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ABSTRACT

There has been an increasing trend in the use of chia seed oil (CSO) rich in polyunsaturated fatty
acids (PUFA), mainly a-linolenic and linoleic acids, accompanied by antioxidants like tocopherols,
phytosterols, carotenoids and polyphenols, which may benefit to human health. Various conventional
(solvent and mechanical pressing) and alternative extractions (supercritical fluid extraction using
carbon dioxide and ultrasound-assisted method) have been utilised to extract oil from chia seed based
on selected conditions and types of solvent, which affect the oil yield and nutritional composition.
Alternative extractions like ultrasound-assisted with solvent (time: 40 min, temperature: 50°C and
solvent-to-seed ratio: 12 ml of ethyl acetate/g of chia seed) and supercritical fluid extraction (SFE)
using carbon dioxide enriched with 10% acetone (time: 300 min, temperature: 70°C and pressure:
280 bar) can be applied to improve the amount of oil (up to 27.1% and 33.9% for ultrasound-

assisted with solvent and SFE, respectively)
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and PUFA extracted from the chia seed. SFE is
recommended as a highly desirable alternative
to traditional methods (Soxhlet and pressing) for
extracting tocopherol and phytosterol from CSO.
Incorporating acetone with SFE could enhance
the number of polyphenols and carotenoids in
CSO compared to pure supercritical carbon
dioxide. However, CSO is highly susceptible
to oxidation due to its high concentration of
PUFA (more than 80%). Recent research on the
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nutritional qualities of CSO has explored the impact of improvement techniques to prevent loss of
nutritional quality. Therefore, natural antioxidants and blends of vegetable oils have been applied
to improve CSO’s oxidative stability and shelf life.

Keywords: Chia seed oil, conventional extraction, oxidative stability, polyunsaturated fatty acids, supercritical
fluid extraction, tocopherols, ultrasonic-assisted extraction

INTRODUCTION

Chia seed (Salvia hispanica L.) is originally from Mexico and Guatemala, where it has
been consumed for thousands of years (Ixtaina, Mattea, et al., 2011). Countries such as
Australia, Argentina, Columbia, America, and Europe have successfully cultivated chia
plants and become the largest chia seed producers over the past few years (Grancieri et al.,
2019). The high demand for chia seeds is the reason for its continually high share in the
global market. Future Market Insights (2023) has estimated that the overall market value
for whole chia seed will reach US$390.3 billion over the prediction period (2023-2033).
The demand for chia seeds is predicted to report a 7% Compound Annual Growth Rate
(CAGR) (2023-2033), higher than the previous performance (2018-2022) with a CAGR
of 2.4% (Future Market Insights, 2023).

Food products enriched with polyunsaturated fatty acids (PUFA) from plant sources
have gained customer attention for their significant role in positively affecting human health
(Kus-Yamashita et al., 2016). The primary dietary source of PUFA is fish oil, but the current
need has led to the overexploitation of certain fish species, impacting global fish stocks
(Lenihan-Geels & Bishop, 2016). Furthermore, plant oils are cheaper, have higher oxidation
resistance and yield higher than fish oil (Tacon & Metian, 2008). Therefore, vegetable oil is
investigated as a sustainable alternative source to fulfil the demand for PUFA worldwide.
A higher concentration of PUFA in chia seed oil (CSO) is identified and compared with
other known plant food sources. Generally, CSO contains about 63.64% a-linolenic acid
(ALA), 19.84% linoleic acid (LA), 7.07% palmitic acid (PA), 5.5% oleic acid (OA) and
2.81% stearic acid (SA) (Shen et al., 2018). CSO is characterised by their high PUFA
content and as a good source of antioxidants (Dabrowski et al., 2018a; Dabrowski et
al., 2016). The extraction of high-quality CSO is a recent development globally, and the
demand for CSO is growing.

Different extraction methods (conventional and alternative) influenced the composition
of PUFA, antioxidants and oil yield (Dabrowski et al., 2016). Vegetable oil extractions use
traditional methods, including solvent extraction or Soxhlet, distillation, and mechanical
pressing (hot and cold). However, these methods involve long extraction times that could
remove antioxidant compounds in the extracted oil (Scapin et al., 2017). As a result, many
researchers nowadays seek the latest extraction techniques to solve these matters. Novel
vegetable oil extraction methods from different seeds, like supercritical fluid extraction
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(SFE) and ultrasound-assisted extractions, have been studied lately (Ferrentino et al., 2020;
Senrayan & Venkatachalam, 2020).

Lipid oxidation is one of the chemical reactions contributing to the deterioration of
vegetable oil quality (Fruehwirth et al., 2020). Different approaches and processes were
carried out to improve CSO’s oxidative stability from lipid oxidation. To our knowledge,
there is a limited review of the bioactive compounds (PUFA and antioxidants) of CSO
extracted by conventional and alternative extraction methods. It is also the first review paper
to report the different improvement techniques for the oxidative stability of CSO from lipid
oxidation. Therefore, this review has summarised an overview of current research in CSO
extraction and its effect on yield, PUFA and antioxidants. Moreover, different techniques
for improving CSO stability, such as natural antioxidants and vegetable oil blending against
lipid oxidation, are discussed.

Lipid oxidation is one of the chemical reactions contributing to the deterioration of
vegetable oil quality (Fruehwirth et al., 2020). Different approaches and processes were
carried out to improve CSO’s oxidative stability from lipid oxidation. To our knowledge,
there is a limited review of the PUFA and antioxidants in CSO extracted by conventional
and alternative extraction methods. It is also the first review paper to report the different
improvement techniques for the oxidative stability of CSO from lipid oxidation. Therefore,
this review summarises the research on CSO extraction and its effect on yield, PUFA, and
antioxidants. Moreover, different techniques for improving CSO stability, such as natural
antioxidants and vegetable oil blending against lipid oxidation, are discussed.

EXTRACTION METHODS OF CHIA SEED OIL

The extraction process is one of the vital stages in oil production from seeds. The
conventional oil extraction processes are mechanical and solvent extraction. Research
groups have evaluated the potential of using alternative extraction technologies to improve
CSO yield and nutritional value. Table 1 summarises the advantages and drawbacks of
various CSO extraction methods.

Pressing

Pressing is a commonly used technique for the industrial production of CSO. Screw
pressing is less expensive than solvent extraction because it does not require costly
chemicals to squeeze the oil from chia seed (Martinez et al., 2012). In addition,
mechanical pressing can be carried out at a low temperature, preserving the PUFA,
tocopherols and carotenoids of CSO. However, pressing is slow and laborious and
provides incomplete oil extraction production, thus producing a low yield of CSO
(Dabrowski et al., 2016; Fernandes et al., 2019; Ixtaina, Martinez, et al., 2011). Another
disadvantage of pressing is that it accelerates the process of CSO oxidation (Ali et al.,
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2012) due to the high friction force applied during extraction, leading to hydroperoxide
formation and triggering oxidative reactions.

Ahigh peroxide value (PV) of 10.98 mEq O,/kg oil was observed in CSO obtained by
pressing, exhibiting a high vulnerability to lipid oxidation (Fernandes et al., 2019). The
result obtained for PV of pressed CSO agreed with those reported by previous authors
(Martinez et al., 2012), who found that higher pressing temperatures (50°C—70°C) presented
a higher susceptibility towards oxidation compared to lower temperatures (20°C and
30°C). As a result, the PV is higher than those allowed by the Commission Implementing
Regulation (EU) 2014, which declares that PV for CSO obtained by cold pressing must
not be more than 10 mEq O,/kg oil.

The yield of pressed CSO (20.01%—-26.3%) was lower than other extraction methods
like Soxhlet, SFE and ultrasound-assisted extraction (Dgbrowski et al., 2016; Fernandes
et al., 2019; Ixtaina, Martinez, et al., 2011). Based on the oil yield extracted by different
mechanical pressing, hot screw pressing conducted at a high temperature (110°C) for 1 hr
could maximise the yield of CSO (26.27%) compared to cold pressing without using high
temperature (24.1%) (Dabrowski et al., 2016). However, the different values of CSO yield
obtained are not significant (p >0.05). It is similar to Martinez et al. (2012), who stated
that different pressing temperatures (30°C—70°C) had no significant effect on CSO yield.
Pressing temperature negatively affected the peroxide value of the CSO, but the different
temperatures did not significantly influence the oil yield.

Solvent Extraction

The Soxhlet and Folch procedures are the standard methods for total lipid extraction from
food materials. Solvent extraction methods are the most effective, with 98% of total oil
recovery (Dabrowski et al., 2016). The different solvents used in extracting CSO include
hexane, petroleum ether, acetone and a mixture of chloroform and methanol. Hexane is
the most common solvent used for CSO extraction. It is highly effective for vegetable oil
extraction due to its high oil recovery, low boiling point temperature (63°C—69°C), and
excellent non-polar nature (Liu & Mamidipally, 2005). However, hexane has led to several
severe impacts, such as hazardous pollution to the environment, toxicological effects on
human health, and residual solvents in the final product (Kumar et al., 2017).

According to their polarity, four solvents were also used to extract CSO in isolating
bioactive compounds and oil recovery. These solvents include petroleum ether, chloroform,
methanol, and acetone. The oils extracted are strongly affected by the solubility and
extractability of lipids in the solvents (Ramluckan et al., 2014). However, less oil yield
was obtained from polar solvents due to the difficulty in molecular interaction between
substances in the sample matrix and solvent. The yield of CSO from solvent extraction
methods was proven to be higher than other alternative extractions (19.28%—-36.1%)
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(Dabrowski et al., 2016; Dabrowski et al., 2018a; Dabrowski et al., 2018b; Fernandes et
al., 2019; Ishak, Ghani, Yuen, 2020; Oteri et al., 2023; Rosas-Mendoza et al., 2017; Shen
etal., 2018; Timilsena et al., 2017).

Few studies reported the low yield of CSO obtained using cold extraction without
applying the Soxhlet apparatus at room temperature. Low oil recovery of CSO was observed
using hexane and petroleum ether (19.28% and 26.6%, respectively) under cold extraction
conditions (Fernandes et al., 2019; Timilsena et al., 2017). High oil yield from chia seed
(more than 30%) was achieved with hexane under hot extraction conditions using the
Soxhlet apparatus. In general, lipids’ solubility can be improved with increased temperature
by breaking the strong molecular oil interactions and enhancing the extraction rate of oils
from the molecule (Ritcher et al., 1996). These findings suggested that the oil from chia
seed under hot extraction conditions is more efficient than cold extraction.

Ultrasound-assisted Solvent Extraction

Using ultrasound technology in various food industries has numerous potentials for
efficiency, yield and selectivity (Chemat et al., 2017). Ultrasound-assisted extraction
(UAE) is the latest technique with many advantages to improve CSO yield. UAE is
a rapid method to provide higher extraction oil yield than conventional extraction
procedures without using ultrasound-assisted. Generally, ultrasonic power above 20
kHz leads to cavitation, which involves microbubble shock formed by excess vibration
and generating pressure until the bubble explodes on the contact surface between the
sample matrix and a liquid solvent (Rosas-Mendoza et al., 2017). Thus, such reactions
break the sample’s cell wall, and the extraction of lipid components into the solvent is
enhanced (Chemat et al., 2017).

Applying ultrasound on chia seed samples in ethyl acetate and petroleum ether resulted
in significantly higher oil yield than extraction without ultrasound (de Mello et al., 2017;
Rosas-Mendoza et al., 2017). The ultrasonic extraction using optimal conditions at 40 min,
temperature of 50°C and solvent-to-seed ratio (12 ml of ethyl acetate/g of seed) produced
a CSO yield of 27.19% higher than without ultrasound (22.12%) (de Melo et al., 2017).
Meanwhile, the extraction oil yield of chia seed is increased by 3.2% after being treated
with ultrasonic power at 40 kHz for 90 min compared to the stirring method (Rosas-
Mendoza et al., 2017). Therefore, the organic solvents used for CSO extraction assisted
by ultrasound treatment are appropriate for replacing hexane. The warming effect during
ultrasound treatment also affects the oil recovery from chia seed.

In comparison with the study (de Melo et al., 2017; Rosas-Mendoza et al., 2017),
the yield of CSO was slightly higher at hot extraction 50°C (27.19%) compared to cold
extraction without heat treatment (25.0%). It shows that using an ultrasound bath, the CSO
extraction has improved with increased temperature. An increase in extraction temperature
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enhanced the speed rate of microbubble breaking, and this process would promote the
penetration of solvent into the cell wall of the sample and increase the extraction rate of
lipid compounds into the solvent (Li et al., 2016). Applying ultrasound as a sample pre-
treatment before SFE is the best option to improve CSO yield for a shorter extraction time.
Fernandes et al. (2019) reported that the use of ultrasound treatment on chia seed for 15
min before SFE increased the total oil yield (24.5%) compared with SFE without using
ultrasound (22.2%). The authors also examined the different durations of the ultrasound
process on chia seed oil extraction at 30 and 60 min, which showed similar oil content of
chia seed (24.5%). Extending the extraction time using ultrasound may lead to a decrease
or no changes in the CSO yield due to the maximum release of lipid components at
the beginning of the extraction. After a certain period, the CSO extraction process was
completed. Therefore, using ultrasonic treatment with appropriate extraction time and
temperature would improve the CSO recovery using extraction methods.

Supercritical Fluid Extraction

Most SFE has been performed with supercritical carbon dioxide (SC-CQO,) as a supercritical
solvent due to its critical conditions (temperature: 31.1°C and pressure: 73.8 bar), non-
explosive, inexpensive, user-friendly and easy to remove from the product. Thus, it can be
applied to food (Bubalo et al., 2015). SC-CO, has low viscosity and high diffusivity due
to the high pressure, which promotes better transport properties by rapidly penetrating the
sample molecules, resulting in faster extraction rates than liquids. SC-CQO, is suitable for
extracting less polar compounds like fatty acids (Herrero et al., 2006). The oil content of
chia seed extracted by SFE highly varied (9.5%—33.9%) according to the different extraction
conditions (Dgbrowski et al., 2018b; Fernandes et al., 2019; Ishak et al., 2021; Ixtaina et
al., 2010; Ixtaina, Mattea, et al., 2011).

The extraction pressure is the main parameter that influences the extraction efficiency
of CSO, as reported by Ishak et al. (2021), Fernandes et al. (2019), Dabrowski et al.
(2018b), Ixtaina, Vega, et al. (2011) and Ixtaina et al. (2010). Increased extraction pressure
typically enhances the desired compound’s solubility (Bubalo et al., 2018). An increase
in pressure resulted in higher extraction oil yields from chia seed, which is elevated from
approximately 3.9% at 150 bar to almost 17.45% at 250 bar (Fernandes et al., 2019).
High pressure generally improved the oil yield due to increased SC-CO, density (Soh et
al., 2018). Higher pressure would then facilitate the oil movement into the surface of the
sample matrix (Ghoreishi et al., 2016). Extraction temperature and time also affected the
oil recovery from chia seed. At the constant pressure (250 bar), a higher amount of CSO
(17.45%) is obtained at a lower temperature (40°C) compared to oil extracted at 60°C
(11.96%) (Fernandes et al., 2019). The authors stated that an increase in temperature
reduced the SC-CO, density, which led to a decrease in the oil yield.
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Meanwhile, the yield of CSO improved by 5% after extending the extraction time from 60
to 75 min at constant pressure (250 bar) and temperature (40°C) (Fernandes et al., 2019). The
range of extraction time to recover the oil from chia seed based on previous studies is 75-300
min (Dabrowski et al., 2018b; Fernandes et al., 2019; Ixtaina et al., 2010; Ixtaina, Mattea, et
al., 2011; Scapin et al., 2017). The extraction consists of two periods, which include a fast
extraction period (initial linear and transition phase) and a slow extraction period (second
linear phase) (Ixtaina, Mattea, et al., 2011; Ixtaina et al., 2010). Most CSO extraction mainly
occurred in the fast extraction period based on the accumulated extraction curves for oil
removal by SC-CO, (Ixtaina, Mattea, et al., 2011). The result showed that the total extraction
time for CSO extracted by higher pressure (450 bar) at 40°C and 60°C were 135 and 138
min, respectively. In contrast, oil extracted at a lower pressure (250 bar) indicated longer
total extraction time at 40°C and 60°C (285 and 423 min, respectively). CSO extracted by
the SFE process varied from 9.5% (60 min with SC-CO,) to 33.9% (300 min with SC-CO,
enriched by 10% acetone) with the pressure of 280 bar at 70°C (Dabrowski et al., 2018b).

An increased extraction time from 60-300 min for pure SC-CO, significantly improved
CSO yield (9.5%-32.7%). Moreover, acetone yielded more CSO and minimised the
extraction time. The extraction enriched with 10% acetone obtained a higher yield of CSO
(22.2%) than pure SC-CO, (9.5%) at 60 min of extraction time. These findings agree with
Fernandes et al. (2019), who reported that the addition of 30% ethanol as a polar co-solvent
in the SFE process produced more oil yield (25.10%) than the pure SC-CO, (22.24%) for
75 min of extraction. SC-CO, polarity has difficulty extracting polar substances (phenolic
compounds). Ethanol and acetone are mainly used as co-solvents to improve the polarity
of SC-CO,, enhancing its solvating power to extract phenolic compounds (Bubalo et al.,
2015). Besides that, different particle sizes of ground chia seed influenced the oil extraction
using SC-CO, (Ishak et al., 2021). The authors reported that intermediate particle sizes of
ground chia seed (100400 pm) based on the grinding time of 10 s has higher surface area
(0.0350 m*/g) to contact with SC-CO, compared to larger particle sizes of ground sample
(0.066 m*g), resulting in oil extracted quickly from the surface of the sample matrix.
Therefore, the overall fat content of chia seed (9.5%—35.8%) is significantly affected by
conditions and parameters employed during oil extraction, such as temperature, solvent
type, extraction time, pressure, co-solvent and particle size of the ground sample.

EFFECTS OF EXTRACTION METHODS ON POLYUNSATURATED
FATTY ACIDS AND ANTIOXIDANTS OF CHIA SEED OIL

Lipids contain PUFA and antioxidants (phytosterols and tocopherols), which are soluble in
non-polar organic solvents but poorly soluble in polar solvents. Polyphenols are the minor
antioxidant compounds in CSO. The composition of CSO (fatty acids and antioxidants) is
based on the different extraction methods presented in Table 2.
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Table 2
Composition of chia seed oil (fatty acids and antioxidants) based on the different extraction methods
Range
Composition Unit (minimum- Extraction methods References
maximum)
Fatty acids
Polyunsaturated % 73.69—89.84 Soxhlet (hexane and acetone), Oteri et al. (2023); Ishak et
fatty acids petroleum ether extraction al. (2021); Ishak, Ghani and
Saturated fatty % 776-16.09  using an orbital shaker, Nasri (2020); Dabrowski
acids Folch procedure (chloroform et al. (2018a); Shen et al.
Monounsaturated % 2.43-10.53 and methanol), mechanical (2018); Hrncic et al. (201‘8);
N 5 . B X ]
fatty acids pressing (hot and cold) Scapin et al. (2017); Ixtaina
SFE (CO, and acetone), Mattea, et al. (2011)
ultrasound-assisted extraction
Antioxidants
Tocopherols mg/kg 100-1244 Soxhlet, mechanical pressing  Ishak et al. (2021);
Phytosterols mg/kg 2272-12600 (hot and cold) and SFE (SC-  Dabrowski et al. (2018a);
Polyphenols mg/kg 0-172 CO,, acetone and n-propane) Dabrowski et al. (2018b);

Shen et al. (2018); Dabrowski
et al. (2016); Zanqui et al.
(2015); Ciftci et al. (2012);
Ixtaina, Mattea, et al. (2011);
Alvarez-Chavez et al. (2008)

Note. SFE=Supercritical fluid extraction, SC-CO,=supercritical carbon dioxide, UAE=Ultrasound-assisted
extraction

Polyunsaturated Fatty Acids

CSO is recommended as one of the healthiest oils in the market due to its high PUFA content
(73.69%—-89.84%) which consists of ALA (53.67%—-69.3%) and LA (16.6%-23.21%)
(Dabrowski et al., 2018a; Hrncic et al., 2018; Ishak, Ghani, Nasri, 2020; Ixtaina, Mattea, et
al., 2011; Oteri et al., 2023; Scapin et al., 2017; Shen et al., 2018). Furthermore, saturated
fatty acids (SFA), including PA (5.5%—-11.5%) and SA (0.29%—7.89%), were calculated
for 7.76%—16.09% of total fatty acids. The minor concentration of OA (2.43%—-10.53%)
is classified as monounsaturated fatty acids (MUFA), also present in CSO (Ciftci et al.,
2012; Ixtaina et al., 2010; Segura-Campos et al., 2014). The CSO is rich in PUFA with
more than 80% regardless of conventional extraction methods (Dabrowski et al., 2016;
Fernandes et al., 2019; Ixtaina, Martinez, et al., 2011).

Cold (conducted at room temperature) and hot mechanical pressing (110°C) showed
no significant differences in the fatty acid composition of CSO. The PUFA content in cold-
pressed CSO (82.2%) was higher (p >0.05) than in hot-pressed CSO (81.7%) (Dabrowski et
al., 2016). Most CSO extracted by different solvent extraction methods (Soxhlet, Folch and
mixing) had a level of PUFA (more than 80%). This can be explained by the high operational
temperature and solvent recycling related to the higher solute solubility and the interaction of
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the sample and the solvent during extraction (Abdolshahi et al., 2015). It was also observed
that non-polar solvents such as hexane and petroleum ether are excellent choices for non-
polar lipids such as fatty acids. Therefore, the concentration of PUFA was not affected by
different methods and solvents with polarity differences used to extract oil from the chia seed.

Applying ultrasound-assisted solvent extraction using ethyl acetate provided higher
PUFA content in CSO than other extraction methods. The results showed that UAE extracted
82% PUFA content with less solvent used (1 g of chia seed in 12 ml of ethyl acetate),
reduced extraction time (40 min) and higher selectivity (de Mello et al., 2017). Previous
studies have reported that UAE provided better extraction of bioactive compounds in seeds
by destroying plant cells due to the strong impact of ultrasonic waves (Tian et al., 2013).
The application of UAE in the CSO industry is considered the best option to improve
extraction efficiency by performing low operation temperatures, which may prevent heat
damage to the oil and preserve the nutritional qualities of the oil.

Several authors have reported the research on the fatty acid composition of CSO
extracted by SC-CO, compared with the conventional method (Ixtaina, Mattea, et al.,
2011; Ixtaina, Martinez, et al., 2011). Ixtaina et al. (2010) are the first authors to report
on the fatty acids of CSO extracted by SFE at different conditions of pressure (250, 350
and 450 bar), temperature (40°C, 60°C and 80°C) and time (60, 150 and 240 min). The
results showed that wide variations were observed in the amount of each fatty acid in CSO,
including ALA (44.4%—63.4%), LA (19.6%—-35%), PA (6.8%—-14%), SA (2.5%-13%) and
OA (3.9%—11.1%) based on the different SFE operating conditions and extraction time
significantly affected (p<0.05) the concentration of ALA and LA. The highest oil yield
of chia seed based on the optimal conditions (80°C, 450 bar and 300 min) was compared
with hexane extraction for the fatty acid composition. It is indicated that the fatty acid
profile for both oils obtained was not significantly different (» > 0.05). Ixtaina et al.
(2011a) also revealed that no significant differences (p > 0.05) were detected in the fatty
acid composition of CSO obtained by both extraction methods, except that the amount
of LA was significantly higher in oil extracted by SFE (pressure: 250 and 450 bar and
temperature: 40°C and 60°C) compared to solvent extraction. Dabrowski et al. (2018b)
conducted a study to show the impact of acetone as a modifier at different concentrations
and times with SC-CO, on the fatty acid composition of CSO. Results showed that the CSO
were relatively similar in PUFA level (78.5%—82.2%) regardless of acetone addition and
extraction time. Therefore, adding acetone as a high-polarity solvent in the SFE systems
did not change the concentration of the fatty acid profile in the CSO.

Tocopherols and Phytosterols

Generally, oil extracted from plant seeds contains tocopherols and phytosterols, considered
natural antioxidants (Hussain et al., 2021; Gharby et al., 2017). Tocopherols and phytosterols
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in CSO varied from 100—1244 mg/kg and 2998.8—-12600 mg/kg, respectively. Tocopherols
in CSO consist mainly of y- with more than 90% of the total, followed by a minor amount of
a- (about 5%) and o- (around 3%). Meanwhile, the main representative of phytosterols was
B-sitosterol (1829-7960 mg/kg), followed by stigmastanol (21802770 mg/kg), stigmasterol
(173-1830 mg/kg), campesterol (271-924.6 mg/kg), 25-hydroxy-24-methylcholesterol
(430.1-683.2 mg/kg), AS-avenasterol (355 mg/kg), 24-methylenecycloartanol (127.4-146.8
mg/kg) and other sterol compounds (2180-2770 mg/kg) was present in CSO (Alvarez-
Chavez et al., 2008; Ciftci et al., 2012; Dabrowski et al., 2016; Dabrowski et al., 2018a;
Ishak et al., 2021; Ixtaina, Mattea, et al., 2011; Ixtaina, Martinez, et al., 2011; Shen et al.,
2018; Zanqui et al., 2015). The variability is highly dependent on the oil extraction method
and the origin of the seeds.

Tocopherols and phytosterols were observed in CSO for alternative and conventional
extraction methods. Dabrowski et al. (2016) reported the composition of tocopherols and
phytosterols of CSO obtained by Soxhlet extraction using different solvents (hexane and
acetone) and screw pressing (cold and hot conditions). CSO obtained by hexane extraction
has significantly higher total phytosterol contents than other extraction methods, indicating
that hexane is the best non-polar solvent to extract the highest amount of phytosterols.
Meanwhile, both oils extracted at different pressing conditions contained the lowest total
phytosterols. S-sitosterol is the primary compound with 61% of the total content. Other
studies also reported that S-sitosterol is the major sterol compound in CSO (Alvarez-
Chavez et al., 2008; Ciftci et al., 2012; Shen et al., 2018). Tocopherol of CSO extracted
by conventional methods showed y-tocopherol is the main compound obtained regardless
of the extraction method used. CSO extracted by cold pressing showed significantly
higher total tocopherols than Soxhlet using different solvents and hot pressing at 110°C
(Dabrowski et al., 2016) due to no heat involved from cold pressing and did not degrade
tocopherols (Wang et al., 2010).

A higher yield of tocopherols and phytosterols extraction was found in CSO obtained
by SFE compared to conventional methods (Dabrowski et al., 2016). The results showed
that the extraction of phytosterols in CSO was higher in SFE at 70°C. In contrast, the higher
temperature at 90°C increased the greatest yield of tocopherols at 300 min of extraction
time. They reported that high temperatures in the Soxhlet extraction and hot pressing
degraded the number of tocopherols and phytosterols in CSO. Furthermore, acetone’s
addition as co-solvent at different percentages with SC-CO, decreased the extraction
of tocopherols and phytosterols in the CSO compared to pure SC-CO,, indicating these
compounds are diluted with the presence of acetone (Dabrowski et al., 2018b).

The extraction pressure and temperature of SFE can be varied to select the highest
amount of targeted bioactive compounds (Follegatti-Romero et al., 2009). Ixtaina, Mattea, et
al. (2011) reported that CSO extracted at a higher pressure (450 bar) contained significantly
higher tocopherol contents compared to lower pressure (250 bar). Peng et al. (2020) stated
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that applying high pressure (300 bar) would improve the interaction between SC-CO, and
the sample matrix, contributing to the higher diffusivity of y-tocopherol in CSO during
extraction. It is also related to the internal mass transfer rate and diffusivity enhanced
during the extraction process, thus improving the tocopherol levels (Wang et al., 2017).
The CSO extraction by compressed liquefied petroleum gas (LPG) and SC-CO, to evaluate
the quality of oils obtained regarding a-tocopherol, B-sitosterol and antioxidant activity.
CSO obtained by SC-CO, at lower pressure and temperature (100 bar and 20°C) achieved
higher antioxidant activity (87%), a-tocopherol (22.95 mg 100 g!) and B-sitosterol (77.10
mg 100 g') than CSO extracted by LPG. Different parameters for both solvents influenced
the qualities of CSO (Scapin et al., 2017). However, LPG is classified as toxic and highly
flammable compared to SC-CO,, which is generally considered safe (Abaide et al., 2017).
Therefore, the extraction of CSO using SC-CO, is the best choice to obtain more lipophilic
antioxidant compounds than LPG.

Polyphenols

Polyphenols exhibit various positive human health effects, such as anti-inflammatory, anti-
cancer, and antioxidant activities (Yeo et al., 2015). Polyphenol in CSO ranged from 0 mg/
kg (cold pressing) to 172 mg/kg (Soxhlet using acetone). The polyphenolic compounds
present in CSO extracted by different extraction methods were caffeic acid, chlorogenic
acid, myricetin, quercetin and kaempferol (Ixtaina, Mattea, et al., 2011; Ixtaina, Martinez,
et al., 2011). Even though lower levels of phenolic compounds are found in oils than in
whole seeds, the same compounds are detected in chia whole seeds (Reyes-Caudillo et
al., 2008). Hence, this may be due to polyphenols being polar and hydrophilic, which are
not soluble in lipids (Ixtaina, Mattea, et al., 2011a).

SC-CO, alone may not be able to extract polar compounds such as polyphenols.
Co-solvents are employed during extraction at a small percentage (1%—10%) for better
extraction of polyphenols. The modifiers with higher polarity than CO, by expanding the
range of targeted compounds (Bimakr et al., 2011). Generally, the modifiers used with CO,
extraction are ethanol, methanol, acetone and mixtures of several solvents (de Melo et al.,
2014). Dabrowski et al. (2018b) reported that incorporating acetone as a modifier in the SFE
system progressively increased the polyphenol concentration of CSO. The higher modifier
(up to 10%) added into the SC-CO, for a short period at 1 hr improved the polyphenol
concentrations to the maximum level until 33 mg/kg of CSO. Acetone is commonly used
as a polar solvent to extract plant polyphenols (Haminiuk et al., 2014). According to the
extraction method, CSO extracted by the Soxhlet method using acetone obtained 24 times
higher total phenolic contents than oil extracted by SFE at 90°C (Dabrowski et al., 2016).
It can be concluded that extraction methods using acetone as modifiers to produce CSO
contain relatively high polarity of polyphenols known for their antioxidant activity.
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STABILITY IMPROVEMENT OF CHIA SEED OIL

Previous research has reported that the induction period (IP) of the bulk CSO is short due
to the high concentration of PUFA (>80%), as these are highly unsaturated and can quickly
oxidise when subjected to high temperature and overflow air-based conditions (Dgbrowski
etal., 2016; Dabrowski et al., 2018a; Ishak, Ghani, Nasri, 2020; Ixtaina, Mattea, et al., 2011;
Ixtaina, Martinez, et al., 2011; Shen et al., 2018; Timilsena et al., 2017). The shorter the
IP of oils, the more decomposition products containing fatty acids are released from lipid
oxidation (Santos et al., 2013). Generally, lipid oxidation causes many challenges during food
processing and storage, including off-flavours in food by the formation of secondary oxidation
products (aldehydes and ketones) (Let et al., 2005), reducing nutritional qualities of the oils
(essential fatty acids and lipid-soluble vitamins) (Arab-Tehrany et al., 2012) and possessing
adverse effect on human health (Jacobsen et al., 1999). Regarding the high content of PUFA
in CSO, the formation rate of primary oxidation products increased by higher unsaturated
double bonds present in oil (Maszewska et al., 2018). Thus, immediate oxidation occurs in
the CSO, which is related to the highest amount of PUFA, with the most prominent fatty
acid composed of ALA (53.67%—69.3%). Therefore, the oxidative stability of CSO can be
improved by adding antioxidants and in combination with other vegetable oils.

Addition of Antioxidants

Natural or synthetic antioxidants can improve the shelf life of food products by delaying
lipid oxidation. Natural antioxidants from plant sources are considered the best option to
replace synthetic antioxidants due to their potential health benefits and safety (Lourengo
etal., 2019). Lipid oxidation commonly occurs in food products when exposed to oxygen,
heat, and light (Carocho et al., 2014). Natural plant extracts proved to be thermally stable
during processing and exhibited antioxidant activity (Taghvaei & Jafari, 2015). A few
research have evaluated the effectiveness of various natural antioxidants on the oxidative
stability of CSO by pressing and analysing using the Rancimat method and storage study
(Aliabadi et al., 2023; Bodoira et al., 2017; Ixtaina et al., 2012; Jung et al., 2021).
Aliabadi et al. (2023) reported that the highest concentration of oregano (Origanum
vulgare L.) extract (1800 ppm) had the highest oxidative stability index of CSO (8.31
hr) compared to oil containing yarrow (Achillea millefolium) extracts (600—1800 ppm)
according to the Rancimat conditions (110°C and an airflow rate of 20 L/hr). Furthermore,
CSO enriched with oregano extract at 1800 ppm had the lowest acid, peroxide, anisidine
and total oxidation values under accelerated oxidation conditions for five days in the oven
at 90°C. Ixtaina et al. (2012) reported that applying different antioxidants improved CSQO’s
shelf life. The best antioxidant effects recorded in CSO with the addition of ascorbyl
palmitate (AP) (2,500 and 5,000 ppm), rosemary extract at the highest concentration
studied (5,000 ppm) and the mixture of green extract and rosemary extract (1:1) (Ixtaina et
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al., 2012). However, adding tocopherols (more than 1500 ppm) decreased the IP of CSO,
showing that tocopherols are less effective against lipid oxidation than other antioxidants
tested. It can be explained mainly by the polar paradox, which is based on the different
antioxidant polarities in which tocopherols might be passive in bulk CSO and sensitive to
high temperatures (Ixtaina et al., 2012).

Other studies also supported these findings, where only tocopherol added (200 mg/kg)
in the CSO showed the least performance as an antioxidant compared to other antioxidants
and their combinations (Bodoira et al., 2017). However, the oxidative stability of CSO
improved significantly by the synergistic effect between the mixture of tocopherols (200
mg/kg) and rosemary extract (8000 mg/kg). In contrast, the addition of natural antioxidants
in low concentrations (200 mg/kg) demonstrated no significant effect (p>0.05) on the
oxidative stability of CSO obtained by hexane extraction (Souza et al., 2017). However,
tert-butylhydroquinone (TBHQ), a synthetic antioxidant applied in the CSO, was the most
efficient against lipid oxidation. The synergistic antioxidant effect between TBHQ and
rosemary extract at the concentration of 200 mg/kg increased the oxidative stability of CSO
(IP: 11.43 hr) significantly compared to the addition of rosemary extract alone (IP: 1.53 hr).
Thus, the increased IP of CSO with enhanced concentrations and combinations of selected
antioxidants was observed (Bodoira et al., 2017; Ixtaina et al., 2012; Souza et al., 2017).

Blending of Vegetable Oils

Blending edible oils from plants is one of the most straightforward procedures to enhance
stability and nutritional properties at affordable prices (Bordon et al., 2019). The blending of
cold-pressed CSO with other vegetable oils (walnut, almond, virgin and roasted sesame oils)
based on the different proportions (20:80, 30:70 and 40:60) were compared in terms of their
oxidative stability by conducting the Rancimat method (flow rate: 20 L/hr and temperature:
100°C) and accelerated stability test (40°C for 12 days) (Borddn et al., 2019). Pure CSO
contained the lowest oxidative stability index (p <0.05) compared to other CSO blended
with other vegetable oils according to the Rancimat method. Sesame oil blends (both virgin
and roasted) with CSO were observed as the most stable against oxidation, while walnut oil
mixed with CSO had the lowest oxidative stability among all oil blends (Bordon et al., 2019).

Meanwhile, similar trends were observed for the oxidative stability of CSO blends using
accelerated storage conditions. The low stability of oil blends (chia seed and walnut) was
observed due to the high content of PUFA (more than 70%). The oil blends with almond
and sesame oil (both virgin and roasted) presented higher oxidative stability by yielding
a small number of oxidation products based on the peroxide values lower than 3 mEq O,/
kg throughout the entire accelerated study for 12 days (Bordon et al., 2019). The oxidative
stability of the mixture of sunflower and cold-pressed chia seed oil (90:10 and 80:20) with
the addition of natural antioxidants was evaluated at different storage temperatures (4°C
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and 20°C) for 360 days. CSO blends with rosemary extract, and AP presented the best
oxidative stability throughout the storage study (360 days) compared to other CSO samples
without antioxidants (Guiotto et al., 2014). The authors suggested that the addition of
antioxidants in the oil blends increased the activation energy and decreased the rate constant,
showing an improvement in the oxidative stability of the CSO. Therefore, increased storage
temperature and unsaturated fatty acids significantly reduced the oxidative stability of oil
blends (sunflower and CSO) during oxidation (Guiotto et al., 2014).

CONCLUSION

CSO has been extracted using various methods such as pressing (hot and cold), solvent
extraction (Soxhlet and Folch), SC-CO, and ultrasound-assisted extraction. The
conventional techniques heated at boiling temperature according to the different types
of solvent obtained a higher yield of CSO than other extraction methods. However,
mechanical pressing produced the lowest CSO recovery. The improvement in CSO yield
can be achieved by conducting an ultrasound extraction system using conventional or
alternative methods. Meanwhile, most CSOs contain more than 80% PUFA, obtained
by different extraction methods. CSO mainly composes ALA and LA, which may help
reduce cardiovascular disease risk. The content of PUFA in CSO was not affected by
solvent extraction with different polarity and the addition of acetone in the SFE method.
It was found that the application of ultrasound-assisted solvent extraction improved the
PUFA level of CSO. Meanwhile, CSO extraction using SC-CO, has a high tocopherol
and phytosterol content comparable to oils extracted by hexane and LPG. The addition
of acetone with SC-CO, significantly improved the level of polyphenols in CSO. CSO
has emerged as a new source of edible oil with functional properties that can be applied
to food products and used as healthy supplements rich in PUFA. The stability of CSO is
the primary concern that needs to be focused on since it is high in PUFA, which is very
susceptible to oxidation, thus shortening its shelf life when subjected to improper storage
temperature. This problem can be solved by adding natural antioxidants in combination with
other vegetable oils to maintain the nutritional quality and improve the oxidative stability
of CSO. In future, extensive research should be conducted to reveal more applications of
recent extraction methods such as aqueous enzymatic, microwave or pulsed electric field-
assisted to produce higher oil yield and several lipophilic compounds, including PUFA,
tocopherols, phytosterols and polyphenols in chia seed.

ACKNOWLEDGEMENTS

The authors wish to thank the support of Research University Grants: Universiti Putra
Malaysia Grant (GP/2018/9643600) and (GP/IPS/2017/9537200) as well as (GUP-2018-
018) and Prime Impact Grant (DIP-2018-036) from Universiti Kebangsaan Malaysia.

Pertanika J. Trop. Agric. Sci. 48 (1): 237 - 257 (2025) 251



Izzreen Ishak, Ranil Coorey, Maaruf Abd Ghani, Chin Ping Tan, Nazamid Saari and Norhayati Hussain

REFERENCES

Abaide, E. R., Zabot, G. L., & Tres, M. V. (2017). Yield, composition, and antioxidant activity of avocado
pulp oil extracted by pressurized fluids. Food and Bioproducts Processing, 102, 289-298. https://doi.
org/10.1016/j.fbp.2017.01.008

Abdolshahi, A., Majd, M. H., Rad, J. S., Taheri, M., Shabani, A., & da Silva, J. A. T. (2015). Choice of solvent
extraction technique affects fatty acid composition of pistachio (Pistacia vera L.) oil. Journal of Food
Science and Technology, 52(4), 2422-2427. https://doi.org/10.1007/s13197-013-1183-8

Ali, N. M., Yeap, S. K., Ho, W. Y., Beh, K. B, Tan, S. W., & Tan, S. G. (2012). The promising future of
chia, Salvia hispanica L. Journal of Biomedicine and Biotechnology, 2012(1), 171956. https://doi.
org/10.1155/2012/171956

Aliabadi, F. K., Dastgerdi, A. A., & Nimavard, J. T. (2023). The oxidative stability of chia seed oil enriched
with oregano (Origanum vulgare L.) and yarrow (Achille amillefolium) extracts. Journal of Food Quality,
2023(1), 6263692. https://doi.org/10.1155/2023/6263692

Alvarez-Chavez, L. M., Valdivia-Lopez, M. D. L. A., Aburto-Juarez, M. D. L., & Tecante, A. (2008). Chemical
characterization of the lipid fraction of Mexican chia seed (Salvia hispanica L.). International Journal
of Food Properties, 11(3), 687-697. https://doi.org/ 10.1080/10942910701622656

Arab-Tehrany, E., Jacquot, M., Gaiani, C., Imran, M., Desobry, S., & Linder, M. (2012). Beneficial effects
and oxidative stability of omega-3 long-chain polyunsaturated fatty acids. Trends in Food Science and
Technology, 25(1), 24-33. https://doi.org/10.1016/j.tifs.2011.12.002

Bimakr, M., Rahman, R. A., Taip, F. S., Ganjloo, A., Salleh, L. M., Selamat, J., Hamid, A., & Zaidul, I. S. M.
(2011). Comparison of different extraction techniques for isolation of major bioactive flavonoid compounds
from spearmint (Mentha spicata L.) leaves. Food and Bioproducts Processing, 89(1), 67-72. https://doi.
org/10.1016/j.fbp.2010.03.002

Bodoira, R. M., Penci, M. C., Ribotta, P. D., & Martinez, M. C. (2017). Chia (Salvia hispanica L.) oil stability:
Study of the effect of natural antioxidants. LWT-Food Science and Technology, 75, 107-113. https://doi.
org/10.1016/j.1wt.2016.08.031

Bordén, M. G., Meriles, S. P., Ribotta, P. D., & Martinez, M. L. (2019). Enhancement of composition and
oxidative stability of chia (Salvia hispanica L.) seed oil by blending with specialty oils. Journal of Food
Science, 84(5), 1035-1044. https://doi.org/10.1111/1750-3841.14580

Bubalo, M. C., Vidovi¢, S., Redovnikovié, I. R., & Joki¢, S. (2018). New perspective in extraction of plant
biologically active compounds by green solvents. Food and Bioproducts Processing, 109(2), 52-73.
https://doi.org/10.1016/j.fbp.2018.03.001

Bubalo, M. C., Vidovi¢, S., Redovnikovi¢, 1. R., & Jokié, S. (2015). Green solvents for green technologies.
Journal of Chemical Technology and Biotechnology, 90(9), 1631-1639. https://doi.org/10.1002/
jctb.4668

Carocho, M., Barreiro, M. F., Morales, P., Ferreira, 1. C., & Gomez, P. M. (2014). Adding molecules to food,
pros and cons: A review on synthetic and natural food additives. Comprehensive Reviews on Food Science
and Food Safety, 13(4), 377-399. https://doi.org/10.1111/1541-4337.12065

252 Pertanika J. Trop. Agric. Sci. 48 (1): 237 - 257 (2025)



Extraction Methods on Quality and Stability of Chia Seed Oil

Chemat, F., Rombaut, N., Sicaire, A.-G., Meullemiestre, A., Fabiano-Tixier, A.-S., & Abert-Vian, M. (2017).
Ultrasound assisted extraction of food and natural products. Mechanisms, techniques, combinations,
protocols and applications: A review. Ultrasonic Sonochemistry, 34, 540-560. https://doi.org/10.1016/j.
ultsonch.2016.06.035

Ciftci, O. N., Przybylski, R., & Rudzinska, M. (2012). Lipid components of flax, perilla, and chia seeds.
European Journal of Lipid Science and Technology, 114(7), 794-800. https://doi.org/10.1002/
¢j1t.201100207

Dabrowski, G., Konopka, 1., Czaplicki, S., & Tanska, M. (2016). Composition and oxidative stability of oil
from Salvia hispanica L. seeds in relation to extraction method. European Journal of Lipid Science and
Technology, 119(5), 16002-16009. https://doi.org/10.1002/¢j1t.201600209

Dabrowski, G., Konopka, 1., & Czaplicki, S. (2018a). Variation in oil quality and content of low molecular
lipophilic compounds in chia seed oils. International Journal of Food Properties, 21(1), 2016-2029.
https://doi.org/10.1080/10942912.2018.1501699

Dabrowski, G., Konopka, 1., & Czaplicki, S. (2018b). Supercritical CO, extraction in chia oils production:
Impact of process duration and co-solvent addition. Food Science and Biotechnology, 27(3), 677-686.
https://doi.org/10.1007/s10068-018-0316-2

de Mello, B. T. F., Garcia, V. A. S., & da Silva, C. (2017) Ultrasound-assisted extraction of oil from chia (Salvia
hispdnica L.) seeds: Optimization extraction and fatty acid profile. Journal of Food Process Engineering,
40(1), 1-8. https://doi.org/10.1111/jfpe.12298

de Melo, M. M. R, Silvestre, A. J. D., & Silva, C. M. (2014). Supercritical fluid extraction of vegetable matrices:
Applications, trends and future perspectives of a convincing green technology. Journal of Supercritical
Fluids, 92, 115-176. https://doi.org/10.1016/j.supflu.2014.04.007

Fernandes, S. S., Tonato, D., Mazutti, M. A., de Abreu, B. R., Cabrera, D. D. C., D’Oca, C. D. R. M.,
Prentice-Hernandez, C., & Salas-Mellado, M. D. L. M. (2019). Yield and quality of chia oil extracted
via different methods. Journal of Food Engineering, 262, 200-208. https://doi.org/10.1016/].
jfoodeng.2019.06.019

Ferrentino, G., Giampiccolo, S., Morozova, K., Haman, N., Spilimbergo, S., & Scampicchio, M. (2020).
Supercritical fluid extraction of oils from apple seeds: Process optimization, chemical, characterization and
comparison with a conventional solvent extraction. /nnovative Food Science & Emerging Technologies,
64, 102428. https://doi.org/10.1016/].ifset.2020.102428

Follegatti-Romero, L. A., Piantino, C. R., Grimaldi, R., & Cabral, F. A. (2009). Supercritical CO, extraction of
omega-3 rich oil from sacha inchi (Plukenetia volubilis L.) seeds. Journal of Supercritical Fluids, 49(3),
323-329. https://doi.org/10.1016/j.supflu.2009.03.010

Fruehwirth, S., Zehentner, S., Salim, M., Sterneder, S., Tiroch, J., Lieder, B., Zehl, M., Somoza, V., & Pignitter,
M. (2020). In vitro digestion of grape seed oil inhibits phospholipid-regulating effects of oxidized lipids.
Biomolecules, 10(5), 708. https://doi.org/10.3390/biom10050708

Future Market Insights. (2023). Chia seed market. https://www.futuremarketinsights.com/reports/chia-seed-
market

Pertanika J. Trop. Agric. Sci. 48 (1): 237 - 257 (2025) 253



Izzreen Ishak, Ranil Coorey, Maaruf Abd Ghani, Chin Ping Tan, Nazamid Saari and Norhayati Hussain

Gharby, S., Harhar, H., Bouzoubaa, Z., Asdadi, A., El Yadini, A., & Charrouf, Z. (2017). Chemical
characterization and oxidative stability of seeds and oil of sesame grown in Morocco. Journal of the Saudi
Society of Agricultural Sciences, 16(2), 105-111. https://doi.org/10.1016/j.jssas.2015.03.004

Ghoreishi, S. M., Hedayati, A., & Mohammadi, S. (2016). Optimization of periodic static dynamic supercritical
CO, extraction of taxifolin from Pinus nigra bark with ethanol as entrainer. Journal of Supercritical
Fluids, 113, 53—60. https://doi.org/10.1016/j.supflu.2016.03.015

Grancieri, M., Martino, H. S. D., & de Mgjia, E. G. (2019). Chia seed (Salvia hispanica L.) as a source of
proteins and bioactive peptides with health benefits: A review. Comprehensive Reviews on Food Science
and Food Safety, 18(2), 480-499. https://doi.org/10.1111/1541-4337.12423

Guiotto, E. N., Ixtaina, V. Y., Nolasco, S. M., & Tomas, M. C. (2014). Effect of storage conditions and
antioxidants on the oxidative stability of sunflower-chia oil blends. Journal of the American Oil Chemists’
Society, 91(5), 767-776. https://doi.org/10.1007/s11746-014-2410-9

Haminiuk, C. W. L., Plata-Oviedo, M. S. V., de Mattos, G., Carpes, S. T., & Branco, 1. G. (2014). Extraction
and quantification of phenolic acids and flavonols from Eugenia pyriformis using different solvents.
Journal of Food Science and Technology, 51(10), 2862-2866. https://doi.org/10.1007/s13197-012-0759-z

Herrero, M., Cifuentes, A., & Ibafiez, E. (2006). Sub- and supercritical fluid extraction of functional ingredients
from different natural sources: Plants, food-by-products, algae and microalgae: A review. Food Chemistry,
98(1), 136-148. https://doi.org/10.1016/j.foodchem.2005.05.058

Hrnéi¢, M. K., Cor, D., & Knez, Z. (2018). Subcritical extraction of oil from black and white chia seeds with
n-propane and comparison with conventional techniques. The Journal of Supercritical Fluids, 140, 182-
187. https://doi.org/10.1016/j.supflu.2018.06.017

Hussain, 1., Ishak, I., Coorey, R., Ghani, M. A., & Ping, T. C. (2021). Tocopherols. In M. Mushtaq & F. Anwar
(Eds.), 4 centum of valuable plant bioactives (pp. 707-731). Academic Press. https://doi.org/10.1016/
B978-0-12-822923-1.00011-X

Ishak, I., Ghani, M. A., & Nasri, N. N. S. (2020). Effect of extraction solvents on the oxidative stability of chia
seed (Salvia hispanica L.) oil stored at different storage temperatures. Food Research, 4(6), 2103-2113.
https://doi.org/10.26656/1.2017.4(6).259

Ishak, I., Ghani, M. A., & Yuen, J. Z. (2020). Effects of extraction solvent and time on the oil yield, total
phenolic content, carotenoid and antioxidant activity of Australian chia seed (Salvia hispanica L.) oil.
Food Research, 4(Suppl. 4), 27-37. https://doi.org/10.26656/11.2017.4(S4).006

Ishak, 1., Hussain, N., Coorey, R., & Ghani, M. A. (2021). Optimization and characterization of chia seed
(Salvia hispanica L.) oil extraction using supercritical carbon dioxide. Journal of CO, Utilization, 45,
101430. https://doi.org/10.1016/j.jcou.2020.101430

Ixtaina, V. Y., Martinez, M. L., Spotorno, V., Mateo, C. M., Maestri, D. M., Diehl, B. W. K., Nolasco, S. M.,
& Tomas, M. C. (2011). Characterization of chia seed oils obtained by pressing and solvent extraction.
Journal of Food Composition and Analysis, 24(2), 166—174. https://doi.org/10.1016/].jfca.2010.08.006

Ixtaina, V. Y., Mattea, F., Cardarelli, D. A., Mattea, M. A., Nolasco, S. M., Tomas, M. C. (2011). Supercritical
carbon dioxide extraction and characterization of Argentinean chia seed oil. Journal of the American Oil
Chemists’ Society, 88(2), 289-298. https://doi.org/10.1007/s11746-010-1670-2

254 Pertanika J. Trop. Agric. Sci. 48 (1): 237 - 257 (2025)



Extraction Methods on Quality and Stability of Chia Seed Oil

Ixtaina, V. Y., Nolasco, S. M., & Tomas, M. C. (2012). Oxidative stability of chia (Salvia hispanica L.) seed
oil: Effect of antioxidants and storage conditions. Journal of the American Oil Chemists’ Society, 89(6),
1077-1090. https://doi.org/10.1007/s11746-011-1990-x

Ixtaina, V. Y., Vega, A., Nolasco, S. M., Tomas, M. C., Gimeno, M., Bérzana, E., & Tecante, A. (2010).
Supercritical carbon dioxide extraction of oil from Mexican chia seed (Salvia hispanica L.):
Characterization and process optimization. The Journal of Supercritical Fluids, 55(1), 192—199. https://
doi.org/10.1016/j.supflu.2010.06.003

Jacobsen, C., Hartvigsen, K., Lund, P., Meyer, A. S., Adler-Nissen, J., Holstborg, J., & Helmer, G. (1999).
Oxidation in fish-oil-enriched mayonnaise 1. Assessment of propyl gallate as an antioxidant by discriminant
partial least squares regression analysis. European Food Research and Technology, 210, 13-30. https://
doi.org/10.1007/s002170050526

Jung, H., Kim, 1., Jung, S., & Lee, J. (2021). Oxidative stability of chia seed oil and flax seed oil and impact
of rosemary (Rosmarinus ofcinalis L.) and garlic (4/lium cepa L.) extracts on the prevention of lipid
oxidation. Applied Biological Chemistry, 64, 6. https://doi.org/10.1186/s13765-020-00571-5

Kumar, S. P. J., Prasad, S. R., Banerjee, R., Agarwal, D. K., Kulkarni, K. S., & Ramesh, K. V. (2017). Green
solvents and technologies for oil extraction from oilseeds. Chemistry Central Journal, 11, 9. https://doi.
org/10.1186/s13065-017-0238-8

Kus-Yamashita, M. M. M., Filho, J. M. Mcdonald, B., Ravacci, G., Rogero, M. M., Santos, R. D., Waitzberg,
D., Reyes, M. S., Yehuda, S., Gierke, J., Cori, H., Pires, T., & Lajolo, F. M. (2016). Polyunsaturated
fatty acids: Health impacts. European Journal of Nutrition and Food Safety, 6(3), 111-131. https://doi.
org/10.9734/EJNFS/2016/23018

Lenihan-Geels, G., & Bishop, K. S. (2016). Alternative origins for omega-3 fatty acids in the diet. In M. V.
Hegde, A. A. Zanwar & S. P. Adekar (Eds.), Omega-3 fatty acids: Keys to nutritional health (pp. 475-486).
Springer International Publishing. https://doi.org/10.1007/978-3-319-40458-5 34

Liu, S. X., & Mamidipally, P. K. (2005). Quality comparison of rice bran oil extracted with d-limonene and
hexane. Cereal Chemistry, 82(2), 209-215. https://doi.org/10.1094/CC-82-0209

Lourengo, S. C., Moldao-Martins, M., & Alves, V. D. (2019). Antioxidants of natural plant origins: From
sources to food industry applications. Molecules, 24(22), 4132. https://doi.org/10.3390/molecules24224132

Martinez, M. L., Marin, M. A., Faller, C. M. S., Revol, J., Penci, M. C., & Ribotta, P. D. (2012). Chia (Salvia
hispanica L.) oil extraction: Study of processing parameters. LWT - Food Science and Technology, 47(1),
78-82. https://doi.org/10.1016/j.1wt.2011.12.032

Maszewska, M., Florowska, A., & Dluzewska, E. (2018). Oxidative stability of selected edible oils. Molecules,
23(7), 1746. https://doi.org/10.3390/molecules23071746

Oteri, M., Bartolomeo, G., Rigano, F., Aspromonte, J., Trovato, E., Purcaro, G., Dugo, P., Mondello, L., &
Beccaria, M. (2023). Comprehensive chemical characterization of chia (Salvia hispanica L.) seed oil with
a focus on minor lipid components. Foods, 12(1), 23. https://doi.org/10.3390/foods12010023

Peng, W. L., Mohd-Nasir, H., Setapar, S. H. M., Ahmad, A., & Lokhat, D. (2020). Optimization of process
variables using response surface methodology for tocopherol extraction from roselle seed oil by

Pertanika J. Trop. Agric. Sci. 48 (1): 237 - 257 (2025) 255



Izzreen Ishak, Ranil Coorey, Maaruf Abd Ghani, Chin Ping Tan, Nazamid Saari and Norhayati Hussain

supercritical carbon dioxide. /ndustrial Crops and Products, 143, 111886. https://doi.org/10.1016/j.
indcrop.2019.111886

Ramluckan, K., Moodley, K. G., & Bux, F. (2014). An evaluation of the efficacy of using selected solvents for
the extraction of lipids from algal biomass by the Soxhlet extraction method. Fuel, 116, 103-108. https://
doi.org/10.1016/j.fuel.2013.07.118

Reyes-Caudillo, E., Tecante, A., & Valdivia-Lopez, M. A. (2008). Dietary fibre content and antioxidant activity
of phenolic compounds present in Mexican chia (Salvia hispanica L.) seeds. Food Chemistry, 107(2),
656—663. https://doi.org/10.1016/j.foodchem.2007.08.062

Richter, B. E., Jones, B. A., Ezzell, J. L., & Porter, N. L. (1996). Accelerated solvent extraction: A technique
for sample preparation. Analytical Chemistry, 68(6), 1033-1039. https://doi.org/10.1021/ac9508199

Rosas-Mendoza, M. E., Coria-Hernéndez, J., Meléndez-Pérez, R., & Arjona-Roman, J. L. (2017). Characteristics
of chia (Salvia hispanica L.) seed oil extracted by ultrasound assistance. Journal of the Mexican Chemical
Society, 61(4), 326-335. https://doi.org/10.29356/jmcs.v61i4.463

Santos, O. V., Corréa, N. C. F., Carvalho Jr., R. N., Costa, C. E. F., & Lannes, S. C. S. (2013). Yield,
nutritional quality, and thermal-oxidative stability of Brazil nut oil (Bertolletia excelsa H. B. K) obtained
by supercritical extraction. Journal of Food Engineering, 117(4), 499-504. https://doi.org/10.1016/].
jfoodeng.2013.01.013

Scapin, G., Abaide, E. R., Nunes, L. F., Mazutti, M. A., Vendruscolo, R. G., Wagner, R., & da Rosa, C. S.
(2017). Effect of pressure and temperature on the quality of chia oil extracted using pressurized fluids.
Journal of Supercritical Fluids, 127, 90-96. https://doi.org/10.1016/j.supflu.2017.03.030

Senrayan, J., & Venkatachalam, S. (2020). Ultrasonic acoustic-cavitation as a novel and emerging energy
efficient technique for oil extraction from kapok seeds. Innovative Food Science and Emerging
Technologies, 62, 102347. https://doi.org/10.1016/j.ifset.2020.102347

Shen, Y., Zheng, L., Jin, J., Li, X., Fu, J., Wang, M., Guan, Y., & Song, X. (2018). Phytochemical and
biological characteristics of Mexican chia seed oil. Molecules, 23(12), 3219. https://doi.org/10.3390/
molecules23123219

Soh, S. H., Agarwal, S., Jain, A., Lee, L. Y., Chin, S. K., & Jayaraman, S. (2019). Mathematical modeling of
mass transfer in supercritical fluid extraction of patchouli oil. Engineering Reports, 1(4), 12051. https://
doi.org/10.1002/eng2.12051

Souza, A. L., Martinez, F. P., Ferreira, S. B., & Kaiser, C. R. (2017). A complete evaluation of thermal and
oxidative stability of chia oil. Journal of Thermal Analysis and Calorimetry, 130,1307-1315. https://doi.
org/10.1007/s10973-017-6106-x

Tacon, A. G., & Metian, M. (2008). Aquaculture feed and food safety: The role of the food and agriculture
organization and the Codex Alimentarius. Annals of the New York Academy of Sciences, 1140, 50-59.
https://doi.org/10.1196/annals.1454.003

Taghvaei, M., & Jafari, S. M. (2015). Application and stability of natural antioxidants in edible oils in order
to substitute synthetic additives. Journal of Food Science and Technology, 52(3), 1272-1282. https://doi.
org/10.1007/s13197-013-1080-1

256 Pertanika J. Trop. Agric. Sci. 48 (1): 237 - 257 (2025)



Extraction Methods on Quality and Stability of Chia Seed Oil

Tian, Y., Xu, Z., Zheng, B., & Lo, Y. M. (2013). Optimization of ultrasonic-assisted extraction of pomegranate
(Punica granatum L.) seed oil. Ultrasonic Sonochemistry, 20(1), 202-208. https://doi.org/10.1016/].
ultsonch.2012.07.010

Timilsena, Y. P., Vongsvivut, J., Adhikari, R., & Adhikari, B. (2017). Physicochemical and thermal
characteristics of Australian chia seed oil. Food Chemistry, 228, 394-402. https://doi.org/10.1016/].
foodchem.2017.02.021

Wang, S., Hwang, H., Yoon, S., & Choe, E. (2010). Temperature dependence of autoxidation of perilla oil
and tocopherol degradation. Journal of Food Science, 75(6), 498-505. https://doi.org/10.1111/j.1750-
3841.2010.01681.x

Wang, X., Wang, C., Zha, X., Mei, Y., Xia, J., & Jiao, Z. (2017). Supercritical carbon dioxide extraction of
[-carotene and a-tocopherol from pumpkin: A box—behnken design for extraction variables. Analytical
Methods, 9(2), 294-303. https://doi.org/10.1039/C6AY02862D

Yeo, J.-S., Seong, D.-W., & Hwang, S.-H. (2015). Chemical surface modification of lignin particle and its
application as filler in the polypropylene composites. Journal of Industrial and Engineering Chemistry,
31, 80-85. https://doi.org/10.1016/j.jiec.2015.06.010

Zanqui, A. B., de Morais, D. R., da Silva, C. M., Santos, J. M., Chiavelli, L. U. R., Bittencourt, P. R. S.,
Eberlin, M. N., Visentainer, J. V., Cardozo-Filho, L., & Matsushita, M. (2015). Subcritical extraction of
Salvia hispanica L. oil with n-propane: Composition, purity and oxidation stability as compared to the
oils obtained by conventional solvent extraction methods. Journal of the Brazilian Chemical Society,
26(2), 282-289. http://doi.org/10.5935/0103-5053.20140278

Pertanika J. Trop. Agric. Sci. 48 (1): 237 - 257 (2025) 257



