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Abstract:

Traditional wet rendering leads to the degradation of polyunsaturated fatty acids in fish oil. Therefore, we combined this method
with high-shear homogenization and high-frequency ultrasound to extract oil from Clarias magur visceral biomass. This way, we
aimed to achieve higher oil yield, shorter extraction times, and a better preservation of polyunsaturated fatty acids.

High-shear homogenization and high-frequency ultrasound increased the oil yields by 9.17 and 10.55%, respectively, compared to
traditional wet rendering. The oil quality was also improved, with lower acid and peroxide values. Scanning electron microscopy
confirmed enhanced cell disruption for increasing the oil extraction efficiency. Fourier transfer infrared spectroscopy also
proved the efficacy of homogenization and ultrasound pretreatment in enhancing the extraction of polyunsaturated fatty acids
from C. magur visceral biomass. Their content showed a significant variation among different extraction methods. Specifically,
the high-frequency ultrasound method resulted in a notable 15.1% increase, while the high-shear homogenization method de-
monstrated a significant 13.3% increase, compared to the wet rendering method (control). The oil extracted by the high-frequency
ultrasound method demonstrated a 7.5% increase in eicosatetraenoic acid and a 11.7% increase in docosahexaenoic acid, as
compared to the oil obtained from the control method. High-shear homogenization and high-frequency ultrasound shortened the
extraction time and reduced the temperature requirements for oil extraction from wet biomass.

These techniques have potential for efficient fish oil extraction, valuable in the healthcare and food industries.

Keywords: Catfish waste management, wet rendering, high-shear homogenization, high-frequency ultrasound, polyunsaturated
fatty acids, lipids
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INTRODUCTION 2025, with a 5.8% growth rate per year [1]. The demand

Fish oil, a key source of polyunsaturated fatty acids for fish oil is increasing due to its wide applications in
(PUFAs), is becoming more popular due to its health health supplements, medicines, and animal feed. PUFAs
benefits. The fish oil market was worth USD 2.5 billion in fish oil can improve heart health and brain func-
in 2020, and it is predicted to grow to USD 3.3 billion by tion, reduce inflammation, and even prevent cancer [2].

Copyright © 2024, Dave et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.

94


https://orcid.org/0000-0001-6745-585X
https://orcid.org/0000-0003-0187-7544
https://orcid.org/0000-0003-0886-0745
https://orcid.org/0009-0006-5600-8492
https://orcid.org/0000-0001-5396-0601
https://orcid.org/0009-0006-3313-4525
https://orcid.org/0000-0001-8693-4303
https://orcid.org/0000-0002-1201-9644
https://ror.org/055mf0v62
https://ror.org/048byek34
https://ror.org/01d7fn555
https://ror.org/01ff74m36
mailto:nishantniftem@gmail.com
mailto:ali-muhammed.mo@kmitl.ac.th
https://ror.org/055mf0v62
https://doi.org/10.21603/2308-4057-2025-1-627
https://doi.org/10.21603/2308-4057-2025-1-627
http://crossmark.crossref.org/dialog/?doi=10.21603/2308-4057-2025-1-627&domain=pdf

Dave J. et al. Foods and Raw Materials. 2025;13(1):94-106

Catfish is one of the most widely farmed fish species
globally, with a high production rate and low produc-
tion costs, making it an affordable source of protein [3].
The viscera of catfish, including the liver and gut, are
usually considered as waste and therefore discarded.
However, catfish viscera contain significant amounts of
lipids, proteins, and other bioactive compounds, ma-
king them an ideal source of PUFAs and other valuable
components [4].

Traditional fish oil extraction methods, such as sol-
vent extraction, cold pressing, enzymatic hydrolysis, and
supercritical fluid extraction, have certain drawbacks,
including safety concerns, low oil yield, high cost, and
capital investment requirements [5]. As a result, resear-
chers are now searching solvent-free, ecofriendly, and
cost-effective alternatives. Wet rendering, a method that
involves cooking fish in water or steam to release oil and
separate it from other components, has emerged as a
promising approach for fish oil extraction. This method
offers potential advantages in terms of safety, oil yield,
and affordability, making it a suitable option for recove-
ring fish oil [6]. However, high temperature and pro-
longed cooking time lead to a thermal degradation of
PUFAs and therefore affect the quality of fish oil.

By combining wet rendering with such methods as
enzymatic treatment, ultrasonication, and high-shear
homogenization, we can achieve higher oil extraction
rates while minimizing thermal degradation [5]. Enzy-
matic treatment offers an advantage of breaking down
cellular structures and releasing oils more effectively [7].
Ultrasonication, through application of high-frequency
vibrations, disrupts cellular structures and enhances oil
release, increasing the mass transfer rate and impro-
ving oil extraction efficiency with reduced thermal de-
gradation [8]. Furthermore, incorporating high-shear ho-
mogenization into wet rendering significantly enhances
overall oil extraction efficiency by mechanically disrup-
ting cellular structures, improving mass transfer, and
reducing the particle size [9]. This combination of me-
thods contributes to higher oil yields with minimized
thermal degradation. However, enzymatic treatment, de-
spite its effectiveness, may have some limitations. For
instance, it can exhibit limited specificity, impacting its
efficiency on different types of fish tissues [10]. More-
over, enzymes require specific reaction conditions, such
as pH and temperature, which can add complexity to
the extraction process. Additionally, the cost associated
with acquiring and using enzymes tends to be higher
compared to high-frequency ultrasound and high-shear
homogenization techniques [11].

In this study, we combined the wet rendering method
with high-shear homogenization and high-frequency
ultrasounds to extract fish oil from catfish visceral bio-
mass. We investigated the effects of the extraction me-
thods on the recovery/yield of oil, acid and free fatty
acid values, oxidative stability, microstructure, compat-
ibility, fat composition, and lipid profile. Our primary
objectives were to enhance oil yield, reduce extraction
time, and improve PUFAs preservation.
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STUDY OBJECTS AND METHODS

Chemicals. Analytical-grade chemicals were utili-
zed in this study. These include thiobarbituric acid,
trichloroacetic acid, ammonium thiocyanate, ferrous
chloride, and sodium hydroxide procured from Merck
(Darmstadt, Germany). Solvents — chloroform, metha-
nol, and hexane — were supplied by Lab-Scan (Bangkok,
Thailand). Other chemicals like the Supelco® 37 com-
ponent FAME mix, 1,1,3,3-tetramethoxypropane, and
additional ammonium thiocyanate were sourced from
Sigma-Aldrich (St. Louis, MO, USA). Cumene hydro-
peroxide and 2-thiobarbituric acid were obtained from
Fluka Co. (Buchs, St. Gallen, Switzerland).

Raw material. Freshly available Clarias magur vis-
ceral biomass was procured from the Huatake fish mar-
ket at Ladkrabang (Bangkok, Thailand). Approximately
2-3 kg of viscera was packed in polyethylene bags,
placed into a polystyrene container with ice and trans-
ported to the School of Food Industry, King Mongkut’s
Institute of Technology Ladkrabang. Upon arrival, the
visceral biomass was ground using a meat grinder (Mo-
del: HR271331, Philips, Netherlands), and the ground
sample was used for further analysis.

Proximate composition. The standard AOAC method
numbers such as 930.15, 923.03, 920.39, and 923.01 were
used to determine the moisture, protein, fat, and ash
contents in fresh C. magur visceral biomass [12].

Experimental design. We applied the Taguchi or-
thogonal array design to assess the effect of high-shear
homogenization and ultrasonication on C. magur visce-
ral oil extraction via wet rendering. A four-factor, three-
level design was used to study the impact of each vari-
able on the oil yield, recovery, quality (acid value, free
fatty acids), and oxidative stability (peroxide value,
thiobarbituric acid reactive substances) [13]. The variab-
les for high-shear homogenization-assisted extraction
included the homogenization speed and time (6500—
26 000 rpm, 5—15 min), as well as the cooking tempera-
ture and time (40—80°C, 5-15 min). High-frequency ul-
trasound-assisted extraction included such variables as
the amplitude and sonication time (40—-80%, 5—15 min),
as well as the aforementioned cooking conditions.

Oil extraction. High-shear homogenization-assisted
extraction. Accurately weighed (100 g) ground visceral
biomass was mixed with distilled water at a ratio of
1:0.5 (w/v). The mixture was subjected to a high-shear ho-
mogenization (T-25 Digital Ultra Turrax, IKA, Thailand)
at different homogenization speeds and times (Table 1).
The homogenized mixtures were exposed to wet ren-
dering with various cooking temperatures and times
(Table 1). The oil was separated as described by Pudtika-
jorn et al., with slight modifications [14]. After each ex-
perimental run, the sample temperature was allowed to
be brought down to room temperature and the extrac-
tion mixture was filtered through muslin cloth and then
through Whatman No. 1 filter paper. The filtrate was fur-
ther centrifuged at 2500 g for 15 min, the cell debris pel-
lets were discarded, and the liquid sample was separated
into the oil and aqueous phase using a separating funnel.
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The recovered oil was used for analysis, the excess oil
was transferred into an amber bottle, whereas headspace
was flushed using nitrogen gas and stored at —20°C.

High-frequency ultrasound-assisted extraction. The
minced visceral biomass (100 g) was mixed with distil-
led water at a ratio of 1:0.5 (w/v). The mixture was subjec-
ted to an ultrasound (Vibra-Cell processor, Sonics & Ma-
terial, Inc., Newtown, CT, USA) at different amplitudes
and times, followed by wet rendering with various coo-
king temperatures and times (Table 2). After each experi-
mental run, the sample was filtered, and the oil was se-
parated, as described earlier [14]. The recovered oil was
used for further analysis. Additionally, the oil obtained
from the simple wet rendering process was considered as
a control. The process parameters were a viscera:water
ratio (w/v) of 1:0.5, extraction temperature of 90°C, and
extraction time of 20 min.

Extraction yield. The oil extraction yield, g/100 g
(wet basis), was calculated using the following Eq. (1) [14]:

Weight of obtained oil
Weight of sample taken for extraction

Yield =

x100 (1)
The oil recovery, %, was calculated using the fol-
lowing Eq. (2):

Weight of obtained oil
Total oil present in sample

Oil recover = x100

@

Qil quality. Acid value. The acid value was measu-
red using a method suggested by Chaijan et al., with
slight modifications [15]. One gram of oil was dissolved
in 10 volumes of hexane and titrated with 0.02 N KOH
after adding two drops of phenolphthalein until the pink
color was achieved. The acid value was expressed as
milligrams of KOH neutralizing free acids in a gram of
oil, and was calculated accordingly.

56.1xN x(Vs —Vb)
w

Acid value =

©)

where N is the normality of KOH; Vs is the volume of
KOH required for the sample; Vb is the volume of KOH
required for the blank; W is the weight of the sample, g.

Free fatty acids (FFAs). The FFA, %, content in the
oil sample was calculated as a percentage of oleic acid
present, utilizing the following Eq. (4):

Acid value x MW giic acia X 10

FFA =
MW kon x 1000 @
where MW - is the molecular weight of oleic acid,;

MW, ., is the molecular weight of KOH.

Oxidative stability of oil. Peroxide value. The pe-
roxide value of oil was measured spectrophotometrically
as described by Bruno ef al., using 20 mM ferric thiocya-
nate as a reducing agent [16]. The standard curve was
plotted using cumene hydroperoxide at concentrations of
0 to 50 ppm and the peroxide value was expressed as mg

cumene equivalents/kg of the oil sample.
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Thiobarbituric acid reactive substances (TBARS).
The TBARS analysis was also conducted as described
by Bruno et al., with minor modifications [16]. About
10 mg of oil was mixed with 2.5 mL of thiobarbituric
acid, incubated at 95°C for 10 min, cooled, and then cen-
trifuged at 3600 g for 20 min at 25°C. The absorbance
of the upper layer was measured at 532 nm. The TBARS
content was determined through a standard 1,1,3,3-tet-
raethoxypropane curve, expressed as mg MDA/kg oil.

Characterization of oil. Three oil samples were se-
lected for characterization, namely: 1) the oil recovered
by optimized high-shear homogenization-assisted extrac-
tion; 2) the oil recovered by optimized high-frequency
ultrasound-assisted extraction; 3) the oil recovered by
traditional wet rendering (viscera:water = 1:0.5, extrac-
tion temperature = 90°C, extraction time = 20 min),
wich considered as the control.

Scanning electron microscopy. To evaluate the im-
pact of each extraction method, the residues obtained
from high-shear homogenization-assisted extraction, high-
frequency ultrasound-assisted extraction, and wet ren-
dering, were examined under a scanning electron micro-
scope (XL30 FEI, Philips, France) at the magnification
of 500x. In preparation for scanning electron micros-
copy, the residual material was dried at 50°C and then
coated with gold using the sputter coating technique.

Fourier transfer infrared spectroscopy (FTIR). FTIR
spectra were obtained using the ATR-FTIR model Equi-
nox 55 (Bruker, Ettlingen, Germany) at a range of 400—
4000 cm™! with a resolution rate of 4 cm™ [17].

Fatty acid composition. Fatty acid methyl esters
(FAMEs) were prepared following Moula Ali et al. [18].
The derivatized FAMEs were analyzed via gas chromato-
graphy (GC, 7890B series, Agilent) using an HP 88 capil-
lary column and a flame ionization detector. Gas chroma-
tography conditions followed the manufacturer’s guide-
lines. Peaks were identified using Supelco® standard
retention time, integrated, and calibrated against the stan-
dard curve with Open LAB CDS software (Chem Station
edition, Agilent Technologies, Santa Clara, CA, USA).

Lipids nutritional quality indexes. The data from
the fatty acid composition analysis were used to calcu-
late three indexes of nutritional quality: atherogenicity
index (AI), thrombogenicity index (TI), and hypocho-
lesterolemic/hypercholesterolemic fatty acid ratio (HH).

Al represents the relationship between the cumula-
tive amounts of primary saturated fatty acids and prima-
ry unsaturated fatty acids, with the former considered
pro-atherogenic and the latter, anti-atherogenic [19]. The
following Eq. (5) was used to calculate the Al:

[C12:0+4x14:0+C16:0]

Al
(MUFA +1-6 +n-3)

®)

TI indicates the relationship between pro-thrombo-
genetic (saturated) and anti-thrombogenetic fatty acids
(MUFAs, n-6, and n-3 fatty acids) [19]. It was measured
using the Eq. (6).

The HH ratio is associated with cholesterol metabo-
lism. It was determined using the Eq. (7) [20].
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[C14:0 +C16:0 +CI8:0]

[(0.5xMUFA) + (0.5x n-6) + (3% n-3) + (n-3/n-6)

HH [C18:1(n9) + C18:2(n6) + C18:3(n3)+ C20:5(n3) + C22:5(n3) + C22:6(n3)}

©)

™)

[C14:0+ C16:0]

Statistical analysis. The experiments were per-
formed in triplicates and the data were presented as
means £ SD. Duncan’s multiple range test was used to
indicate the significant difference between the mean va-
lues. Range analysis was carried out using SPSS (ver-
sion 10.0.1.0, Stat-Ease) to measure the effect of individ-
ual variables and to determine their optimum level [13].
The average response (Pij) for each variable (i=1-3)
was calculated at each level (j=1-3). The difference
between the highest and lowest values of P, was repre-
sented as R. and calculated to determine which variable
contributed most to the quality of the oil.

RESULTS AND DISCUSSION

The proximate composition of Clarias magur vis-
cera contained 54.67 + 0.13% of moisture, 12.21 £ 0.57%
proteins, 24.35 £ 0.76% fat, and 1.86 = 0.51% ash (w/w).
Similar catfish species (i.e., C. magur from Kenya) were
reported to contain 38.20% fat, which was relatively
higher than the content of fat in the catfish from Thai-
land [21]. The difference in total fat could be due to the
difference in geographical distribution and fish feed [22].

Effect of high-shear homogenization on extraction
yield, oil quality, and oxidative stability. We found
significant (p < 0.05) effects of various independent va-
riables under study on the extraction yield (oil yield and
recovery ranging from 4.62 to 12.31 g/100 g and 19.01
to 50.65%, respectively), oil quality (acid value and free
fatty acids ranging from 10.52 to 29.31 mg KOH/g of
oil and 0.53 to 1.47% oleic acid, respectively), and oxi-
dative stability (peroxide value and thiobarbituric acid
reactive substances ranging from 18.10 to 39.11 mg cu-
mene hydroperoxide equivalent/kg of oil and 0.34 to
0.52 mg MDA eq/kg of oil, respectively) (Table 1).

Range analysis was carried out to optimize the ex-
traction variables, consistent with ANOVA. The wet ren-
dering time was the most significant parameter affecting
the extraction yield (oil yield and recovery) while the
homogenization speed was the most significant factor
affecting the oil quality (acid value and free fatty acids)
and oxidative stability (peroxide value and thiobarbituric
acid reactive substances) (Table 1). The oil yield increa-
sed as the wet rendering time increased from 5 to 10 min.
This could be correlated to a higher breakdown of adi-
pose tissues with time and the release of more fat [23].
However, the 15 min wet rendering time resulted in lo-
wering the oil yield. This could be caused by the prolon-
ged wet rendering process leading to the emulsification
of oil with water and proteinaceous material, making the
subsequent separation steps more difficult [24].
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The oil quality (acid value and free fatty acids) was
significantly (p <0.05) affected by the homogenization
speed. The acid value and free fatty acids increased as
the homogenization speed rose from 6500 to 26 000 rpm.
Azab et al. observed that the acid value of mango ker-
nel oil increased when extracted through high-shear ho-
mogenization at 8000 rpm [25]. Due to the strong mecha-
nical action, the oil is more exposed to oxygen, which
leads to increased oxidation [9]. The resulting free rad-
icals and reactive oxygen species can react with fatty
acids in the oil, leading to an increase in the acid val-
ue. Furthermore, the increased shear forces can cause
more disruption of the oil droplets, leading to a release
of more free fatty acids [9].

The breaking of the oil droplets during high-shear
homogenization exposes a larger surface area of the oil
to the aqueous phase, promoting hydrolysis and increas-
ing the content of free fatty acids. Additionally, the in-
tensified shear forces can accelerate the breakdown of
lipid molecules, increasing the peroxide value [26]. The
higher shear force generated at increased homogeni-
zation speeds facilitates greater oxidation, resulting in
higher peroxide value levels. Moreover, the shearing ac-
tion causes the breakdown of lipid molecules, leading to
the production of secondary oxidation products, such as
malondialdehyde (MDA), which reacts with thiobarbitu-
ric acid to form thiobarbituric acid reactive substances.
Therefore, higher homogenization speeds can lead to
higher thiobarbituric acid reactive substances, indicating
an increase in lipid oxidation.

Effect of high-frequency ultrasound on extraction
yield, oil quality, and oxidative stability. Table 2 shows
that the extraction yield, oil quality, and oxidative sta-
bility of the extracted oil were significantly (p < 0.05)
affected by various independent variables. The oil yield
and oil recovery ranged between 3.18 to 12.28 g/100 g and
13.08 to 50.41%, respectively. The acid value and free
fatty acids in the extracted oil ranged between 9.35 to
26.12 mg KOH/g of oil and 0.47 to 1.31% oleic acid, re-
spectively. The peroxide value and thiobarbituric acid
reactive substances (TBARS) ranged between 14.34 to
32.22 mg cumene hydroperoxide equivalent/kg of oil and
0.30 to 0.51 mg MDA equivalent/kg of oil, respectively.

Based on the range analysis, the ultrasound ampli-
tude and sonication time significantly (p <0.05) in-
fluenced the extraction yield, oil quality, and oxidative
stability, while the wet rendering temperature and wet
rendering time showed less significant effects. Raising
the ultrasound amplitude from 40 to 60% increased the
oil yield and recovery, which could be attributed to an
increased cavitation effect (Table 2). This effect causes
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Table 1 The yield, recovery, quality, and oxidative stability of the oil recovered from Clarias magur visceral biomass via high-
shear homogenization-assisted wet rendering using Taguchi orthogonal array design

Run A B C D Oilyield Oil recovery, Acid value®  Free fatty Peroxide TBARS®
% acids® value!
1 6500 5 40 5 4.62+0.12* 19.01 £0.51* 10.52+0.02¢ 0.53+0.04° 18.10+0.24° (.34 +0.02°
2 6500 15 60 10 590+0.09° 24.27+0.36° 10.88+0.03¢ 0.55+0.03¢ 18.63+0.29¢ (.34+0.01>
3 6500 25 80 15 7.16+0.17° 29.46+0.31° 11.09+0.02° 0.56+0.01° 19.25+0.13° .36+ 0.02%
4 13000 5 60 15 7.88+0.08" 32.42+0.56" 11.81+£0.05" 0.59+0.04" 20.64+0.28" (.40 +0.02¢
5 13000 15 80 5 624+0.239 2567+0.42¢ 14.21+0.04¢ 0.71 £0.06¢ 21.16 +0.232 (.40 £+ 0.03¢
6 13000 25 40 10 12.31£0.11" 50.65+0.54" 18.96+0.03" 0.95+£0.05" 24.12+031" 041 +0.01¢
7 26 000 5 80 10 11.1940.16" 46.04+0.29" 21.19+0.05" 1.07+0.06' 27.34+0.25" (.51 +0.02¢
8 26 000 15 40 15 8.33+0.13¢ 34.27+0.318 24.73+0.108 1.24+0.03* 34.14+0.16 (.52 +0.03¢
9 26 000 25 60 5 6.12+0.21° 25.18+0.25¢ 29.31+0.07" 1.47+0.07" 39.11+£0.22" 0.52+0.01°
Optimal 13000 5 60 10 11.89+0.23 40.70+0.18 12.94=+0.11 0.65+0.03 1932+0.21 (0.39+0.02
condition
Control - - - — 1090+029 3731+030 1824+023 091+0.02 2521+024 0.46+0.03
Factors Levels Values
A 6500 P, 5.89 24.24 10.83 0.54 18.66 0.34
13000 P,, 8.81 36.24 14.99 0.75 21.97 0.40
26 000 P,, 7.67 35.16 25.07 1.26 33.53 0.51
R, 2.92 12.00 14.24 0.72 14.87 0.17
B 5 P, 7.89 32.49 14.50 0.73 22.02 0.41
15 Py, 6.82 28.07 16.60 0.83 24.64 0.42
25 P, 8.53 35.09 19.78 0.99 27.49 0.43
R, 1.71 7.02 5.28 0.26 5.47 0.02
C 40 P, 8.42 34.64 18.07 0.90 25.45 0.42
60 P, 6.63 27.29 14.62 0.87 26.12 0.42
80 P, 8.19 33.72 15.49 0.78 22.58 0.42
R. 1.79 7.35 3.45 0.12 3.54 0.00
D 5 P, 5.66 23.28 18.01 0.90 26.12 0.42
10 P, 9.80 40.32 17.01 0.85 23.36 0.42
15 P, 7.79 32.05 15.87 0.79 24.67 0.42
R, 4.14 17.04 2.14 0.11 2.76 0.00
Rank D*>A*>C D*>A*>C A*>B*>C A*>B*>C A*>B*>C A*>B*,
>B >B >D >D >D C,D
Major D D A A A A
contributing
factor
Overall Factor A

A, B, C, and D represent variables such as homogenization speed (rpm), homogenization time (min), wet rendering temperature (°C), and wet
rendering time (min), respectively

*Qil yield in terms of g/100 g, based on wet weight; ® Acid value in terms of mg KOH/g of oil; ¢ Free fatty acids in terms of % oleic acid; ¢PV
in terms of mg cumene hydroperoxide equivalent/kg of oil; ¢ Thiobarbituric acid reactive substances in terms of mg MDA eq/kg of oil

Control is the oil extracted by traditional wet rendering (viscera:water = 1:0.5, v/v; extraction temperature = 90°C; extraction time = 20 min)
The same lowercase letter above each measured parameter indicates significant difference (p < 0.05)

Kij were the average values of each measured parameter from a nine-treatment set at level j (j = 1, 2, 3) of each factori (i= A or B, or C, or D)
R, and R, were the differences between the highest and lowest values ofKiJ within the same factor i

The rank was based on the largest to smallest order of R, and R, values, the factor with asterisk meaning significance

The two most contributing factors were selected based on the significance and rank order of R,
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Table 2 The yield, recovery, quality, and oxidative stability of the oil recovered from Clarias magur visceral biomass via high-
frequency ultrasound-assisted wet rendering using Taguchi orthogonal array design

Run A B C D Oilyield Oil recovery, Acid value®  Free fatty Peroxide TBARS®
% acids® value?
1 40 5 40 5 3.18+0.16* 13.08+0.21* 9.35+0.04° 0.47+0.02° 14.34+0.24° 0.30+0.02"
2 40 15 60 10 3.42+0.09®° 14.07+0.14> 9.79+£0.02¢ 0.49+0.10° 14.79+0.29¢ 0.31+0.01°
3 40 25 80 15 3.86+0.21° 15.88+0.51° 10.24+0.05° 0.52+0.05%¢ 15.90+0.13° 0.34 +0.02"
4 60 5 60 15 12.15£0.13¢ 50.00+0.34¢ 15.21+£0.02" 0.77+0.02" 19.88+0.31" 0.41+0.01¢
5 60 15 80 5 5.82+023" 23.95+0.12F 12.68 +0.04¢ 0.64+0.04° 17.62+0.23¢2 0.38 £0.03°
6 60 25 40 10 5.64+£0.19° 23.20+0.36° 10.82+0.02"7 0.54+0.02¢ 16.19+0.28" 0.39 +0.02¢
7 80 5 80 10 12.28+0.07" 50.41+0.21" 20.27+0.07 1.02+0.10" 27.61+0.16 0.51+0.03¢
8 80 15 40 15 5.63+£0.12°¢ 23.16+0.12° 18.61+0.06' 0.94+0.12¢ 22.96+0.25" 0.49 +0.02°
9 80 25 60 5 5.11+0.20¢ 21.02+0.15¢ 26.12+£0.05" 1.31+£0.07 32.22+0.22' 0.51+0.01°
Optimal 60 5 60 10 12.05+0.18 49.55+021 14.15+0.08 0.71+0.04 19.83+0.19 0.40+0.01
condition
Control - - - — 1090+0.29 3731+030 1824+0.23 091+0.02 2521+024 0.46+0.03
Factors Levels Values
A 40 P, 3.48 14.34 9.79 0.49 15.01 0.32
60 P, 7.87 32.38 12.90 0.65 17.90 0.39
80 P, 7.67 31.53 21.66 1.09 27.60 0.50
R, 4.39 18.04 11.87 0.60 12.59 0.18
B 5 P, 9.20 37.83 14.94 0.75 20.61 0.40
15 P, 4.95 20.39 13.69 0.69 18.45 0.39
25 P, 4.87 20.03 15.72 0.79 21.43 0.41
R, 433 17.80 2.03 0.10 2.98 0.02
C 40 P, 4.81 19.81 12.92 0.65 17.83 0.39
60 P, 6.89 28.36 17.04 0.85 22.29 0.41
80 P, 7.32 30.08 14.39 0.72 20.37 0.41
R, 2.51 10.27 2.65 0.13 1.92 0.02
D 5 P, 4.70 19.35 16.05 0.80 21.39 0.39
10 P, 7.11 29.22 13.62 0.68 19.53 0.40
15 P, 7.21 29.68 14.68 0.74 19.58 0.41
R, 2.51 10.33 2.43 0.12 1.86 0.02
Rank A*>B*> A*>B*>D A*>C*>D A*>C*>D A*>B*>C A*>B*,
C,D >C >B >B >D C,D
Major A A A A A A
contributing
factor
Overall Factor A

A, B, C, and D represent variables such as ultrasound amplitude (%), sonication time (min), wet rendering temperature (°C), and wet rendering
time (min), respectively

¢ Oil yield in terms of g/100 g, based on wet weight; ® Acid value in terms of mg KOH/g of oil; ¢ Free fatty acids in terms of % oleic acid; ¢ PV in
terms of mg cumene hydroperoxide equivalent/kg of oil; ¢ Thiobarbituric acid reactive substances in terms of mg MDA eq/kg of oil

Control is the oil extracted by traditional wet rendering (viscera:water = 1:0.5, v/v; extraction temperature = 90°C; extraction time = 20 min)
The same lowercase letter above each measured parameter indicates significant difference (p < 0.05)

K were the average values of each measured parameter from a nine-treatment set at level j (j = 1, 2, 3) of each factori (i= A or B, or C, or D)
R, and R were the differences between the highest and lowest values of K within the same factor i

The rank was based on the largest to smallest order of R, and R, values, the factor with asterisk meaning significance

The two most contributing factors were selected based on the significance and rank order of R,

sonication time increased from 5 to 15 min, both the oil
yield and recovery improved. This improvement could
be due to the extended exposure to ultrasound, promo-
ting further tissue breakdown and oil release [28]. Ne-
vertheless, similarly to the ultrasound amplitude, exces-
sive sonication time could lead to emulsification and a
subsequent decrease in yield. Zheng et al. also observed

a breakdown of adipose tissues over time and leads to
the release of more oil, consequently improving yield
and recovery. However, when the amplitude exceeded
80%, it caused the emulsification of oil with water and
protein, complicating the separation and reducing the oil
yield [27]. Along with the amplitude, the sonication time
significantly impacted the response variables. As the
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that the prolonged sonication time (30 min) resulted in
the formation of an interfacial membrane over the li-
pids, thereby inhibiting the extraction of oil from Schi-
zochytrium sp. [29].

Regarding the oil quality indicators (acid value and
free fatty acids), both the ultrasound amplitude and soni-
cation time significantly (p <0.05) influenced the res-
ponses. As these factors increased, both the acid value
and free fatty acids increased, too. This could be attribu-
ted to the intensification of mass transfer and mixing
at the molecular level induced by cavitation, which sti-
mulated the hydrolysis of triglycerides [30]. The result-
ing free radicals and reactive oxygen species can react
with fatty acids present in the oil, thereby increasing the
acid value. Zhang et al. observed similar trends during
the ultrasound-assisted extraction of peanut oil [31]. The
measures of oxidative stability, including peroxide value
and thiobarbituric acid reactive substances (TBARS),
also increased with higher ultrasound amplitude and
sonication time.

The collapse of cavitation bubbles can result in the
formation of hydroxyl radicals, which are highly reac-
tive free radicals. These radicals can interact with fatty
acids in the oil, inducing peroxidation and subsequently
increasing the peroxide value. Hernandez-Santos et al.
observed an increase in peroxide value in pumpkin oil
extracted at 80 to 100% of ultrasound amplitude [32].
Moreover, the increased cavitation resulting from high-
er amplitude and time facilitates the breakdown of lipid
molecules, leading to the production of secondary oxi-
dation products like malondialdehyde, which reacts with
thiobarbituric acid to form TBARS [33].

In contrast, the wet rendering temperature and time
exhibited less significant effects on the response vari-
ables, according to the range analysis. While these fac-
tors might influence the extraction process, their im-
pacts were not as significant as those of the ultrasound
amplitude and sonication time. This suggests that while
the wet rendering conditions can be optimized, the
primary focus for extraction optimization should be on
ultrasound parameters.

Optimization and validation of extraction con-
ditions. Utilizing the Taguchi orthogonal array design
for optimization, the extraction conditions were aimed
to maximize the oil yield and retain the quality. High-
shear homogenization-assisted extraction (HAE) was
optimized at 13 000 rpm homogenization speed, 5 min
homogenization time, 60°C wet rendering temperature,
and 10 min wet rendering time. High-frequency ultra-
sound-assisted extraction (UAE) was optimized with
60% amplitude, 5 min sonication time, 60°C wet rende-
ring temperature, and 10 min wet rendering time.

The experimental validation of the optimized con-
ditions significantly increased the oil yield while preser-
ving the quality. Specifically, the oil yield from HAE
was approximately 9.17% higher (11.89 g/100 g) than
that from the control method (10.90 g/100 g). Meanwhile,
the UAE method yielded a remarkable increase of about
10.55% (12.05 g/100 g), showing the efficiency of ultra-

100

sound-assisted extraction. In terms of the oil quality,
both the HAE and UAE methods showed substantially
lower acid values compared to the control method. In
particular, the acid values of 12.94 mg KOH/g oil for
HAE and 14.15 mg KOH/g oil for UAE were 29.06 and
22.46% lower, respectively, than the acid value for the
control method (18.24 mg KOH/g oil). The achieved
acid values were within the Codex standard for fish oil
(20 mg KOH/g) [34].

The peroxide value was 19.32 mg cumene hydrope-
roxide equivalent/kg oil for HAE and 19.83 mg cumene
hydroperoxide equivalent/kg oil for UAE. These values
were 23.35 and 21.36% lower, respectively, as compared
to the one for the control method (25.21 mg cumene hyd-
roperoxide equivalent/kg oil). This indicates a reduction
in oxidation levels in the oil extracted by these methods.

The scanning electron microscopy images provided
additional validation of the optimized extraction me-
thods, as they revealed a considerable degree of cell
disruption in the residues after both the HAE and UAE
procedures. This indicates a more rapid oil extraction at
lower temperatures (Fig. 1). The effect was more evident
in UAE, suggesting that ultrasound pre-treatment led to
better oil extraction than homogenization. This may be
attributed to the sonoporation effect, where the applica-
tion of ultrasound generates cavitation bubbles, leading
to the formation of tiny pores in cell membranes and
enhancing the oil release [35]. In contrast, the residues
from the traditional wet rendering (control) showed mi-
nimal cell disruption, highlighting the effectiveness of
the optimized extraction methods.

SED

20.0kV  WD10.7mm  Std.-P.C.25.0 HighVac 50um

Figure 1 Scanning electron microscopy of fresh Clarias
magur visceral biomass and visceral residues after oil
extraction using different methods: HAE — optimized high-
shear homogenization-assisted wet rendering; UAE —
optimized high-frequency ultrasound-assisted wet rendering;
control — traditional wet rendering (viscera:water = 1:0.5, w/v;
extraction temperature = 90°C; extraction time = 20 min)
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Figure 2 Fourier transfer infrared spectroscopy of Clarias magur viscera oils recovered using different methods: HAE — optimized
high-shear homogenization-assisted wet rendering; UAE — optimized high-frequency ultrasound-assisted wet rendering; control —
traditional wet rendering (viscera:water = 1:0.5, w/v; extraction temperature = 90°C; extraction time = 20 min)

Characterization. Fourier transfer infrared (FTIR)
spectra of the oil samples obtained from high-shear ho-
mogenization-assisted extraction (HAE), high-frequency
ultrasound-assisted extraction (UAE), and traditional
wet rendering are shown in Fig. 2. The functional group
region of the spectra contained five different peaks. The
peak at 3010 cm™!, which indicates the C—H stretching
vibration of cis-double bonds in fatty acids, was obser-
ved at a minor intensity in the UAE and control samp-
les (wet rendering) but was absent in the oil obtained
from HAE. This difference might be due to the higher
mechanical and thermal stress which may break down
cis-double bonds or convert them into trans-double
bonds or saturated fatty acids [36]. This process can also
be increased due to higher air exposure during homo-
genization [9].

Additionally, two major peaks were observed at 2924
and 2852 cm!, which correspond to the symmetric and
asymmetric stretching vibrations of CH,, respectively.
These peaks are indicative of the fatty acid chain length.
Comparing these two peaks, we observed that the ampli-
tude of the control oil sample (recovered without pre-
treatment) was lower than that of the oil samples obtai-
ned through HAE and UAE. The long-chain fatty acids
are often tightly packed in adipose tissues, and with-
out the mechanical disruption from homogenization or
cavitation (ultrasound), these fatty acids might not be
fully released, resulting in a lower intensity of the cor-
responding peaks in the control sample [24].

Furthermore, we identified a significant peak at
1742 cm™, which corresponded to the C=O stretching
vibration of the ester group in triacylglycerols. The
peak intensity of the oil obtained through HAE and
UAE was higher, suggesting a higher presence of es-
ter bonds in triacylglycerols. In contrast, the control
oil sample had a very low peak intensity. This suggests
that without the pretreatment steps (homogenization

101

and ultrasound), the adipose cells might not have been
effectively ruptured to release triacylglycerols [37].
The presence of unsaturated fatty acid chains in the oil
samples was indicated by the peak at 1451 cm™, corre-
sponding to CH, scissor vibration. Among all the oil
samples, the oil obtained through UAE had the highest
amplitude, followed by the oil obtained through HAE
and the control method.

The fingerprint region contained three peaks: a) CH,
bending vibration at 1362 cm™'; b) out-of-plane defor-
mation at 1153 cm™'; and c¢) CH, rocking vibration at
721 cm™'. Among these peaks, the one at 1153 cm™' (out-
of-plane deformation) corresponded to lipids and is gene-
rated due to the deformation of the C—H bonds in lipid
molecules, indicating the degree of unsaturation. The
oil samples recovered without pretreatment (control)
had a lower amplitude compared to the oil samples re-
covered through UAE or HAE. This showed that the oil
extracted without homogenization or ultrasound had a
smaller amount of polyunsaturated fatty acids. These
results were in agreement with the fatty acid composi-
tion of the oils.

Fatty acid composition. Table 3 displays the fatty
acid profiles of the oils extracted using three methods:
high-shear homogenization-assisted extraction (HAE),
high-frequency ultrasound-assisted extraction (UAE),
and traditional wet rendering process. Linoleic acid
(C18:2 n-6) was the most dominant fatty acid across all
three methods, with the highest concentration observed
in the oil extracted by HAE (305.11 pg/g of oil). The se-
cond most abundant fatty acid was oleic acid (C18:1 n-9),
with the highest level observed in the oil extracted by
UAE (256.81 pg/g of oil). This finding was in agreement
with Sathivel ef al. who also reported an abundance of
omega-6 and omega-9 fatty acids in catfish oils. Other
fatty acids were found in lower or moderate amounts [38].
We also found that the total amount of polyunsaturated
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fatty acids (PUFAs) was significantly higher than the
total amount of saturated fatty acids (SFAs) (p < 0.05).
However, eicosatetraenoic acid (EPA) and docosahexae-
noic acid (DHA), long-chain omega-3 fatty acids, were
present in lower concentrations across all the samples,
similarly to the observations made by Sathivel et al. [38].

A notable finding was a significant influence of the ex-
traction method on the PUFA content. The UAE method
yielded the highest PUFA content (417.06 pg/g of oil), fol-
lowed by HAE (410.17 pg/g of oil) and the control method
(362.93 pg/g of oil) (p < 0.05). This suggests that the
thermal process involved in wet rendering could negati-
vely affect the PUFA content, as suggested by Akoh, but
using an optimized extraction condition, such as UAE or
HAE, can retain a considerable amount of PUFAs [39].
The oil obtained from the UAE method exhibited sig-
nificantly higher amounts of EPA and DHA (29.41 and
34.91 pg/g, respectively) compared to the oil extracted
from the control method (27.40 pg/g EPA and 30.80 pg/g
DHA). This difference could be attributed to a higher
rate of oxidation in the oil extracted via the control
method, leading to the production of secondary oxida-
tion compounds.

Lipid nutritional quality indexes. Table 3 also pre-
sents the lipid nutritional quality indices of the oils ex-
tracted using three different methods: high-shear ho-
mogenization-assisted extraction (HAE), high-frequency

ultrasound-assisted extraction (UAE), and traditional
wet rendering. The Omega 6:Omega 3 ratios were 3.92:1,
3.68:1, and 4:1 for the HAE, UAE, and control (wet ren-
dering) methods, respectively. These ratios are important
because they can influence inflammatory responses in
the body. A lower ratio is generally preferred, as it is
considered to be healthier [40]. In this case, the oil ex-
tracted through UAE had the lowest Omega 6:0mega 3
ratio, implying a better balance between these two types
of fatty acids and therefore potentially healthier inflam-
matory responses.

Lower atherogenicity index (Al) values are desirable
as they indicate lower potential for atherogenesis, a pro-
cess that can lead to atherosclerosis and cardiovascular
disease [41]. The oils extracted by HAE and UAE had
significantly lower Al values (0.22 and 0.20, respectively)
compared to the control method (0.27), indicating their
lower potential for atherogenesis. The thrombogenic in-
dex (TI) assesses the potential of the oil to contribute to
the formation of thrombus or blood clots [19]. A lower
TI is better for heart health. Again, the oils extracted
via HAE and UAE showed lower TI values (0.31 and 0.29,
respectively) compared to the control method (0.38).
This suggests that the oils from HAE and UAE could
have a lower propensity for clot formation.

The hypocholesterolemic/hypercholesterolemic ratio
(HH) indicates the balance between fatty acids that de-

Table 3 Changes in fatty acid compositions of Clarias magur visceral oils recovered using HAE and UAE compared to traditional

wet rendering method

Fatty acid HAE UAE Control

ug/g of oil
Cl4 32.61 +£0.02* 32.61 +£0.01° 32.62+0.01°
Cl4:1 3.32+0.00? 3.32+£0.01* 3.51 £0.02°
C15 4.61+0.01° 4.51+£0.01° 4.61 +£0.02*
Cl6 99.81+0.21¢ 110.71 £0.32° 145.92 £ 0.29¢
C16:1 n-7 93.01 £0.31° 128.81 £0.23¢ 62.40 + 0.24°
C17 4.12+0.02° 422+0.01°¢ 4.01+£0.012
Cl18 3.71 £0.02* 3.72 £0.00? 3.61 £0.01*
C18:1 n-9 249.80 + 0.52° 256.81 +0.43¢ 229.90 +0.29*
C18:2 n-6 305.11 £0.19° 295.11 +£0.20° 262.90 +0.22°
C18:3 n-6 0.72 £0.02% 12.21 £0.01¢ 0.61£0.01¢
C18:3n-3 11.21 £0.01° 11.21 £0.02° 9.12+£0.02*
C18:4n-3 6.21 £0.01° 6.21 +£0.02° 6.01 £0.01?
C20 1.91 +£0.03* 1.91 £0.02° 1.71 £ 0.02?
C20:1 n-9 12.92 +0.02° 13.71 + 0.04¢ 10.11 £0.042
C20:2 n-6 3.71£0.01* 3.71 £ 0.00° 3.71£0.01*
C20:3 n-6 2.41+0.02° 2.42+0.01° 2.31+£0.012
C20:4 n-6 7.52 +0.02° 7.82 +0.02¢ 7.31 £0.03°
C20:3n-3 0.22 +0.00? 0.22+£0.01* 0.20 £ 0.00*
C20:4 n-3 3.11 £0.03" 3.21 £0.02¢ 2.81+0.02¢
C20:5n-3 29.11 +£0.13% 29.41 +£0.18° 27.40 +£0.15°
C22:1 n-9 2.12+£0.03% 2.22+0.03¢ 1.92 £0.02*
C22:2 n-6 6.82£0.01° 7.11 £0.02¢ 6.02 £0.02*
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Continuation of Table 3

Fatty acid HAE UAE Control
ng/g of oil

C22:4 n-6 1.21 £ 0.00° 1.31+0.01° 1.22 +£0.02°
C22:5n-6 2.41+0.02° 2.41+0.02° 2.51 +£0.02%
C22:6n-3 33.21+0.12° 3491 +0.16° 30.80 +0.10*
C24:1 n-9 0.91+0.01¢ 0.82+0.01° 0.71 £0.01*
Total SFA 146.77 £ 0.02° 157.68 +0.02° 192.48 +0.02¢
Total MUFA 361.08 £0.01° 405.69 +0.02° 308.55+0.01®
Total PUFA 410.17 £0.02° 417.06 £ 0.02¢ 362.93 +£0.03¢

Lipids nutritional quality indexes
Omega-6:0mega-3 3.92:1 3.68:1 4:1
Al 0.22¢ 0.20° 0.27°
TI 0.31¢ 0.29° 0.38°
HH 4.29¢ 4.17° 2250

HAE — oil extracted by optimized high-shear homogenization-assisted extraction; UAE — oil extracted by optimized high-frequency ultrasound-
assisted extraction; and control — oil extracted by traditional wet rendering (viscera:water = 1:0.5, w/v; extraction temperature = 90°C; extraction

time = 20 min)

Al — atherogenicity index, TI — thrombogenicity index, HH — hypocholesterolemic/hypercholesterolemic fatty acid ratio

Values are given as mean = SD (n = 3)

Different lowercase superscripts in the same row denote significant differences (p < 0.05)

crease low-density lipoprotein cholesterol (hypocho-
lesterolemic) and those that raise it (hypercholesterole-
mic) [42]. Higher ratios are healthier as they indicate
more hypocholesterolemic activity. In this study, the oils
extracted via HAE and UAE had significantly higher
HH values (4.29 and 4.17, respectively) compared to the
control method (2.25). This suggests that the oils from
the HAE and UAE methods could be healthier in terms
of cholesterol balance.

CONCLUSION

Our research showed that high-shear homogeniza-
tion-assisted extraction and high-frequency ultrasound
assisted extraction, which were optimized by using the
Taguchi orthogonal array design, provide significantly
improved Clarias magur oil extraction efficiency, qua-
lity, and oxidative stability compared to the traditional
wet rendering method. The optimal conditions allo wed
more efficient extraction of high-quality, PUFA-rich oil
from C. magur viscera at lower temperatures. Analytical
methods, including Fourier transfer infrared spectros-
copy, fatty acid analysis, and nutritional quality indexes
confirmed the superior quality of the obtained oil.

As indicated by scanning electron microscopy ima-
ges, extensive cell disruption was observed in the high-
shear homogenization and high-frequency ultrasound
extract residues. These findings underscore the value
of these methods as faster, more efficient, and low-tem-
perature alternatives to the traditional extraction meth-
ods. Further research could expand on these findings
by exploring other potential applications and scalability
of these extraction methods. Our study provides prom-
ising pathways for the valuable use of catfish visceral
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biomass, contributing to waste minimization and enhan-
cing the overall value chain in the fish industry.
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