Tween80/olive oil; (b)
Tween80/UMD (RBO-based); (c) Tween80/olive oil/B—sitosterol; (d) Tween80/olive

oil/dioleoylglycerol, and (e) Tween80/olive oil/dioleoylglycerol/B-sitosterol.



The /n vitro digestion model was used to investigate the effect of physiological
conditions in the human gut on the stability of Tween80/UMD vesicles. Table 8 showed that
the average particle size of Tween80/UMD vesicles significantly increased to 300 nm after the
suspension from the stomach condition (very acidic condition) was adjusted to pH 5.8
(P<0.05). The size of the Tween80/UMD vesicle remained around 300 nm after the addition of
the intestinal enzymes and bile salt, which suggested that increasing of pH close to the

neutral pH and intestinal condition induced vesicle flocculation.

Table 8 Effects of physiological conditions during digestion on the average size of

Tween80/UMD vesicles

In vitro digestion steps Average size (nm)
Undigested vesicle in PBS pH 7.4 237 + 6

Added salt solution 228+ 5
Adjusted to pH of 2 272%¢ + 38
Digested with pepsin 270°¢ + 14
Adjusted to pH of 5.8 309° + 50
Digested with intestinal enzymes and bile salt 303% + 29
Adjusted to pH of 6.5 261%¢ + 21
Adjusted to pH 7.5 294°° + 48

Mean + standard deviation

3.3.3 Cytotoxicity of Tween80/UMD vesicle in Caco-2 cell monolayer and THP-1 macrophage

Figure 9 showed the viability of 21 day-old Caco-2 cell monolayers after 3 h
incubation with Tween80/UMD vesicles at different concentrations. The viability of Caco-2
cell was calculated in relation to PBS treated cells (control). The presence of Tween80/UMD
vesicle up to 2 mg/mL slightly increased cell viability. However, increasing Tween80/UMD
vesicle concentration up to 4 mg/mL significantly lowered the viability of Caco-2 cells to 90%
(P<0.05). Increasing Tween80/UMD vesicle to high concentration at 5 mg/mL further
decreased cell viability down to 80%. In this study, the Tween80 concentration in the tested
sample was around 0.125 % (w/v). O’Sullivan et al. (2004) reported no cytotoxic effect of

Tween80 in the differentiated Caco-2 cell after the cells were treated with Tween80 at 1 mL/L

40



(0.1 % w/v) concentration for 24 h. Later on, Lu and colleague (2014) showed that Tween80
was not toxic to Caco-2 cells when the concentration was increased to 0.125 %. Nonetheless,
the cell viability of Caco-2 decreased when the concentration of Tween80 was increased to

0.25 % (Lu et al. 2014).
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Figure 9 Effect of Tween80/UMD vesicles at the different concentrations on Caco-2 cell

viability after 3 h incubation. Bars represent the standard deviation.

Tween80/UMD vesicle was also investicated for its potential cytotoxicity on THP-1
macrophages after incubation for 24 h. The viability of THP-1 macrophages was calculated as
relative to cells grown in the media containing PBS as a control. Figure 10 indicated that the

Tween80/UMD vesicle was not toxic to THP-1 macrophages at the concentration of 1.0
mg/mL. At this vesicle concentration, Tween80/UMD contained 32.6 lg/mL phytosterol, 18.1

Hg/mL tocols and 8.0 Hg/mL Y-oryzanol by calculation. According to Geys et al (2010),
Tween80 did not affect the viability of THP-1 macrophages at a concentration of 0.1 %, i. e.

1.0 mg/mL.
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Figure 10 Effect of Tween80/UMD vesicle concentrations on the viability of THP-1

macrophages after 24 h incubation. Bars represent standard deviation.

The 21 day-old Caco-2 monolayer in transwells was exposed to Tween80/UMD
vesicles at a final concentration in medium of 0.1, 1, and 5 mg/mL for 3 h. The integrity of the
Caco-2 cell monolayer tight junction was monitored using TEER measurement.
Transepithelial/transendothelial electrical resistance (TEER) is a quantitative technique to
measure the integrity of tight junction dynamics in cell culture models of endothelial and
epithelial monolayers. The TEER values are indicators of the integrity of the cellular barriers
before they are evaluated for the transport of drugs or chemicals. Figure 11 showed the TEER
values of all the treatments, including PBS. It was found that the TEER values gradually

decreased over the three-hour incubation period.
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Figure 11 Effect of Tween80/UMD vesicle concentrations on the TEER-values of Caco-2 cell

monolayer over incubation time of 3 h.

The Caco-2 cell monolayer could be sensitive to many factors, including the
fluctuation of CO, and temperature during TEER measurement, which could lead to the
reduction of TEER value. Moreover, the incubation time was too short to observe the TEER
value change trend. For further investigation, the incubation time should be prolonged in
order to investigate the influence of vesicle on the change in TEER value. TEER values are
indicators for barrier models such as blood-brain barrier (BBB), gastrointestinal (Gl) tract, and
pulmonary transports. Variations in TEER value can also arise due to factors such as
temperature, medium formulation, and passage number of cells and should be investigated
how the Tween80/UMD vesicles are transported into the cells.

Tween80/UMD vesicles loaded with 6-coumarin were used to track the intracellular
uptake of vesicles by Caco-2 cell monolayer. Figure 12 illustrates that Tween80/UMD vesicles
were present in the cells but mostly on the cell surface. For better results, the nuclei and

tight junction should be stained in order to indicate cell structure and vesicle localization.
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Figure 12 CLSM micrograph of Caco-2 cell monolayer after Tween80/UMD vesicles were

uptaken. Tween80/UMD vesicles loaded with 6-coumarin fluoresced in green.

3.34 Effect of individual oil-soluble phytochemical and the UMD encapsulated
phytochemicals on the immunomodulatory activity of THP-1

The immunomodulatory properties of individual oil-soluble rice phytochemical
encapsulated in Tween80/UMD vesicles were investigated, in comparison to the mixed
phytochemicals in UMD, by using the THP-1 macrophages model. In a preliminary study, THP-

1 macrophages were stimulated with Tween80/UMD vesicles at various concentrations up to 5
meg/mL for 3 and 6 h. Gene expression of inflammatory-related cytokine, i.e., IL—1B, IL-8 and

TNF-OL remained unchanged compared to cells grown in PBS (data not shown). In this

investigation, THP-1 macrophages were exposed with Tween80-based vesicles, i.e.,
Tween80/UMD  (UV), Tvveen80/dioleoytgLyceroL/trioleongLyceroL/B—sitosterol vesicle (EV),
Tvveen80/dioleoylglycerol/trioleoylgLyceroL/B—sitosteroL/OL—tocopherol vesicle (TV) and
Tween80/dioleoylglycerol/trioleoylglycerol/ B—sitosterol/Y—oryzanol vesicle (OV) for 24 h. The

gene expression level of a pro-inflammatory cytokine such as IL—1B, IL-8 and TNF-OL were

investigated compared to cellular response for PBS.
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In all vesicle types, the elevation of the cytokine gene expressions of THP-1
macrophage was found only at a high vesicle concentration of 1 mg/mL (UV. The
Tween80/UMD vesicles (UV) contained Y-oryzanol 8.0 llg/mL, tocols 18.1 llg/mL and mixed
phytosterols 32.6 Llg/mL; EV contained B—sitosterot 32.5 g/mL; TV contained B—sitosterol
32.5 lg/mL and Ol-tocopherol 0.2 Lg/mL; OV contained B-sitosterol 32.5 Llg/mL and -
oryzanol 8.0 llg/mL (Figure 13). The increase in gene expression of IL—1B after exposed to
Tween80-vesicle was the most stand out compared to the gene expression of other cytokines.

The THP-1 macrophages exposed to the Tween80-based vesicle responded to the
vesicles differently. The proinflammatory cytokine expression was dependent on the sources
of oil-soluble phytochemicals in the vesicles, particularly the types of phytochemicals since
the concentrations were quite similar. Expression of the proinflammatory IL—1B gene was the
highest when the THP-1 was exposed to the vesicles containing B—sitosterot and 'Y-oryzanol
(OV) and B-sitosterol and Ol-tocopherol (TV). The TNF-OL gene, however, expressed the most
when the cells were exposed to vesicles containing B—sitosterol and OL-tocopherol (TV).

The expression of the cytokine IL-8 gene was the highest when the THP-1 was exposed
to the vesicles containing UMD, which contained a mixture of rice phytosterols, tocols, and Y-
oryzanols. The IL-8 cytokine is essential in the activation of neutrophil; a messenger cross-links
the inflammation and epithelial-mesenchymal transition (EMT). The influence of the rice bran
phytochemicals such as tocols, Y-oryzanol and phytosterol, as well as its mixture on their
insight immunomodulation properties, therefore need further investigation.

In summary, this study showed the potential use of UMD as the source of

concentrated oil-soluble rice phytochemicals that may find its use in healthy isotonic drinks

containing mixed phytosterols, tocols, and Y-oryzanols. Nonetheless, more investigations are
needed to increase the productivity of the Tween89/UMD vesicles at a pilot-scale production

and rigorous tests for health claims in animal models.
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Figure 13 Pro-inflammatory cytokine genes expression of THP-1 macrophages after stimulation
with UV, EV, TV, and OV for 24 h. Gene expression was normalized to GAPDH and non-

stimulated macrophages at individual concentrations.
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Abstract

The crude rice bran wax (RBW), a by-product from winterizing step, was explored for its
use in the formation of an oil-based three-dimensional network or oleogel capable of holding
liquid oil in a solid form at the temperature higher than the melting temperature of RBO. The
mechanisms involved in stabilizing the gel network of rice bran oil (RBO) by the RBW were due
to the ability of a self-assembled network of high melting point triacylglycerol (TAG), long-
chain alcohol and esters of long-chain alcohol in the RBW. The tailored edible oleogel had
increased storage modulus (G'), higher viscoelastic transition temperature, and a prolonged
time for the oleogel to change from solid to liquid behavior. In a comparative study using
crude RBW and ethylcellulose (EC) network as gelator holding liquid oil in the RBO oleogel, it
was found that the RBO-EC and RBO-RBW-EC oleogels could prevent the sedimentation of salt

and spices in the oil-based marinade sauce at 2 °C for two days and withstand the

temperature at 90 °c during grilling (P<0.05). Nonetheless, the appearance and the texture of
grilled pork marinated with RBO-RBW was more superior than those marinated with the sauce

containing EC (P<0.05).

4.1 Introduction

Oleogel is a bi-continuous colloidal system consists of a liquid organic phase and a
gelator (Co and Marangoni 2012; Vazquez et al., 2007). The liquid organic phase could be
organic solvents, mineral oils, or vegetable oils. The liquid phase was trapped in a three-
dimensional network of a gelator, which is sometimes called organogelator to be more
specific (Dassanayake et al., 2009; Co and Marangoni., 2012). The gelator could be divided into
2 groups. The first group is a low-molecular-weight gelator such as low MW surfactants and a
family of lipid molecules such as mono-, di-acylglycerol, and wax (Co and Marangoni, 2012).
The oleogels can be prepared by mixing oil and the gelators, followed by heating until the
gelator dissolves, and cooling to the temperature lower than the gelation and/or

crystallization temperature of the gelators (Gandolfo et al., 2004).
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Continuous gel network having numerous structures can be categorized depending on
the structure forming process of oleogels (Roger, 2009; Marangoni and Garti, 2011), i.e., self-
assembled crystalline surfactants that can form a spontaneous reverse bilayer, the rod-shaped

tubules of inverse bilayer or hexagonal Il structure in pure oil system (Roger, 2009) due to its

amphiphilic structure. Therefore, after cooling and aging, the surfactant can form B crystal

network.

The self-assembled of isoprenoids such as B—sitosterot and Y-oryzanol could promote
the formation of oleogel by stacking phytosteryl moieties into nanotubuls (Bot and Agterof,
2006). The sterol part plays an essential role in the formation of the helical ribbon structure of
the self-assembled tubules while the OH group in the phytosterol conformation limits the
solubility of phytosterol in the oil phase.

The second group of gelator for oleogel formation is the carbohydrate polymers. The
polymers absorb the solvent and swell to form a polymer network. The amount of swelling
depends on the temperature and molecular interactions between the polymers and solvents
(Li et al, 2012), similar to the aqueous thermo-reversible gels, in which the nature of the
junctions is physical entanglement (Laredo et al,, 2011). One polymer which can be used as
an organogelator is ethyl cellulose (Co and Marangoni, 2012). The gel network was stabilized
by H-bonds between ethoxy and OH groups on the ethylcellulose strands (Laredo et al,
2011). Ethylcellulose can be used in the food, pharmaceutical, and cosmetic industry. Zetzl et
al. (2012) described that the strength of oleogel depends on polymer molecular weight, the
concentration of polymer, and the fatty acid composition of the liquid oil.

Rice bran oil (RBO) is composed of 71.10 % unsaturated fatty acid which is mostly oleic

acid (Nukit et al,, 2014) and is considered nutritious since it contains many phytochemicals

such as y-oryzanol, tocotrienols, tocopherols, and phytosterols (Prasad, 2006; Sawadikiat et al.
2015). Rice bran wax (RBW), a by-product of the rice bran oil refining process, which consists of
long-chain alcohol, the esters of saturated fatty acid and a saturated fatty alcohol,
hydrocarbon chain, and triacylglycerol (Yoon and Rhee, 1982), can be used as a gelator for
RBO oleogel (Dassanayake et al., 2009). The RBW can form a needle or platelet shape crystal
in the edible oil of various crystal size and strength, depending on the concentration of the

RBW.
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Meat marinating is a method to extend the shelf-life and proof organoleptic properties
and sensory quality such as tenderness, juiciness, and flavor of meat steak, grilled meat, and
meat products. Oil-based marinade suited for a meat product because the oil can protect the
meat as a meat moisturizer and delivers flavors into meat fibers. Seasoning such as salt, spice,
and herb enhances the flavor and taste of marinated meat. However, salt and seasonings
often sediment at the bottom of the container during storage and transportation. The
objective was to evaluate the ability of ethyl cellulose (EC), in comparison with the crude RBW
from winterizing step, to from oleogels capable of suspending salt and spices during

marination and grilling of pork steak.

4.2 Materials and methods

4.2.1 Influence of ethyl cellulose (EC) and rice bran wax (RBW) concentration on rheological

properties of rice bran oil oleogel

Preparation of RBO oleogel containing different gelator

The RBO-EC, RBO-RBW, and RBO-EC-RBW samples were prepared based on the weight
of RBO as 100 %. The RBO blends containing added ethyl cellulose (EC) at 2.50 %, 3.75 %,
and 5.00 % were prepared by gradually mixed EC in RBO and heated the blends to 180 °C
within 30 min. RBO-EC blends were stirred continually with a magnetic stirrer to ensure that
the RBO-EC was a clear liquid. RBO mixed with RBW and EC were prepared to obtain a final
concentration of RBW of 0.65 %, 1.30 %, and 1.95 % RBW. The RBO-RBW blends were heated
up to 90 °C until the RBW melted, then the EC was gradually dispersed in the hot oil blends
to obtain a final concentration of 2.50 %, 3.75 % and 5.00 %EC in the RBO-RBW-EC mixtures.
The mixtures were further heated to 180 °C within 30 min and stirred continuously with a

magnetic bar to obtain a clear liquid. After that, the samples were cooled at room

temperature (25 °C) for 24 h.
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Effect of rice bran wax (RBW) and ethyl cellulose (EC) concentration on rheological
properties of rice bran oil oleogels containing different types of gelator

A controlled stress rheometer (Anton Parr, Germany) equipped with glass plate-and-
plate geometry (43 mm diameter) with a gap of 1.2 mm was used to determine the
rheological properties of RBO-RBW, RBO-EC, and RBO-RBW-EC oleogels prepared as described

above. Frequency sweep tests at 0.5% strain, which was within the linear viscoelastic range of
all samples, were performed from 0.1-100 Hz at 25 °C: the oscillatory rheological parameters

storage modulus (G") and loss modulus (G") were recorded.

4.2.2 Use of rice bran oil oleogel containing rice bran wax and ethyl cellulose (RBO-RBW-EC)

in preventing salt sedimentation

Influence of EC and RBW concentrations on (resistance to) salt sedimentation
RBO containing different concentrations of RBW and EC were prepared as described

above. After the clear liquid oil blends were obtained, 5 ¢ of oil blends were poured into a
glass centrifuge tube and cooled at room temperature (25 °C). Salt (NaCl) was dispersed in
the oil blends to obtain the final concentration of 15 % salt manually using a spatula. The
samples were stored at 90 °C overnight.

For the salt sedimentation test, samples were centrifuged at 500 rpm at 25 °C for 10
min to separate salt to the bottom of the tubes. After that, the supernatant RBO was
removed from the tubes to get salt sediment. The sedimented salt was washed using
petroleum ether to remove residual oil, dried in a hot air oven at 90°C (1h), and weighed.

The % salt sedimentation was calculated, as shown in Eq. 8:

M/s — [Wtube+salt_Wtube] % 100 (8)
Wsait

where W, is the weight of sedimented salt, Wi pessait is the weight of the centrifuge tube and

sedimented salt in the tube after washing the oil out with petroleum ether and drying at 90

°C for 1 h. Wiue is the weight of the initial centrifuge tube, and W, is the weight of the initial

salt added at the beginning.
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Effect of liquid RBO, RBO-RBW oleogel, and RBO-RBW-EC oleogel on the qualities of

marinating pork steak before and after erilling

The marinade sauce containing different forms of RBO, i.e., liquid RBO, RBO-RBW
oleogel, and RBO-EC oleogel, was prepared. The RBO-RBW oleogel contained 1.3 % RBW,
while the RBO-EC oleogel contained 3.75 % EC. The RBO-RBW-EC oleogel was prepared using
1.3 % RBW and 3.75 % EC. The liquid RBO and RBO oleogels of various types were mixed with
19 % salt, 10 % dried spice, and 2 % paprika extract and kept overnight at room temperature
(25 °C) before marinating a pork steak manually. The dried spice treatment was used as a
control sample. The pork steaks before marinade were kept at 2-4 °C. The steak marinated
with 2.1 % salt, and 1.1 % dried spice was used as a control sample designated as "dried
spice" treatment.

After marinating and aging at 2 °C for 48 h, the samples were grilled at 260 °C for 5
min on each side until the internal temperature of steak reached 75 °C. The grilled samples

were cooled down to room temperature and analyzed for cooking loss and cooking yield.

Determination of marinade retention in raw marinated pork steak

The retention of marinade sauce on the raw pork steak was characterized by putting

the marinated pork on a sieve tray during aging for 24 h at 2 — 4 °C. The marinated pork was
weighed before and after aging. The difference in the weight before and after aging was

calculated and reported as % marinade retention shown in Eqg. 9:

% marinade retention = % x 100 (9)
1

where w; is the weight of marinade used, and w;, is the weight of marinade dripped through

the sieve collected on a tray.

Determination of weight loss in grilled marinated pork steak

The weight loss after cooking the pork steak marinated different types of RBO and RBO
oleogels was determined after grilling the steak at 260°C until core temperature reached 75

°C, and calculated using Eg. 10:
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% weight loss = =—"* x 100 (10)

w3

where wjs is the weight of pork steak before grilling, and wy is the weight of grilled steak.

Determination of sensorial attributes of raw marinated steak and grilled marinated
steak

Twenty untrained panelists at the University of Hohenheim, evaluated raw marinated
pork steak, and grilled marinated pork steak resided in Stuttgart, Germany. Samples were
labeled with a random three-digit number and using a 9-point hedonic scale for evaluation.
For raw marinated pork steak, the questions on appearance, odor, overall liking, and %
likelihood of buying were asked. For grilled marinated pork steak, the panelists were asked to

evaluate their acceptance for appearance, odor, taste, juiciness, and overall liking.

4.2.3 Statistical analysis

The data were analyzed by analysis of variance (ANOVA) at a significance level of
P<0.05. Significant differences between the treatments were analyzed by Duncan’s multiple
range test (DMRT). All statistical analyses were performed using SPSS software version 12

(SPSS, Chicago, Illinois, USA).

4.3 Results and discussion

4.3.1 Effect of ethyl cellulose (EC) and rice bran wax (RBW) concentrations on rheological

properties of RBO oleogel

In the absence of RBW, the RBO remained liquid flow behavior shown as a higher value
of loss modulus (G") than the storage modulus (G') over the frequency of 0.1 — 100 s* (Figure
14a). The increase of RBW at the level of 0.65 — 3.25% increased both moduli of the mixtures
(Figures 14b-f) and resulted in an increase in crossover point at a higher angular frequency,
indicated that raising RBW concentration helped to form a stronger or more elastic structure of

RBO oleogel.

52



—e— Storage modulus of RBO }—s— Storage modulus of REBO+0.85%RBW| j—a— Storage modulus of RBO+1.30%REW)|
T 10 [-o Loss modulus of RBO J T 1o [0 Loss modulusof REO+0.E6%REW 1 T g O Loss modulus of REO: 1.30%REW )
e °F oo c °f ¥ e °f o
[ 2 ) F-d )
"-?' 1 u‘yv % 1 ,v‘ya %
T ] o ° ] o °
S o =1 o =
= Pod = P =
8 | r p'o" m 1 0’0 8
o o o o
- ﬁ,o . =1 -
01¢° 01 .
|5 B |-
& ) )
01 001 ¢ .01
L @ 2 ] - (c)
0001 | : . 0001 . . 0001 . .
K 1 10 100 1 1 10 100 A 1 10 100
Angular frequency{1/s] Angular frequency{1/s] Angular frequency{1/s]
00~ 100 100
| — Sorage modulusof RBO+1.56%REW| —e— Sborage modulusof RBO+2.80%R8W y
. |--0 - Loss modulus of RBO+1.95%REW 4 - --0-- Loss modulus of RBO+2B0%REW £ =t o
o 10 o © 10 e o 10p v
e Uf o a f o o ol
@ o ) E S
2 2 2 43
3! Pl g ! 2 'fooooo
<1 P ] S
- 1 o0 - 1 = 1
g ! 8 g
- - -
o1 o 01
By By By
& & & (f)
.01 .01 8001 b o Storage modulus »f REO+325%REW
& (d) = (e) & o~ Loss modulus of REO+325%REW
.0001 x L .0001 . L 0001 — L L
Rl 1 10 100 k] 1 10 100 1 1 10 100
Angular frequency{1/s] Angular frequency{1/s] Angular frequency{1/s]

Figure 14 Effect of RBW concentration on storage modulus (G') and loss modulus (G") of RBO

(a) 0 9RBW; (b) 0.65 %RBW; (c) 1.30 %RBW; (d) 1.95 %RBW; (e) 2.60 %RBW, (f) 3.25%RBW.
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Data at low frequencies describes the behavior of the materials at a slow change of
stress, while the behavior at fast load is expressed at high frequencies. The frequency sweep

test is important for studying polymer melts and the processibility of the materials, i.e.,
oleogels containing different gelators. When RBW was added at the level above 1.95 %, the G’

was higher than the G”, suggesting that the particles added into the oleogel structure can

disperse within the gel structure and do not sediment. However, the three-dimensional

network of RBO-RBW oleogel was quite weak, observed as the crossover point at G within the

range of 0.1-2.2 Pa.

However, when the EC was used as a gelator at the range of 2.5 — 5%, both G and G”

of RBO-EC oleogels were much higher than RBO-RBW (Figure 15). The structure of RBO-EC
oleogel was quite strong. The RBO-EC containing 2.5% EC had the crossover point at the G’ at
33 Pa and a frequency of 50 s (Figure 15a). The G’ of RBO-EC oleogel could be as high as 100

- 400 Pa with no crossover point when the EC concentration was increased to 3.75 -5 %

(Figures 15c-e). Increasing the EC concentration up to 3.75% resulted in a solid structure that
gelled instantaneously when the mixed RBO-EC was cooled down to 25 °C after solubilizing at

180 °C during the preparation of oil blends.

The frequency sweep suggested that the three-dimensional network of RBO having
different solid behavior could be fabricated by using RBW or EC gelator. However, the
appropriate types and concentrations of gelators depend entirely on the targeted food and
their industrial processing parameters, such as a series of temperature changes in the whole
process.

The differences in the mechanisms involved in the oleogel formation induced by RBW
and EC gelators suggested that the mixed gelators could be beneficial in terms of practical

applications. Figure 16 illustrates that the solid behavior of RBO-EC oleogel and the magnitude

of storage modulus (G") could be reduced in the presence of RBW, which offers the direct use

of RBO-based gels induced by mixed gelators to the wide range of foods.
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Figure 15 Effect of ethyl cellulose (EC) concentration on storage modulus (G') and loss

modulus(G”) of RBO-EC blends: (a) 2.5 %EC; (b) 3.125 %EC; (c) 3.75 %EC; (d) 4.375 %EC; (e) 5
%EC.
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Figure 16 Storage modulus of RBO added with different concentrations of rice bran wax

(RBW), and ethyl cellulose (EC) measured at 10 s angular frequency. Bars represent standard

deviation.
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Figure 17 illustrates that when the RBO-RBW oil blends became turbid when the
concentration of RBW was above 2.60 % and the solid structure at 25 °C could not be
achieved. All RBO-RBW mixture remained liquid after the tubes were inverted (Figure 17a).
The use of EC, however, enhanced the formation of RBO-EC oleogels when the concentration
of EC was up to 4.375% (Figure 17b). The RBO-EC oleogel formed at 25°C and stay solid for
more than 24 h, which is in good agreement on the frequency sweep results (Figures 15 and
16) that the RBO-EC oleogel was quite strong as the G’ was 200 Pa when the EC was used at
4.375 % as a gelator.

100%RBO 0.65%RBW 130%RBW 195%RBW 2.60%RBW 3.25%RBW 100%RBO  25%EC  3.125%EC 3.75%EC 4.375%EC  S%EC S%HEC  S%EC S%HEC  S%EC S%HEC S%HEC
+0.65%RBW +1.30%RBW=1.95%RBW +2.60%RBW +3.25%RBW

Figure 17 Effect of RBW and EC concentration on the appearance of oil blends at 25 °C: (a)
RBO-RBW; (b) RBO-EC; and (c) RBO-EC-RBW.

At a higher concentration of EC (i.e., 5%) in the oleogel, the addition of RBW between

0.65 — 1.30 % helped reduce the storage modulus but retained gel network structure that was
relatively stable at 25°C for more than 24 h. The appearance of RBO-RBW-EC oleogel was in

agreement with the results shown in Figure 16 that mixed gelators creating networks having G’

of 150-300 Pa and could offer their use as thermostable oleogel network.

4.3.2 Use of rice bran oil oleogel containing rice bran wax and ethyl cellulose (RBO-RBW-EC)

in preventing salt sedimentation in the oil marinade formula for pork steak

Industrial marinades in the meat industry are essential in improving meat yields by
increasing water retention, as well as to add flavor and taste compounds. Although general
marinades are composed of water, salt, and phosphate for both vacuum-tumbling and
injecting application systems, sometimes the oil marinades with particulates of spice and

herbs are used in marinated steak industries.

56



Oil-based marinades require the dispersion of dried ingredients such as salts and spices
in the oil phase. Sedimentation of salt is considered a defect of the marinades. The result in
Table 9 shows that using RBO-EC oleogel at high EC concentration above 3.75 % resulted in

salt suspending in the oleogel structure. Such an RBO-EC oleogel structure was quite stable
and did not melt at 90 °C. Higher EC concentration could result in the oleogel having high

storage modulus (G") of solid behavior of RBO oleogel, and may not be suitable for tumbling

raw meat with the marinades before grilling.

Table 9 Effect of gelators on salt sedimentation in rice bran oil oleogel after storage at 90°C

for 12 h.

Types of oleogel % Salt sedimentation of salt after storage at 90 °C
RBO + 2.5%EC 96.2 + 2.1

RBO + 2.5%EC + 0.65%RBW 96.3 + 1.1

RBO + 2.5%EC + 1.30%RBW 982+ 1.2

RBO + 2.5%EC + 1.95%RBW 99.10+ 0.4

RBO + 3.75%EC No sedimentation
RBO + 3.75%EC + 0.65%RBW No sedimentation
RBO + 3.75%%EC + 1.30%RBW No sedimentation
RBO + 3.75%EC + 1.95%RBW 781+ 1.6

RBO + 5%EC No sedimentation
RBO + 5%EC + 0.65%RBW No sedimentation
RBO + 5%EC + 1.30%RBW No sedimentation
RBO + 5%EC + 1.95%RBW No sedimentation

Using a lower concentration of EC at 2.5 % resulted in almost 100 % of salt

sedimentation, although RBW was added up to 1.95% (Figure 18). Nevertheless, using 3.75 %

EC could disperse salt within the RBO-RBW-EC network structure at 90 °C when the RBW was

present at 0.65 - 1.30 %. Such a weak network could help retain coated marinade on the

surface of steak during heating up to 90 °C before the meat is fully cooked.
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Figure 18 Effect of gelators on salt sedimentation in rice bran oil oleogel after storage at 90

°C for 12 h.
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Results on the marinade retention in raw marinated pork steak and the weight loss of
grilled marinated pork steak (Table 10) indicated that using 1.30 % RBW and 3.75 % EC in RBO-
RBW-EC oleogel marinade resulted in a lower weight loss of grilled steak compared with the

use of liquid RBO in marinating (P<0.05).

Table 10 Marinade retention of raw marinated pork steak and weight loss of grilled pork steak.

Treatments % Marinade retention % Weight loss
in raw steak in grilled steak
Liquid oil
RBO+spice+salt 46.25° + 3.74 32.58° + 0.73
Oleogel
RBO+1.3%RBW-+spice+salt 63.46% + 0.56 28.44° + 1.96
RBO+3.75% EC+spice+salt 64.12° + 1.47 28.23°+ 1.47
RBO+3.75%EC + 1.3%RBW+spice+salt  63.89 + 1.03 27.44° + 0.33

Mean within a column followed by different letters are significantly different (P<0.05).

Sensorial attributes of raw marinated pork and grilled marinated pork steak were
evaluated by 20 panelists using a 9-point hedonic scaling (Tables 11, 12, respectively). The
liking score of raw pork steak marinated with RBO-EC and RBO-RBW-EC oleogel in appearance
was higher than those marinated with RBO-RBW oleogel and marinade containing liquid oil
and dried spices (P<0.05). The oleogel marinade was able to spread and cling onto the surface
of the pork steak after marination, while the liquid oil marinade flew and spread on the

containers (Figure 19).
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On the other hand, steak marinated with liquid oil had a lower score due to the flow

of RBO. Moreover, RBO-RBW oleogel was more opaque due to crystallization of RBW at low

temperature, dried spice in the marinade exhibited greenish color of herb, resulting in the

lowest liking score in appearance characteristics. For odor characteristic, pork steak marinated

with RBO, and dried spice had the lowest liking score (P<0.05) due to the strong smell of

herbs. The overall liking and likelihood of buying scores indicated that steak marinated with

RBO-EC oleogel had the highest liking score and likelihood of buying.

Table 11 Result of 9-point hedonic scale score and %likelihood of buying of marinade raw

pork steak. All of the treatments mixed with 19 % salt, 10 % dried spice and 2 % paprika

extract.

Treatments Appearance Odor Overall Liking % Likelihood
of buying

Dried spice 3.50° + 1.64 6.00° + 1.56 4.40" + 1.63 15%

RBO+spice+salt 5.55° + 1.54 6.85" + 1.35 5.95° + 1.39 50%

RBO+1.3% RBW +spice+salt 5.80° + 1.77 6.95% + 1.10 6.30° + 1.26 70%

RBO+3.75% EC +spice+salt  7.60% + 0.99 7.15% + 1.04 7.45%+ 1.00 95%

RBO+3.75%EC+

1.39%RBW+spice+salt 6.95% + 1.43 6.85% + 1.14 7.00° + 1.12 85%

Mean within a column followed by different letters are significantly different (P<0.05), n=20 panelist.

Table 12 Effects of different oil marinades on sensory attributes of grilled pork steak

Treatments Appearance Odor Taste Juiciness  Overall
Liking
Dried spice 4.90°+ 1.77 5.60°+1.60 5.65°% 1.69 6.30°+1.22 5.45%+1.47
RBO+spice +salt 7.10°% 1.36  6.50°+1.50 6.95%°+1.54 6.80°+0.99 6.98%°+1.38
RBO+1.3% RBW +spice+salt 6.85%+ 1.53  6.65°+0.81 7.30°+0.86 6.60°+1.39 7.18%+0.94
RBO+3.75% EC +spice+salt  5.15°+ 1.63  6.40°+1.27 6.40°+0.88 6.70°+1.26 6.00<+1.26
RBO+3.75%EC+ 1.3%
RBW+spice+salt 5.60°+ 1.47  6.65°+1.18 6.80°°+0.95 5.90°+1.55 6.35%°+1.09

Mean within a column followed by different letters are significantly different (P<0.05), n=20

panelist.
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Figure 19 Appearance of raw and grilled pork steak.
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Sensorial evaluations of grilled steak, however, revealed that the odor and juiciness
characteristics of all samples were not significantly different (P>0.05). In contrast with raw
marinated steak, the grilled steak marinated with RBO-RBW oleogel had the highest liking
score.

The differences in the appearance of pork steak marinated with different formulas are
shown in Figure 19. Although the panelists indicated that they likely bought raw steak
marinated with RBO-EC oleogel the most, they liked the grilled steak marinated with RBO-RBW
oleogel the most and that marinated with dried spice the least. This was because the
presence of 3.75 %EC resulted in the appearance of thin-film coated on the surface of grilled
pork steak since the carbohydrate polymers did not melt upon grilling.

It is apparent that the EC could help to form the thermostable RBO-EC oleogels at a
temperature higher than the melting temperature of RBO but below 90°C. Further heating of

pork steak to 260°C during grilling, however, could result in the flow of the bulk oil initially
entrapped within the EC network, leaving the thin film of EC coated on the surface of grilled
steak, which resulted in an unappealing appearance of grilled pork steak.

Using different gelators or their mixture in RBO blends resulted in the interplay among
three structure-forming mechanisms, namely self-assembled of surfactant, fat crystal network
of TAGs, and a polymeric strand of carbohydrates. Each mechanism resulted in different
thermo-physical properties of solidified RBO blends. The success of oleogel fabrication by self-
assembled surfactant depended on the difference in the conformation of fatty acid of liquid
oil and hydrophobic part of surfactants. When molecular conformations of TAGs in liquid oil
and hydrophobic parts of surfactant were different, such structure could induce phase
separation of surfactants, followed by surfactant network entrapping liquid oil within the
solidified structure. Nonetheless, this structure could be modified to hold liquid RBO at a
temperature higher than the melting temperature of RBO by adding RBW.

The carbohydrate EC could be used to increase the strength and oil further holding

capacity of RBO oleogel at high temperatures (90 °C). However, the strong structure of RBO-
EC oleogel may not be suitable in all food products, although it can help disperse salts and
spices homogenously without sedimentation. The rheological properties of RBO-EC could be
further modified by adding RBW to decrease the strength of the EC network. It was most
likely that the RBW could interact with EC by H-bondings, resulting in fewer interactions
between EC and bulk liquid RBO.
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