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ABSTRACT

Rice bran is a representative agricultural by-product
generated in large quantities during rice milling,
containing abundant high-value-added bioactive
substances with excellent antioxidant, anti-
inflammatory, and immune-enhancing effects,
including y-oryzanol, ferulic acid, and tocopherols.
Recently, the global livestock and pet industries have
witnessed a surge in the demand for natural plant-
derived additives (phytogenics) due to antibiotic
resistance issues and regulations on synthetic
chemical additives. However, the traditional hexane-
based extraction process used in the industry has
been strictly restricted for application as veterinary
medicines and premium feed additives due to
residual solvent toxicity and environmental pollution.
This study designed an "eco-friendly reduced-
pressure mixed solvent extraction process" that
completely excludes toxic organic solvents through
industry-academia collaboration with Handong Co.,
Ltd. and quantitatively verified the yield, active
ingredient content, antioxidant biological activity,
and heavy metal safety of rice bran extract. As a
result, the yield of rice bran extract using the new
process reached 18.5%, exceeding the target (over
15.0%) by 123.3%. Quantitative analysis of vy-
oryzanol using HPLC revealed a concentration of 7.2
mg/g, demonstrating a high concentration efficiency
of 144.0% compared to the target (5.0 mg/g). This is
attributed to the low-temperature reduced-pressure
conditions at 55°C minimizing thermal degradation
of the ferulic acid ester bonds in y-oryzanol. In the
DPPH radical scavenging activity evaluation, a
strong dose-dependent antioxidant activity (/Cso=
385.2 pg/mL) was observed. ICP-OES-based heavy
metal analysis (Pb, Cd, As) resulted in "not detected

(N.D.)" for all elements, proving high raw material
safety with no risk of bioaccumulation.

This study identified the mechanism for successful
mass production of rice bran-derived biomaterials
through an eco-friendly process and provides
comprehensive evidence for its academic and
industrial applications as a natural veterinary
medicine and feed additive for reducing oxidative
stress in livestock, improving productivity, and
replacing antibiotics.

KEYWORDS: Rice bran, y-oryzanol, Reduced-
pressure extraction, Feed additives, Veterinary
medicines, Phytogenics, Antioxidant activity.

LINTRODUCTION

The global livestock and companion animal
healthcare industries are undergoing a paradigm shift
toward simultaneously achieving sustainable
productivity and animal welfare [1]. In the past, the
livestock industry widely overused synthetic
antibiotic growth promoters (AGPs) in compound
feed to promote growth and prevent diseases [2].
However, concerns over superbacteria, harmful
residue in animal products, and consumer safety led
to a legal ban on AGPs in compound feed, starting in
the European Union (EU) and expanding to South
Korea and North America [3, 4]. Consequently, there
is an exploding industrial demand for phytogenics
and plant-derived bioactive substances—safe natural
additives capable of preventing chronic diseases,
boosting livestock immunity, and favorably
regulating gut microbiota [5, 6].

Rice bran, which accounts for about 8-10%
of total brown rice weight during milling of rice
(Oryza sativa L.), is a high-value agricultural by-
product containing over 90% of the rice's total
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nutritional components [7, 8]. Rice bran is rich in
dietary fiber, proteins, essential fatty acids, as well as
y-oryzanol, tocopherols, tocotrienols, and ferulic acid,
which  exhibit antioxidant, anti-inflammatory,
immunostimulatory, and disease-preventive
properties [9, 10]. Specifically, y-oryzanol is a
complex mixture of ferulic acid esters of phytosterols
such as campesterol and sitosterol [11]. It
significantly reduces in vivo oxidative stress in
livestock, protects intestinal mucosal membranes,
and regulates immune responses [12]. Furthermore, it
is gaining attention as a natural medicinal material
for improving chronic inflammatory, dermatological,
and metabolic diseases in aging companion animals
(dogs and cats) [13].

Despite the high concentration of active
ingredients, rapid lipid rancidity caused by
endogenous lipase right after collection and
limitations in extraction technology have resulted in
most rice bran being undervalued and consumed
merely as animal feed or fertilizer [14]. The
conventional n-hexane extraction method used in
industry to extract lipophilic compounds like v-
oryzanolposes risks of residual organic solvents,
explosion hazards in workplaces, and environmental
pollution [15], severely restricting its application in
strictly regulated veterinary drugs and feed additives
[16]. Alternative green processes such as
supercritical CO,extraction and ultrasound-assisted
extraction have been explored [17, 18], but they face
hurdles in practical application due to high
equipment investment costs and difficulty in
continuous scale-up [19].

Therefore, establishing an industry-friendly
process that eliminates residual toxicity risks through
eco-friendly solvent systems and maximizes mass-
production yield by preventing thermal degradation
of heat-sensitive y-oryzanolusing low-temperature,
reduced-pressure control is essential. Thus, this study
newly established an "eco-friendly low-temperature
reduced-pressure extraction process" using an
ethanol-water mixed solvent system through the
"2025 Industry-Academia-Research Collabo R&D
Preliminary Study" in collaboration with Handong
Co., Ltd., a company specializing in veterinary drugs
and premium feed additives.

In this study, the production yield of rice
bran extract (RBE) and the concentration of its key
marker compound, y-oryzanol, were quantitatively
analyzed using the newly developed process, and its
physicochemical  extraction  mechanism  was
investigated. In addition, antioxidant activity was
verified via DPPH radical scavenging assay, and
heavy metal safety was evaluated via ICP-OES,

aiming to scientifically validate its industrial
prospects as a "next-generation veterinary drug and
premium feed additive material" replacing synthetic
chemicals.

II. MATERIALS AND METHODS

2.1. Experimental Materials and Pretreatment

The rice bran (Oryza sativa) sample used in
this study was fresh rice bran derived from domestic
Chuchung rice harvested in 2024, provided by
Handong Co., Ltd. To inhibit lipid breakdown and
rancidity caused by endogenous lipase, the collected
rice bran was dried in a forced convection oven (Jeio
Tech, Korea) at 60°C for 24 hours until the moisture
content reached below 5%. The dried sample was
ground using an industrial blender (Waring Blender,
USA), passed through a 100-mesh standard sieve,
and stored in a sealed dark place at -20°C until use.

Standard y-oryzanol (purity >99.0%) and
DPPH (2,2-diphenyl-1-picrylhydrazyl) were
purchased from Sigma-Aldrich (St. Louis, MO,
USA). Mobile phase solvents (methanol, acetonitrile,
water) and glacial acetic acid for HPLC analysis
were HPLC grade from J.T. Baker (Phillipsburg, NJ,
USA).

2.2. Eco-Friendly Low-Temperature Reduced-
Pressure Extraction Process

To completely exclude toxic petroleum-
based organic solvents like hexane, an eco-friendly
solvent system combining plant-derived ethanol and
purified water at a 70:30 (v/v) ratio was established.
100 g of dried rice bran powder was mixed with
1,000 mL of the solvent mixture to achieve a solid-
to-liquid ratio of 1:10 (w/v). To minimize the
cleavage of ester bonds in heat-sensitive y-oryzanol,
extraction was carried out for 4 hours in a reflux
condenser extractor set to 55°C under a reduced
pressure (vacuum) of 500 mmHg.

Upon completion of extraction, primary
solid-liquid  separation = was  performed by
centrifuging the extract at 4,000 rpm for 20 minutes
(Combi-514R, Hanil, Korea), and the supernatant
was filtered under reduced pressure using Whatman
No. 2 filter paper. The solvent was recovered and
concentrated using a rotary evaporator (N-1000,
Eyela, Japan). The concentrate was freeze-dried at -
80°C for 72 hours (FDU-1200, Eyela, Japan) to
obtain the final rice bran extract (RBE) powder. The
extraction yield (%) was calculated as the percentage
of the final freeze-dried powder weight relative to the
dry weight of the raw rice bran:
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Extraction Yield (%)} = (Weight of final freeze-
dried extract (g) / (Weight of dry raw rice bran
powder (g)) x 100

2.3. Quantitative Analysis of y-Oryzanol using
HPLC

Quantitative analysis of y-oryzanol in RBE
was performed using an Agilent 1260 Infinity II
HPLC system equipped with a DAD detector
(Agilent Technologies, Santa Clara, CA, USA). A
Zorbax Eclipse Plus C18 column (4.6 x 250 mm, 5
um) was used. The mobile phase consisted of
acetonitrile:methanol:glacial acetic acid (50:49:1,
v/v/v) under isocratic conditions at a flow rate of 1.0
mL/min. The column oven temperature was
maintained at 30°C, the injection volume was set to
10 pL, and absorbance was measured at 325 nm, the
specific absorption wavelength for y-oryzanol. The
concentration of y-oryzanol per gram of sample
(mg/g) was calculated using a calibration curve R*>
0.999) prepared with standard solutions.

2.4. Evaluation of Antioxidant Activity by DPPH
Radical Scavenging Assay

The reactive oxygen species (ROS)
scavenging capacity of RBE was measured using a
modified Blois method [20]. 1 mL of RBE ethanol
solutions prepared at various concentrations (100,
250, 500, 1000 pg/mL) was mixed with 1 mL of 0.2
mM DPPH ethanol solution and vortexed for 5
seconds. After reacting in the dark at room
temperature for 30 minutes, absorbance was
measured at 517 nm using a UV-Vis
spectrophotometer (UV-1800, Shimadzu, Kyoto,
Japan). L-ascorbic acid was used as a control, and the
ICsovalue (concentration required for 50% radical
scavenging activity) was calculated:

DPPH Radical Scavenging Activity (%) = [1 -
(Absorbance of sample-treated group) /
(Absorbance of control group)] x 100

2.5. Analysis of Residual Heavy Metals via ICP-
OES

To verify biological safety for use as a veterinary
drug and feed additive ingredient, heavy metals—
lead (Pb), cadmium (Cd), and arsenic (As)—were
measured using inductively coupled plasma optical
emission spectrometry (ICP-OES, Optima 8300,
PerkinElmer, Waltham, MA, USA). 0.5 g of freeze-
dried sample was mixed with 8 mL of 70% ultrapure
nitric acid HNO3) and 2 mL of 30% hydrogen
peroxide H,O») and completely digested at 200°C for
20 minutes in a Microwave Digestion System (Ethos
UP, Milestone, Italy). After digestion, the sample
was diluted to 50 mL with ultrapure water and
injected into the ICP-OES for quantitative analysis.

2.6. Statistical Analysis

All experimental data were measured in triplicate or
more and expressed as Mean +Standard Deviation
(SD). Statistical significance between experimental
groups was evaluated by One-Way Analysis of
Variance (ANOVA) using SPSS (Version 26.0,
SPSS Inc., Chicago, IL, USA), followed by Duncan's
multiple range test at p< 0.05.

III. RESULTS AND DISCUSSION
3.1. Optimization of Eco-Friendly Reduced-
Pressure Process and Yield Assessment
The schematic diagram of the eco-friendly low-
temperature reduced-pressure extraction process and
the comparison of production yields by extraction
method are shown in Figure 1, Figure 2, and Table 1.
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[Pretreatment of Raw Rice Bran]
- Hot-air drying at 60°C (moisture < 5%) & 100-mesh grinding
|
v
[Green Reduced-Pressure Mixed Solvent Extraction]
- Solvent; 70% ethanol (ethanol:water = 70:30, v/v)
- Conditions: 1:10 (w/v), 500 mmHg, 55°C reflux (4 hours)
|
v
[Solid-Liquid Separation & Filtration]
- Centrifugation at 4,000 rpom & Whatman No. 2 filtration
|
v
[Solvent Recovery & Concentration]
- Ethanol recycling and concentration via rotary evaporator
|
v
[Freeze-Drying & Powdering]
- Freeze-drying at -80°C (72 h) -> High-purity RBE powder

Figure 1.Schematic of the eco-friendly reduced-pressure extraction process of rice bran for animal
healthcare materials.

Flowchart of the process from raw material pretreatment, eco-friendly solvent extraction under 500 mmHg
reduced pressure at 55°C, solvent recovery, concentration, and freeze-drying. It demonstrates a green chemistry-
based mass production system that eliminates toxic organic solvents, solves residual solvent issues, and reduces
carbon footprint.

Extraction

Yield (%)

20% -

18.5%

15% 15.0%(Target)

13.2%

0, -
10% 10.8%

5% -

0% T T 1

Hot Water Hexane Extraction  Eco-Friendly
Extraction (100°C) (60°C) Reduced-Pressure
(557, 500mmHg)

Figure 2. Comparison of extraction yield (%) of rice bran extract by extraction method and solvent.
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Bar graph comparing the production yield of hot water extraction (100°C, 10.8%), hexane extraction (60°C,
13.2%), and eco-friendly reduced-pressure mixed solvent extraction (55°C, 18.5%). The eco-friendly process
significantly increased the yield to 18.5%, proving its industrial scalability.

Table 1. Quantitative performance indicators and achievement rate of RBE using the eco-friendly process

o Target .
Quantitative ) Achievement
. (Handong |[Achieved Remarks
Indicator Rate (%)
Co., Ltd.)
1. Extraction Yield > 15.0% 18.5 £ 0.4 % |123.30% Target exceeded
2. y-Oryzanol 72 £ 0.3 o
Content > 5.0 mg/g ma/g 144.00% Target exceeded
3. Lead (Pb) < 10.0 ppm|N.D. Passed Biological safety secured
4. Cadmium (Cd) < 10.0 ppm|N.D. Passed Biological safety secured
5. Arsenic (As) < 10.0 ppm|N.D. Passed Biological safety secured

As shown in Table 1 and Figure 2, the final
extraction yield obtained through the eco-friendly
reduced-pressure process was 18.5%, achieving
123.3% of the target (15.0%). Previous studies
showed that conventional hot water extraction
achieves only 10.8% yield due to non-selective
dissolution of proteins and starches, while hexane
extraction reaches 13.2% as it is limited to non-polar
lipids [21].

The thermodynamic and physicochemical
mechanisms behind the high yield of 18.5% in this
process are as follows: The optimal ratio of plant-
derived ethanol and water (70:30, v/v) adjusted the
dielectric constant of the solvent, simultaneously
increasing the solubility of amphiphilic and lipophilic
bioactive compounds [22]. Furthermore, the reduced

Absorbance (325 nm, mAU)

pressure of 500 mmHg lowered the boiling point of
the solvent and induced physical swelling in the
pectin and cellulose complex matrix of the rice bran
cell walls [23], maximizing the mass transfer
coefficient of active compounds into the solvent [24].
This offers significant industrial advantages in cost
reduction and productivity enhancement for mass
feed additive production.

3.2. Quantitative Analysis of y-Oryzanol and
Chemical Preservation Mechanism

HPLC analysis of y-oryzanol, the key marker
compound inducing antioxidant, anti-inflammatory,
and metabolic regulatory effects in animals, is shown
in Figure 3.

150

(y—oryZﬂl Peak)

100

50

oL [ ]

02 4 6 8 10

12 14 16 (min, Retention Time)

Figure 3. HPLC chromatogram for quantitative analysis of y-oryzanol in RBE.
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HPLC chromatogram analyzed using a
DAD detector at 325 nm. A distinct peak
corresponding to the standard appears at a retention
time of ~15.2 minutes, showing high purity with
minimal impurity peaks and a quantified output of
7.2 mg/g.

HPLC analysis demonstrated a y-oryzanol
content of 7.2 mg/g, achieving 144.0% of the target
(5.0 mg/g). The y-oryzanol molecule is an ester
complex combining phytosterols (such as sitosterol
and campesterol) with ferulic acid via ester bonds
[25]. These ester bonds become thermodynamically
unstable at high temperatures (>100°C), accelerating
ring opening, hydrolysis, and thermal degradation
[26]. In Patel et al. [27], atmospheric hot water

DPPH Scavenging
Activity (%)

extraction resulted in significant degradation, leaving
only 2.1 mg/g of y-oryzanol.

In contrast, our low-temperature (55°C)
reduced-pressure  system maintained extraction
conditions below the thermal degradation threshold,
preventing ester bond cleavage. As a result, the
structural integrity of y-oryzanol was preserved while
achieving a high concentration of 7.2 mg/g, fully
satisfying raw material specifications for precision-
dosed veterinary drugs.

3.3. DPPH Radical Scavenging Activity and
Mechanism

The antioxidant capacity of the extracted y-oryzanol
was evaluated using the DPPH assay.

100%

75%

86.4%

50%

68.2%

42.1%
25%

21.5%
0% T T

100 pg/mL 250 ug/mL

1000 pg/mL Concentration

500 pug/mL

Figure 4.Changes in DPPH radical scavenging activity (%) of RBE by concentration.

DPPH scavenging rates of RBE were 21.5%,
42.1%, 68.2%, and 86.4% at concentrations of 100,
250, 500, and 1,000 pg/mL, respectively,
demonstrating significant dose-dependent activity
(({Cs0=385.2 pg/mL).

As shown in Figure 4, RBE demonstrated a
significant p< 0.05) dose-dependent increase in
DPPH radical scavenging activity, with an /Csovalue
0f385.2 ng/mL. The chemical mechanism behind this
high antioxidant capacity relies on the phenolic
hydroxyl groups (-OH) in y-oryzanol and
polyphenolic compounds [28]. Electrons and
hydrogen radicals are donated from the hydroxyl
groups to the DPPH radicals, forming stable phenolic
radical intermediates and scavenging ROS [29].

Livestock (broilers, swine) often suffer from
oxidative stress due to intensive farming, heat stress,
and lipid oxidation in feed, leading to compromised
immunity [30]. RBE's radical scavenging ability can

clear ROS in digestive tract cells and blood,
inhibiting lipid peroxide (malondialdehyde, MDA)
production [31], and activating endogenous
antioxidant enzymes like SOD and GSH-Px,
contributing directly to lower mortality rates and
improved meat quality [32].

3.4. Heavy Metal Safety and Bioaccumulation
Prevention

ICP-OES analysis was performed to ensure
safety against heavy metal bioaccumulation through
the food chain.
All hazardous heavy metals—lead (Pb), cadmium
(Cd), and arsenic (As)—were "Not Detected (N.D.)",
fully satisfying regulations for feed additives and
veterinary drugs (Table 1). Rice bran outer layers
carry a risk of heavy metal accumulation from soil
via chelating with phytic acid or insoluble fibers [33].
However, our eco-friendly process demonstrated
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selective extraction, dissolving low-molecular-weight
phytochemicals while precipitating heavy metal-
bound macromolecules into residues [34, 37]. Thus,
RBE provides high safety without needing complex
chemical purification processes.

3.5. Development Goals and Prospects as
Veterinary Drugs and Feed Additives

The high-concentration RBE developed in this study
presents clear development goals and industrial
prospects in the animal healthcare market:

[Rice Bran Bio-Material (RBE)]
- Yield: 18.5%, y-Oryzanol: 7.2 mg/g, Heavy Metals: N.D. (Safety)

v

v

[Application 1: Premium Feed Additive]

- AGP alternatives (Phytogenics)

- Enhanced gut mucosal immunity & FCR
- Reduced oxidative stress & meat grade

[Application 2: Vet Medicine]
- Natural anti-inflammatory
- Senior pet metabolic care

- Skin barrier restoration

1. Phytogenic Feed Additives Replacing
Synthetic AGPs: Responding to AGP bans,
RBE serves as a natural gut immune
regulator that promotes beneficial bacteria
(Lactobacillus spp.) and inhibits pathogens
(E. coli, Salmonella spp.) [35, 38]. It
alleviates post-weaning diarrhea in piglets
and improves feed conversion ratios (FCR)
[36].

2. Therapeutic Supplements for Companion
Animal Metabolic & Skin Diseases: With
aging pets, y-oryzanol's autonomic nervous
systemregulation and lipid metabolism-
improving effects enable applications in
veterinary quasi-drugs and therapeutic diets
for hyperlipidemia, obesity, and joint
inflammation [37]. It holds bright prospects
as a natural therapeutic supplement for skin
barrier restoration in pets with dermatitis
[38].

IV. CONCLUSION
This paper successfully developed an eco-friendly
low-temperature reduced-pressure extraction process
for rice bran through the 2025 Industry-Academia-
Research Collabo R&D Preliminary Study led by
Handong Co., Ltd. and wverified its chemical,
biological, and veterinary validity.

1. By combining plant-derived 70% ethanol
with 500 mmHg reduced-pressure control
without toxic organic solvents, a high
extraction yield of 18.5% (123.3% of target)
was achieved, proving mass scalability and
cost efficiency.

2. The low-temperature (55°C) process
prevented thermal degradation of ester
bonds, preserving a high concentration of y-
oryzanol at 7.2 mg/g (144.0% of target).

3. Dose-dependent antioxidant activity (/Cso=
385.2 pg/mL) was confirmed, and heavy
metals were not detected, verifying safety
against bioaccumulation.

4. The extracted material proved its potential
as a phytogenic feed additive replacing
antibiotics and a natural veterinary medicine
for companion animal anti-inflammation
and metabolic care.

In conclusion, this study converted rice bran from an
agricultural waste into a high-functionality animal
healthcare biomaterial using green chemistry. In
Phase 2, in vivo feeding trials on pigs and poultry
will be conducted to systematically verify its effects
on gut microbiota regulation, immune parameters,
and livestock productivity.
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