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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Quancai Sun Chia (Salvia hispanica L.) is a summer-blooming herb from the mint family, known for its rich nutritional profile,

including high-quality protein, fibre, and a balanced ratio of omega-3 and omega-6 fatty acids. With the rising

Keywords: demand for chia oil, defatted chia flour (DCF), a by-product of oil extraction, has gained attention as a valuable
Defat(tied chia flour ingredient. DCF is rich in essential macronutrients and amino acids, offering a sustainable alternative to tradi-
Peptides

tional protein sources and supporting global food sustainability and waste reduction efforts. Recent studies have
highlighted the techno-functional properties of DCF peptides, showing excellent solubility, water- and oil-
absorption capacities, as well as emulsifying, foaming, and gelling abilities. These properties enhance their
application in diverse food systems, making DCF an important ingredient in the development of nutritious,
innovative, and appealing food products. Beyond their functional roles, chia-derived peptides also exhibit sig-
nificant bioactive properties, such as antioxidants, antihypertensive, anti-inflammatory, neuroprotective, anti-
diabetic, antimicrobial, anti-aging, hypolipidemic, and hypoglycaemic effects. These properties make them
beneficial for improving health and wellness. Integrating DCF peptides into food products provides a natural
approach to managing chronic diseases, promoting longevity, and improving overall health. To fully realize the
potential of DCF peptides, future research should focus on understanding their bioactivities at the molecular level
and exploring how they interact with various physiological systems. Interdisciplinary collaboration among food
science, biotechnology, pharmacology, and nutrition is essential, along with careful evaluation of safety and
potential risks. Regulatory frameworks will be crucial for the broader use of DCF peptides in food and nutra-
ceuticals. Additionally, advancements in peptide production, extraction, and purification technologies will be
necessary for large-scale, sustainable applications. Focusing on these areas will maximize the benefits of chia
peptides for human health, nutrition, and environmental sustainability.

Nutritional profiles
Techno-functional attributes
Bio-functional properties
Future directions

1. Introduction to chia seeds

Chia (Salvia hispanica L.) has garnered significant attention for its
nutritional and health benefits, making it an important crop in modern
agriculture. Chia is a summer-blooming annual plant belonging to the
mint family (Lamiaceae), which comprises approximately 900 species
worldwide (Rajput et al., 2021; Agarwal et al., 2023; Vera-Cespedes
et al., 2023). Salvia hispanica L. is the only species currently grown
domestically. Chia has been cultivated for millennia in regions spanning

South Africa, Central America, and Southeast Asia among ancient civi-
lizations for food, medicine, cosmetics, and religious rituals (Rajput
et al., 2021; Masood, 2022; Lara et al., 2021; Hrncic et al., 2019). It was
a staple food for the pre-Columbian societies, particularly ancient Ma-
yans and Aztecs (Rajput et al., 2021), particularly between 1500 and
1000 before common era (BCE) (Ullah et al., 2016). However, after the
Spanish conquest, many agricultural traditions and crops were lost due
to conflict and religious beliefs. Consequently, chia cultivation declined
and was replaced by foreign crops like wheat, barley, maize, and
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amaranth, which were introduced by the colonizers (Munoz et al., 2012;
Ali et al., 2012).

In recent years, chia has gained global popularity for its nutritional
and medicinal benefits (Ullah et al., 2016; Das, 2017; de Falco et al.,
2017; Silva et al., 2016). It is now cultivated in countries such as
Australia, Bolivia, Colombia, Guatemala, Mexico, Peru, and Argentina
with Mexico being the largest producer, exporting chia seeds to Japan,
the United States, and Europe (Mordor Intelligence). The global chia
seed market is expected to grow from USD 1.51 billion in 2024 to USD
2.93 billion by 2029, at a compound annual growth rate (CAGR) of
14.19 % over the forecast period (2024-2029). This expansion is driven
by the increased demand for superfoods and functional foods. Recog-
nized for their numerous health benefits, chia seeds are increasingly
popular and widely used in various products, including cereals, energy
bars, baked goods, and beverages (Mordor Intelligence). Europe is
anticipated to be the fastest-growing market, driven by consumer de-
mand for natural ingredients and the adoption of vegetarian diets
(Ferreira et al., 2023). As chia’s popularity continues to grow, it has
become a key crop in the food industry. Its expanding use in human
nutrition has led to increased research and development by universities,
research centres, and industries to explore its potential in food supple-
ments, processed foods, and nutraceuticals.

Chia seeds are small, oval-shaped mericarps, measuring approxi-
mately 1-1.2 mm in width, 2-2.2 mm in length, and 0.8-0.88 mm
thickness (Garcia-Selcado et al., 2018). These seeds are highly valued for
their nutritional content, including omega-3 fatty acids, protein, fibre,
antioxidants, and essential minerals. Chia seeds are found in two pri-
mary colour variants: black and white (Fig. 1). Both varieties originate
from the same species and share nearly identical nutritional profiles
(Hrncic et al., 2019). However, they do exhibit distinct morphological
traits that may influence agricultural practices and food processing
(Agarwal et al., 2023). White chia seeds exhibit a marginally larger,
thicker, and have a greater surface area compared to black seeds (Hrncic
etal., 2019). While black chia is more commonly grown, it is common to
find a small percentage of white seeds (5-8 %) in fields of black chia
(Hrncic et al., 2019; Marevci et al., 2019). Conversely, when chia is
cultivated for white seeds only, the entire harvest will consist of white
seeds. This pattern is thought to result from genetic factors that influ-
ence seed colour expression during cultivation, although the underlying
genetic and environmental interactions remain subjects of ongoing
research.

Chia seeds have been recognized as plant-based nutraceutical,
gaining attention for their well-balanced composition of essential mac-
ronutrients and micronutrients (Ullah et al., 2016; Ali et al., 2012; Das,
2017; Kulczynski et al., 2019). This rich nutritional profile has led to
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extensive research and interest in both academic and food industries. As
illustrated in Fig. 2, the nutritional profile of chia seeds according to
USDA National Nutrient Database (USDA Food Data Central), highlights
their abundance content in fats, protein, dietary fibre, alongside of vi-
tamins and minerals. Chia seeds are primarily valued for their high
nutritional density, comprising approximately 30-33 % fat, 26-41 %
carbohydrates, 18-30 % dietary fibre, and 15-27 % protein (Din et al.,
2021; Grancieri et al., 2019a). The fats in chia seeds are predominantly
polyunsaturated fatty acids (PUFASs), particularly omega-3 (a-linolenic
acid, ALA) and omega-6 fatty acids, which are essential for human
health but cannot be synthesized by the body (Ali et al., 2012). These
fatty acids are vital for cardiovascular health, reducing inflammation,
and supporting cognitive function, contributing to chia seeds’ status as a
‘superfood’ and earning them accolades such as ‘The Seed of the 21st
Century’ and ‘New Gold’ (Arnold et al., 2021; Dincoglu and Yesildemir,
2019).

The increasing popularity of chia seeds as a superfood has concur-
rently driven significant growth in the chia oil industry, with the rising
demand for chia oil attributed to its numerous health benefits, including
cardioprotective effects (Mishima et al., 2021; Mohamed et al., 2021),
improved insulin sensitivity (Batista et al., 2023; Dalginli et al., 2023),
reduced fat mass accumulation (Dalginli et al., 2023; Syeda et al., 2021),
lowered cholesterol levels (Han et al., 2020; Alarcon et al., 2022),
anti-inflammatory effects (Syeda et al., 2021; Khalifa et al., 2023), and
antioxidant properties (Batista et al., 2023; Khalifa et al., 2023). The
production of DCF generated through various methods like cold
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Fig. 2. Nutritional compositions of dry chia seeds.
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Fig. 1. Types of chia seeds. (Left) Black chia seeds; (Right) White chia seeds.
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pressing, solvent extraction, and supercritical fluid extraction (SFE)
(Rajput et al., 2021; Fernandez-Lopez et al., 2019; Olivos-Lugo et al.,
2010; Segura-Campos et al., 2014; Katunzi-Kilewela et al., 2022), all of
which result in a dietary fibre and protein-rich by-product (Aranibar
et al., 2019; Mas et al., 2020). Cold pressing, also known as mechanical
or expeller pressing, is the most commonly used method, which involves
crushing the seed to release the oil without applying heat, thereby
preserving the oil’s natural properties and bioactivities (Ferreira et al.,
2024; Durazzo et al., 2022). The rising demand for chia oil has had a
profound impact on the chia industry, leading to a notable increase in
the production of defatted chia flour (DCF), a waste, or by-product of the
oil extraction process. Despite the removal of oil, DCF retains a
protein-rich composition, including essential amino acids, making it an
underutilized yet highly valuable resource. This paper aims to explore
nutritional profiles, techno- and bio-functional properties, and future
direction of chia peptides, shedding light on their potential applications
in food technology and health-enhancing products.

2. Defatted chia flour: by-product with potential
2.1. Sustainable by-products derived from the chia oil industry

The growing global demand for chia oil has significantly increased
the production of DCF, a byproduct of the oil extraction process. This
surge in chia oil consumption has consequently created new opportu-
nities for utilizing DCF, which, despite being traditionally seen as waste,
is emerging as a nutrient-dense resource offers an opportunity to unlock
the full potential of chia seeds while addressing sustainability concerns
within the agri-food sector. DCF is rich in proteins, essential amino
acids, dietary fibre, and bioactive compounds, making it a valuable
ingredient with potential applications in both the food and nutraceutical
industries. The composition and quality of DCF are influenced by the
source of the chia seeds, extraction method, and processing conditions
(Ziemichod et al., 2019; Kibui et al., 2018). Factors such as geographical
origin, cultivar, and growing conditions affect the nutritional profile and
functional properties of DCF (Lara et al., 2021; Wang et al., 2023a). The
choice of extraction technique impacts the residual oil content, protein
content, and bioactive components in DCF (Olivos-Lugo et al., 2010;
Segura-Campos et al., 2014).

The chia oil processing industry generates about 650-700 kg of DCF
per ton of chia seeds (Chen et al., 2023; Ozon et al., 2022), raising
concerns within the agri-food sector regarding waste management and
its environmental impact. Food industry by-products often present sig-
nificant challenges in waste treatment and disposal, contributing to
substantial economic costs globally. Previously, DCF was discarded or
conventionally used as animal feed and fertilizer (Vinayashree and Vasu,
2021). However, the growing demand for chia oil has sparked increased
interest in harnessing the nutritional benefits and versatility of DCF,
leading to its repurpose for higher-value applications. These innovative
strategies are imperative to exploit and enhance the value of DCF, while
addressing waste management and supporting economic and environ-
mental sustainability. Effective approaches include commercial tech-
niques such as alkaline extraction (Khushairay et al., 2023), acid
precipitation (de Figueiredo et al., 2018), mechanical extraction
(Tabtabaei et al., 2017), and aqueous extraction (Choudhry et al., 2023),
as well as the production of protein hydrolysates using enzymatic hy-
drolysis methods (Ibrahim and Ghani, 2020), all of which have been
employed to isolate functional proteins from DCF. The choice of
extraction technique influences the final composition of DCF, including
its residual oil content, protein concentration, and bioactive components
in DCF (Olivos-Lugo et al., 2010; Segura-Campos et al., 2014). These
factors, in turn, impact the nutritional value and functional properties of
the DCF, which are crucial for further food and nutraceutical
applications.
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2.2. Nutritional profiles of DCF

2.2.1. Macronutrient compositions

DCF, derived from chia seeds post-oil extraction retains a rich and
diverse nutritional profile. Despite the removal of oil content, DCF is rich
in protein, dietary fibre, and essential minerals, offering substantial
health and functional benefits. Its specific macronutrient profile, how-
ever, can vary, influenced by factors such as the chia seed variety,
cultivation conditions, and extraction methods employed (Ferreira
et al., 2023; Fernandez-Lopez et al., 2019; Khushairay et al., 2023). DCF
is particularly rich in protein, with concentrations ranging from 26 % to
38 % (Alarcon et al., 2022; Ferreira et al., 2024; Khushairay et al., 2023).
The protein composition of DCF is characterized by a predominance of
glutelin (42 to 45 %), which constitutes the largest fraction of its protein
content, followed by globulin and albumin (Khushairay et al., 2023;
Segura-Campos, 2020). These protein fractions are integral to the
structural integrity and functional properties of DCF, enhancing its
nutritional value and suitability for various food applications. Glutelin,
which is abundantly present in plant proteins, known for its role in
nutrient storage contributes significantly to high quality protein profile
of DCF. This owing to its well-balanced amino acids compositions and
abundance of essential amino acids (Khushairay et al., 2023; Nassef
et al., 2022). Glutamine, a key amino acid in glutelin, exemplifies the
versatility of amino acids metabolism, as well as its role in cell signal-
ling, nitrogen function, and immune response (Curi et al., 2016; Cruzat
et al., 2014). However, glutelin is not water-soluble due to their high
content of hydrophobic amino acids and formation of large
disulphide-bonded aggregates (Kumar et al., 2019). On the other hand,
prolamins represent the least abundant fraction, making up only 3.67 %
of the total protein content (Khushairay et al., 2023). However, the
predominance of glutelin contrasts with the findings of Sandoval-Oli-
veros and Paredes-Lopez (2013), who reported 17.3 % albumin, 52 %
globulin, 12.7 % prolamin, and 14.5 % glutelin in chia protein. These
variations highlight the variability of seed protein profiles, which can be
influenced by factors such as botanical source, seed variety, preparation
methods, and extraction techniques (Segura-Campos, 2020).

Table 1 presents a comparative analysis of macronutrient composi-
tions of DCF and other defatted plant seed flour from recent studies. The
data demonstrates that DCF offers a highly competitive nutritional
profile, particularly in comparison to other seed sources. Its substantial
protein content, along with high dietary fibre and low residual oil levels,
positions DCF as an excellent plant-based alternative and valuable
ingredient for diverse nutritional applications (Khushairay et al., 2023).
In addition to its protein content, DCF is a significant source of carbo-
hydrates and dietary fibre. The total carbohydrate content ranges from 5
to 21 %, with a substantial portion of these carbohydrates being dietary
fibre (20 to 48 %). Chia flour is distinguished by its high fibre content,
ranging from 20 to 48 g per 100 g, which is notably higher than that of
other seed flours. This fibre content, particularly the presence of crude

Table 1
Macronutrient compositions of defatted chia flour and other defatted plant seed
sources (per 100 g).

Macronutrient  Defatted chia Defatted Defatted Defatted
flour (Ferreira flaxseed hemp flour ( sesame
et al., 2023; flour ( Absi et al., flour (Melo
Alarcon et al., Ferreira 2023; etal., 2021;
2022; et al.,, 2024; Jurgonski Prakash
Khushairay Mansour et al., 2020; etal.,
et al., 2023) et al., 2018; Tufarellili 2018)
Selim et al., et al., 2023)
2019)
Protein 26-38 28-35 31-50 29-46
Carbohydrate 5-21 8-14 4-47 3-25
Dietary fibre 20-48 8-37 15-41 4-25
Lipid <15 <10 <13 <32

Notes: Values are presented as grams of macronutrient per 100 g of sample.
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polysaccharides reaching up to 48 g per 100 g of DCF (Ferreira et al.,
2023; Xiao et al., 2023), offers several health benefits. The fibre is ex-
pected to support digestive health by promoting gut microbiota, aiding
digestion, and enhancing satiety (Ionita-Mindrican et al., 2022; Ehret
et al.,, 2023). Additionally, soluble fibre content plays a key role in
regulating blood sugar levels, making DCF a valuable ingredient for
overall gastrointestinal and metabolic health (Giuntini et al., 2022; Mao
et al., 2021; Kabisch et al., 2021). Despite undergoing oil extraction, a
significant amount of residual oil remains within the flour matrix,
classifying the DCF as partially defatted. This residual oil is attributed to
the efficiency of the oil extraction process, which can vary depending on
the method and conditions employed (Aranibar et al., 2021). While DCF
retains a moderate fat content, the majority of these fats (over 80 %) are
healthy polyunsaturated fats, predominantly C18:3n3c (omega-3) and
C18:2n6c¢ (omega 6) fatty acids (Garcia-Selcado et al., 2018). This pro-
file makes DCF comparable to other seed sources, not only due to its
healthy fats but also for its exceptional and competitive overall nutri-
tional compositions. Its high-quality protein, fibre, and beneficial fats
render it a valuable and essential ingredient for a wide range of dietary
applications.

2.2.2. Amino acids compositions

Amino acids are the fundamental units of proteins, are crucial in
numerous biological functions, from cellular metabolism to muscle
physiology. The amino acid profile is a key component that contributes
to its value as a protein source. DCF exhibits a highly favourable amino
acid profile, making it a potent source of both essential and non-essential
amino acids, which are vital for numerous physiological functions. The
amino acid profile of DCF shows a well-balanced distribution of essential
(EAA) and non-essential (NEAA) amino acids (Khushairay et al., 2023).
EAA are indispensable for growth and maintenance, as they cannot be
synthesized de novo by the human body and other mammalian cells, or
the synthesis rate is insufficient to meet the body’s requirement (Church
et al., 2020). Consequently, these nine EAA must be acquire through
dietary protein sources. They are integral to the stimulation of muscle
protein synthesis and the regulation of whole-body protein metabolism,
playing a crucial role in tissue repair, muscle development, and overall
metabolic homeostasis (Church et al., 2020; Li et al., 2024; Negro et al.,
2024). DCF is notable for its significant content of several EAA. Table 2
provides the amino acids’ compositions of chia seeds and DCF from
recent studies. The data is presented for both essential (EAA) and
non-essential amino acids (NEAA) in chia seeds (from the USDA data-
base) and three different recent sources of DCF. In DCF, EAA make up
approximately 37 % of the total amino acid content (de Figueiredo et al.,
2018), with lysine (Lys), leucine (Leu), valine (Val) and phenylalanine
(Phe) being the most abundant (Ferreira et al., 2023; Khushairay et al.,
2023; Nassef et al., 2022). Notably, DCF is particularly rich in Lys, an
EAA that plays a pivotal role in protein synthesis, collagen formation,
and the maintenance of healthy connective tissues. Lys also supports
immune function and facilitating absorption of key minerals, such as
calcium (Gunarathne et al., 2024; Matthews, 2020; Hall and da Costa,
2018). The relatively high Lys content in DCF is especially advanta-
geous, as Lys is often the limiting amino acid in many plant-based diets
(Kumar et al., 2022; Yang et al., 2021; Leinonen et al., 2019). As such,
DCF offers a valuable source of Lys especially for vegans and vegetar-
ians, helping them meet their nutritional needs and ensuring a more
balanced amino acid profile.

Leu and Val are essential hydrophobic branched chain amino acids
with an aliphatic side chain, offering several important benefits to
physiological functions, particularly in supporting muscle health and
regulating overall metabolic function. Unlike other EAAs, Leu and Val
are initially transaminated in extrahepatic tissues and require inter-
organ or inter-tissue shuttling for complete catabolism (Sperringer
et al., 2017). Due to the similarity in the structure of their side chains,
both Leu and Val share a common transport system for amino acid ab-
sorption, facilitating their uptake into cells (Wang et al., 2023b; Neinast
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Table 2
The amino acids composition of chia seeds and defatted chia flour from recent
studies.

Amino Chia seeds (USDA Defatted chia flour
acids Food Data i K _
Central) Khushairay Ferreira Nassef
et al. (2023) et al. (2023) etal.
(2022)
Essential amino acids
Lys 0.97 4.64 1.73 6.30
Ile 0.80 1.69 0.96 4.55
Leu 1.37 4.01 1.82 6.30
Phe 1.02 5.94 1.41 5.90
His 0.53 3.52 1.07 4.70
Val 0.95 4.00 1.18 5.34
Thr 0.71 5.43 1.00 4.10
Met 0.59 4.48 0.34 3.20
Trp 0.44 1.05 0.13 1.37
Non-essential amino acids
Tyr 0.56 3.46 0.59 2.70
Glu 3.5 18.46 0.46 18.00
Pro 0.78 3.72 0.95 0.75
Ala 1.04 3.33 1.38 6.30
Arg 2.14 12.69 3.38 8.49
Ser 1.05 7.40 1.61 6.30
Gly 0.94 5.58 1.43 4.90
Asp 1.69 9.72 4.89 NR
Cys 0.41 0.88 NR NR

Notes: Values are presented as grams of amino acid per 100 g of sample. NR
indicates data not reported. Lys: lysine; Ile: isoleucine; Leu: leucine; Phe:
phenylalanine; His: histidine; Val: valine; Thr: threonine; Met: methionine; Trp:
tryptophan; Tyr: tyrosine; Glu: glutamine, Pro: proline; Ala: alanine; Arg: argi-
nine; Ser: serine; Gly: glycine; Asp: aspartic acid; Cys: cysteine.

et al., 2019). Leu plays a central role in stimulating muscle protein
synthesis by initiating intracellular signalling cascades and promoting
cellular proliferation through the mammalian target of rapamycin
(mTOR) kinase pathway (Rehman et al., 2023; Zhao et al., 2021). Val
contributes to muscle metabolism by working synergistically with
leucine and isoleucine to support the overall muscle-building process
(Wang et al., 2023b; Reifenberg and Zimmer, 2024). The significantly
higher Val content in DCF, which complements Leu’s anabolic effects,
helps maintain a positive nitrogen balance and may enhance its poten-
tial to support muscle recovery, making it a valuable component in
post-workout diets. Additionally, Leu contributes to glucose homeostasis
with its capacity to influence insulin secretion and improve insulin
sensitivity (Pathak et al., 2023; Miao et al., 2021), highlighting its po-
tential as a dietary supplement for managing obesity and diabetes
mellitus. Moreover, Leu promotes fatty acid oxidation and supports
mitochondrial function in both skeletal muscle and adipose tissue (Duan
et al., 2016). Besides, Val is essential for supporting mental focus and
cognitive function, as it is involved in the synthesis of neurotransmitters.
A deficiency of Val in the human brain has been linked to neurological
defects and mental retardation (Sperringer et al., 2017). Beyond its role
on cognitive health, appropriate Val supplementation has been shown to
enhances growth and reproductive performances, while also modulating
gut microbiota and immune functions (Wang et al., 2023b).

Moreover, DCF is also rich in Phe, an essential aromatic amino acid
that serves as a precursor to Tyr via phenylalanine hydroxylase. Tyr is
then further metabolized into important catecholamine, including
dopamine, noradrenaline (norepinephrine), and adrenaline (epineph-
rine), through the intermediate L-3,4-dihydroxyphenylalanine (DOPA)
(Buchmueller et al., 2024; Olguin et al., 2016). Each of these catechol-
amines has distinct functions: dopamine is essential for regulating mood,
motivation, and motor control; noradrenaline governs the body’s stress
response; and adrenaline prepares the body for rapid action, particularly
in response to stress or danger (Ranjbar-Slamloo and Fazlali, 2020;
Ambade et al., 2009). Together, these catecholamines acts as immuno-
modulators, helping manage the body’s stress response, regulate mood
and cognitive function, and contribute to maintaining overall



E.S. Ibrahim Khushairay et al.

physiological balance. Since Phe is fundamental for maintaining healthy
levels of these neurotransmitters, adequate dietary intake of Phe is
essential for proper central nervous system function. This is particularly
important in managing conditions such as chronic pain, depression, and
other disorders linked to nervous system dysfunction (Akram et al.,
2020). Additionally, Tyr, derived from Phe, plays a significant role in
mitigating oxidative stress by reacting with free radicals such as per-
oxynitrite. This reaction facilitates detoxification and leads to the for-
mation of nitrotyrosine, a by-product that serves as a marker for
oxidative stress (Bartesaghi and Radi, 2018; Bandookwala and Sen-
gupta, 2020). As a nootropic, the elevated Phe content in DCF may
enhance motivation, concentration and focus, while also reducing anx-
iety and improving mood. Furthermore, catecholamines derived from
Phe are pivotal in regulating the cardiovascular, metabolic, and immune
systems (Buchmueller et al., 2024), reinforcing the wide-ranging bene-
fits of incorporating DCF into the diet.

NEAA are those that the body can synthesize independently, as cells
are capable of generating their carbon skeletons (Litwack, 2018).
Although not strictly essential from the diet, NEAAs are still vital for
overall health, supporting variety of physiological functions and main-
taining metabolic balance. The variability in the NEAA profile of DCF
across different studies can be attributed to several factors, including
differences in source, processing methods, and sampling variability.
These factors, such as geographical origin, cultivation conditions, and
the specific techniques used for both defatting and analysis, can all
contribute to variations in the reported NEAA composition. Glu consis-
tently reported as one of the most abundant amino acids in chia seeds,
consistent with general pattern observed in many plant-based proteins,
such as those from seeds, beans, lentils, soy and certain grains (Kumar
etal., 2022). Glu, as an amino acid with an amine group in its side chain,
serves as a primary amino donor in transamination reactions, playing a
critical role in nitrogen metabolism (Liao et al., 2022; Kim et al., 2019).
This process is crucial for maintaining balanced amino acids profile and
regulating nitrogen metabolism, thereby preventing the toxic accumu-
lation of ammonia, a by-product of protein metabolism (Liao et al.,
2022; Ling et al., 2023). Additionally, Glu, in its ionized form as gluta-
mate, is known for its umami flavour, making it a common ingredient to
enhance the taste of plant-based dishes (Yamamoto and Inui-Yamamoto,
2023), while also contributing to reduced salt intake and promoting
healthier dietary practices (Tanaka et al., 2023; Morita et al., 2023). As
previously discussed, Tyr plays an important role in supporting cogni-
tive function and mood regulation. Furthermore, the increased level of
proline (Pro), alanine (Ala), Arginine (Arg), serine (Ser), glycine (Gly),
and aspartic acid (Asp) in DCF suggest improved protein quality and
highlight its potential functional benefits, further supporting its nutri-
tional value in plant-based diets.

3. Chia protein: innovative extraction and processing
techniques

Chia seeds have gradually gained attention for their exceptional
nutritional profile, including high levels of omega-3 fatty acids and di-
etary fibre. Beyond these well-established benefits, chia protein is
emerging as a promising alternative to animal-based proteins due to
their lower environmental impact and easier production (Timilsena
et al., 2016a, 2016b). The food industry is increasingly focused on
producing plant protein concentrates and isolates, not only for their
functional properties in food products, but also for their ability to
enhance qualities such as texture, flavour, consistency, and overall
nutrition (Wang et al.,, 2023a). With the growing shift towards
plant-based diets, chia protein seen as a viable alternative offers a
balanced amino acid profile, excellent digestibility, and is well-suited for
vegan and vegetarian diets. As demand for sustainable protein sources
increases, chia seeds are emerging as an important crop, supporting food
security sustainable agriculture. However, extracting protein for use in
food and other applications depends heavily on the efficiency of the
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extraction method, which influences the protein’s yield, quality, func-
tional properties, and bioavailability (Mondor et al., 2022). Protein
extraction is challenging due to their sensitivity to the environment,
which can alter their structural properties (Gadalkar and Rathod, 2020).
The main goal of extraction is to maximize the yield of protein, while
minimizing damage to its properties and avoiding the extraction of
unwanted compounds (Pojic et al., 2018). Table 3 provides an overview
of these eco-innovative plant protein extraction approaches, high-
lighting their respective advantages and limitations.

Traditional protein extraction techniques, such as aqueous extrac-
tion or acid-alkaline processes, are widely employed in the food and
agricultural industries, but often present several challenges that hinder
the optimal recovery of high-quality proteins. These methods typically
result in lower yields due to protein degradation caused by extreme pH,
temperature, solvent conditions, and prolong extraction times. The most
common method for extracting chia proteins is alkaline extraction
coupled to isoelectric precipitation (Wang et al., 2023a; Khushairay
et al., 2023; Mondor et al., 2022; Lopez et al., 2018; Coelho and
Salas-Mellado, 2018). However, this method has some drawbacks as the
alkaline and acid treatments may influence the functional properties and
nutritional quality of the protein, therefore, optimizing the extraction
conditions is crucial to minimize undesirable changes (Khushairay et al.,
2023; Lopez et al., 2018; Coelho and Salas-Mellado, 2018). Additionally,
the residual lipid content in DCF may interfere with the extraction
process, as the presence of sodium hydroxide in alkaline extraction can
induce saponification reactions (Khushairay et al., 2023; Coelho and
Salas-Mellado, 2018). As the demand for high-quality sustainable plant
proteins escalate, the need for innovative extraction methods to over-
come these challenges becomes more critical. There is a growing focus
on eco-innovative green technologies to improve extraction efficiency
while preserving the bio- and techno-functional properties of proteins.
Techniques such as subcritical water extraction, aqueous two-phase
system, enzyme-assisted extraction, and cell disruption are emerging
as efficient and environmentally friendly alternative to traditional
methods (Gadalkar and Rathod, 2020; Franca-Oliveira et al., 2021).
These techniques not only increase the recovery of proteins but also
improve their nutritional and techno-functional characteristics, and are
considered affordable, safe, effective, and ecologically sustainable,
supporting clean-label status (Pojic et al., 2018; Tiwari, 2015).

4. Chia protein: techno- and bio-functionality properties
4.1. Techno-functional attributes

Beyond the nutritional content, recent studies have emphasized the
techno-functional properties of chia protein, revealing its potential for
diverse applications in food processing, formulation, and nutraceuticals.
These functional properties, which refer to the protein’s behaviour
during food preparation, processing, and storage, are influenced by
factors such as protein size, shape, amino acid composition, charge
distribution, and structural conformation (Malecki et al., 2021). Such
properties are integral to the quality and performance of food products,
yet they remain highly sensitive to external conditions, including pH,
temperature, salt content, extraction methods, and hydrolysis processes.
Chia proteins possess valuable functional attributes, including solubil-
ity, emulsifying capacity, foaming ability, water and oil absorption,
water and oil holding capacity, and gelling properties. These charac-
teristics significantly impact the texture, consistency, and overall quality
of food products, making chia proteins highly beneficial for food
formulation. Table 4 provides a comprehensive overview of the key
functional properties of chia protein, along with the factors that enhance
each property based on recent studies.

4.2. Bio-functional attributes

DCF is renowned not only for its high-quality protein content but also
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Table 3

Potential eco-innovative approaches for plant protein extraction.
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Extraction Descriptions Advantages Disadvantages Recent Publications

Techniques

Chemical Rely on various solvents, such as water, Cost-effective, simple, and Potential for protein denaturation, (Khushairay et al., 2023; Lopez
Extraction alkalis, organic solvents, and acids, to suitable for large-scale requires pH adjustments, lipid et al., 2018; Coelho and
Techniques extract proteins. Examples of these operations. interference in alkaline extraction due Salas-Mellado, 2018)

Subcritical Water
Extraction
(SWE)

Aqueous Two-
Phase System
(ATPS)

Enzyme-Assisted

methods include aqueous extraction,
alkali/acid extraction, and organic
solvent extraction, all of which use
solvents to solubilize proteins.

Uses hot water under pressure below its
supercritical point (normally between
100 and 374 °C) to extract protein. The
heat helps to dissolve proteins and
break down plant cells, making the
extraction easier.

Used for efficient protein extraction due
to their unique properties, such as phase
hydrophobicity and protein bioaffinity.
This method separates, concentrates,
and purifies proteins by mixing two
different components that form two
distinct layers.

Utilizes specific enzymes to break down

Eco-friendly, no organic
solvents, and efficient for polar
compounds.

Rapid, flexible, cost effective,
biocompatible and safe for
biological material, higher
selectivity and purity, and do not
denature proteins.

Higher protein yield, produces

to sodium hydroxide causing
saponification.

Requires precise control of temperature
and pressure, limited to polar
compounds.

Limited solubility, require complex
optimization, scale up challenges due to
phase stability and reproducibility,
limited to certain proteins especially
those with very high or very low
molecular weight.

High cost of enzymes, potential for
incomplete hydrolysis, elevated energy
consumption, and irreversible
carbohydrate-protein matrix
disruption.

High initial investment in equipment,
potential for thermal degradation.

May require specialized equipment and
optimization for each sample type.

Potential of protein aggregation and can
modify protein-protein and protein-
solvent interaction, leading to
undesired changes in protein

(Nathia-Neves and Alonso, 2023;
Ardali et al., 2023; Powell et al.,
2016, 2017)

(Kumar et al., 2021;
Varadavenkatesan et al., 2021;
Menegotto et al., 2021)

(Khushairay et al., 2023; Pojic
et al., 2018; Kumar et al., 2021;
Ochoa-Rivas et al., 2017)

(Sengar et al., 2020; Ashfaq and
Younis, 2021; Fatima et al., 2023;
Yeasmen and Orsat, 2024; Sert

et al., 2022; Kadam et al., 2015)
(Penas et al., 2023; Gorguc et al.,
2019; Tungchaisin et al., 2022;
Bedin et al., 2019; Prandi et al.,
2022; Varghese and Pare, 2019)
(Sezer et al., 2019; Gharibzahedi
and Smith, 2021; Ahmed et al.,
2019; Marciniak et al., 2018; Ulug
et al., 2021)

Extraction cell wall components like cellulose and specific peptides with desired

(EAE) pectin, disrupting the wall and releasing  bioactivities, product with
protein. Proteases then break down higher purity and suitability for
large protein into smaller peptides. human consumption

Ultrasound- Uses ultrasonic waves to enhance Higher yield, lower solvent
Assisted extraction efficiency by disrupting cell consumption, and shorter
Extraction walls, leading to higher yields and extraction time.

(UAE) lower solvent usage.

Microwave- Uses microwaves to heat the solvent Rapid, efficient, and can improve
Assisted and sample, speeding up extraction the quality of extracts.
Extraction time and often improving yield and
(MAE) purity.

High Hydrostatic Applies pressure of 100-1000 MPa Reversible denaturation,
Pressure- through water, causing cell membranes  enhance digestibility, enzyme
assisted and proteins to break down, allows activity control.

Extraction solvents to enter cells and release their
(HHP) contents. Known as cold pasteurization.

functionality

for its rich composition of bioactive peptides. These peptides, like those
derived from other sources, are initially inactive within their complex
protein structure since most bioactive peptides are buried or encrypted
in the structure of mature proteins, but become active through various
extraction and hydrolysis processes, offering a range of potential phar-
macological benefits to human health (Peighambardoust et al., 2021).
To be considered bioactive, peptides must exhibit significant biological
activity without inducing toxicity or allergenicity (Mensah et al., 2024).
Bioactive peptides derived from chia typically consist of 3-20 amino
acids, with molecular weights of less than 3 kDa (Jones et al., 2019).
Recent studies have utilized advanced techniques to isolate and identify
bioactive peptides from natural food sources. Enzymatic hydrolysis,
which involves the use of proteases such as pepsin, alcalase, fla-
vourzyme, bromelain and papain, as well as digestive enzymes like
pepsin, trypsin, chymotrypsin (Rader et al., 2018) is a widely employed
method for generating bioactive peptides. These enzymes cleave protein
molecules into smaller peptides, often enhancing their wide range
bioactivity, including biogenic, opioid, immunomodulatory,
salt/metal-binding, antihypertensive, and antimicrobial peptides by
releasing biologically active fragments (Barati et al., 2020).
Surface-coated enzymes, or immobilized enzymes, are preferred over
conventional soluble enzymes in large-scale industrial processes, such as
those in food, pharmaceuticals, and textiles, due to their enhanced sta-
bility under harsh conditions like high temperatures and extreme pH
levels (Maghraby et al., 2023). Immobilization also facilitates easy
enzyme recovery, reducing the production of secondary metabolites
from autolysis and improving both efficiency and cost-effectiveness
(Akbarian et al., 2022). Another widely adopted method is continuous

hydrolysis, an efficient and cost-effective technique that uses reactors
with ultrafiltration membranes, often integrated with additional puri-
fication methods (Musa et al., 2020). This process fully converts food
proteins into hydrolysis products with improved nutritional and func-
tional properties, further enhancing the value of the final products.
Fig. 3 provides a visual representation of the key techniques utilized in
the production of chia peptides.

The health benefits of chia peptides at the molecular level have been
widely documented in literature. These peptides exhibit a broad spec-
trum of bioactivities, including antioxidant, anti-inflammatory, antihy-
pertensive, and antidiabetic effects, as well as neuroprotective and
antimicrobial properties. The molecular mechanisms through which
these peptides exert their beneficial effects are varied and complex,
often involving interactions with key cellular pathways, enzymes, and
receptors. Table 5 provides a summary of the bioactive properties of chia
peptides from recent studies and outlines the mechanisms underlying
their actions. The diverse range of activities attributed to these peptides
highlights their potential as functional ingredients in health-promoting
foods and as therapeutic agents for managing various health conditions.

5. Food product development and nutraceutical applications

5.1. Fortification of chia seeds-derived ingredients in food product
development

Bioactive peptides derived from DCF have shown considerable
promise for enhancing the nutritional value and health benefits of
functional food products. However, there is currently still limited
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Table 4
The techno-functionalities of chia protein from recent studies.
Techno- Descriptions Enhancing factors References
functional
properties
Solubility A key factor in e pH: Highest (Khushairay et al.,

Water and oil
absorption
capacity

Water and oil
holding
capacity

Emulsifying
capacity
and
stability

Foaming
capacity
and
stability

protein’s ability to
interact with
other food
components,
influencing its
emulsifying,
foaming, and
gelling properties,
while also
enhancing
dispersion and
consistency in
aqueous food
systems.

Refers to protein’s
ability to absorb
and retain water
or oil. It is
essential for food
texture, viscosity,
and
emulsification. It
improves
moisture and fat
retention,
enhancing the
texture, richness,
and structure of
products like
batters, sausages,
and doughs.
Refers to protein’s
ability to retain
water or oil under
external forces. It
is crucial for
maintaining
texture, stability,
and consistency in
foods like
mayonnaise and
sausages, while
preventing
separation during
storage and
processing.

Refers to the
protein’s ability to
stabilize oil and
water into
uniform mixture.
It is essential for
improving
texture, stability
and preventing
separation in
products like
margarine,
dressings,
mayonnaise,
sauces and ice
cream.

Refers to the
protein’s ability to
form and stabilize
foams by trapping
air bubbles within
a liquid or solid. It
enhances the
texture and

solubility at pH 10
(76 to 78 %).
Temperature:
Solubility increases
with temperature
up to 50 °C.

Salt: Highestat 1 M
NaCl.

Drying: Spray
drying improves
solubility.
Hydrolysis:
improves solubility
in a range of pH 3
to 9.

pH: Lowest
absorption at
isoelectric point
(pH 3-4).

Drying method:
Freeze drying
increases water
absorption (2.9 gg°
1,

Hydrolysis: Protein
hydrolysis
increases oil
absorption.

High-pressure
homogenization
decreases water
and oil holding
capacity.

Protein fractions:
Glutelin has the
highest water-
holding capacity,
while globulin has
the highest oil-
holding capacity.

pH: Emulsifying
capacity stable
across pH 2-11 for
protein-rich
fractions.
Hydrolysis:
Alcalase protein
hydrolysates shows
50 times higher
emulsifying
activity.

Protein fraction:
Glutelin and
prolamins have
better emulsifying
capacity.

pH: Foaming
capacity is lowest
at isoelectric point
(pH 3-4).

Drying method:
Spray drying
improves foaming
capacity.

2023; Coelho and
Salas-Mellado,
2018; Malik and
Riar, 2022; Guo
et al., 2021)

(Khushairay et al.,
2023;
Segura-Campos,
2020; Coelho and
Salas-Mellado,
2018;
Villanueva-Lazo
et al.,, 2021;
Timilsena et al.,
2016¢)

(Segura-Campos,
2020; Malik and
Riar, 2022;
Renoldi et al.,
2023; Aryee et al.,
2018)

(Khushairay et al.,
2023;
Segura-Campos,
2020; Coelho and
Salas-Mellado,
2018;
Urbizo-Reyes et al.,
2019)

(Khushairay et al.,
2023;
Segura-Campos,
2020; Coelho and
Salas-Mellado,
2018; Timilsena
et al., 2016c;

Table 4 (continued)
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Techno- Descriptions Enhancing factors References
functional
properties
appearance of e Hydrolysis: Urbizo-Reyes et al.,
food by increasing Alcalase 2019)
foam volume, proteolysis and
stability, and microwave
lightness in treatments
products like enhance foaming
meringues, capacity.
whipped cream,
cakes, beer, and
mousse.
Gelling Gelling properties e Protein fraction: (Khushairay et al.,
properties refer to a protein’s Glutelin has the 2023; Coelho and

ability to form a

best gelling

Salas-Mellado,

gel under certain property. 2018; Ramos et al.,
conditions, like e Denaturation: 2017)

heat or cooling. It Protein

influences denaturation

texture, firmness,
and water
retention,
contributing to

enhances gel
formation when
combined with
carbohydrates.

the overall
stability of
products like
jams, jellies,
gummies, gels,
puddings, and
plant-based
alternatives.

literature on the direct use of chia protein or its fractions, such as iso-
lates, concentrates, and hydrolysates, in food production, highlighting a
significant opportunity for further exploration and innovation in this
area. Chia seeds derivatives can serve as a valuable health-boosting
ingredient in a variety of foods. The primary aim of fortifying food
products with bioactive peptides is to provide a natural alternative to
synthetic additives, adding value to the product while potentially
enhancing consumer trust and acceptance of these functional foods (Jia
et al., 2021). In general, the application of chia-derived ingredients has
been explored across four main food categories: bakery products, meat
products, staple foods, and dairy products (Chen and Luo, 2024) as
illustrated in Fig. 4. Chia seeds, being a naturally gluten-free pseudo-
cereal (Borges et al., 2021), offer a safe alternative for individuals with
celiac disease and other gluten-related disorder. Incorporating chia
seed-derived ingredients into breads or pastries products will enhance
both nutritional profile and texture of these products (Borges et al.,
2021; Fernandes et al., 2021), offering a healthier and more versatile
option for those with dietary restrictions. Chia peptides have been used
to fortify bakery items (Ozon et al., 2022), dairy products, and meat
analogues (Senna et al., 2024; Kothury et al., 2024), providing a source
of high-quality protein and beneficial bioactivities. Ozon et al. (2022)
reported that adding chia hydrolysates from DCF at concentration of
1-10 mg to fortify wheat flour in bread formulations resulted in a lighter
crust, due to reduced Maillard reaction. Additionally, the substitution of
5 and 10 mg of chia hydrolysates improved the bread’s textural prop-
erties, increasing its specific volume, reducing hardness, and enhancing
alveoli formulation. Similarly, Coronel et al. (2021) found that fortifying
premixes and bread with chia flour resulted in higher protein content
and improved emulsifying activity and stability compared to the control
group. Besides, fortifying biscuit formulations with 15 % chia flour
enhanced water retention ability (Brandao et al., 2019), which poten-
tially improved the texture, mouthfeel, and shelf life of the biscuits.
Moreover, chia seeds-based products and is increasingly being used
as an ingredient to develop meat analogues due to its beneficial prop-
erties. Fernandez-Lopez et al. (2019) investigated the use of chia seeds
and chia flour in sausage formulations made with 70 % lean meat and
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Fig. 3. Overview of the essential techniques involved in the production of chia peptides.

30 % fat. They found that emulsion stability and gelling properties were
enhanced by the protein content in chia seeds and their coproducts,
which are known to function as effective emulsifiers and gelling agents.
Additionally, the chia-enriched sausages were less prone to oxidation, as
measured by TBARs during extended storage compared to the control
group. A study by Pintado et al. (2016) found that incorporating 10 % of
chia flour as a fat replacer in frankfurter formulations reduced the purge
value to below 2 %, demonstrating chia’s strong ability to retain water,
likely due to the water- and oil-holding capacity of its protein. The
frankfurter also exhibited lower saturated fat, higher mono- and poly-
unsaturated fats (400 % increase in omega-3), improved fat and
water-binding properties, and reduced hardness compared to the control
groups. In another study, Paglarini et al. (2019) found that replacing 20
% of pork fat with of DCF emulsion resulted Bologna sausages resulted in
30 % reduction in total lipid content, higher omega 3 levels, reduced
hardness, and a 10 % decrease in protein content compared to the
controls. The addition of DCF also impacted the microstructure, leading
to a more compact protein matrix, likely due to the flour’s high protein
and fibre content, which enhances its ability to bind water and fat.
Chia seeds and its derivatives play a versatile role in enhancing the
nutritional profile, texture, and functional properties of staple foods.
They offer a range of benefits, from improving moisture retention and
gelling properties to boosting omega-3 content and fibre. Staple foods
are the foundation of a diet, providing essential nutrients and energy,
and typically being consumed regularly and form a significant portion of
daily nutrition. Khatri et al. (2023) studied the used of chia flour in
gluten-free pasta formulation incorporating up to 17.5 % chia flour
alongside quinoa flour and found that cooking loss decreased as the
proportion of chia seed flour increased, suggesting that higher protein
content in chia flour helps prevent starch granules from swelling. A
similar finding was reported by Lavent (2017) in the formulation of
gluten-free noodles. The study showed that as the proportion of chia
flour increased, the cooking loss of the noodles decreased, likely
attributed to the higher protein content in chia flour, which influences

starch-protein interactions, enhancing the surface tension and rigidity of
starch granules, thereby limiting their swelling. In a different study,
Katunzi-Kilewela et al. (2022) found that porridge formulations
combining dried mashed cassava with 5-25 % chia flour exhibited
improved viscosity, taste, colour, mouthfeel, aroma, gel consistency,
and oiliness, and received higher overall acceptance in sensory evalua-
tion compared to the control group.

Chia seeds and their by-products are gaining popularity in the dairy
industry due to their health benefits. Rich in omega-3 fatty acids, fibre,
and antioxidants, chia seeds improve the nutritional value of dairy
products like yogurt, milk, and cheese. Dairy products, particularly
those made from raw milk, often require protein-enriched ingredients to
preserve texture throughout processing and storage. Chia seeds, with
their emulsifying and gelling properties, offer great potential stabilizing
emulsions and foams, thereby enhancing mouthfeel and ensuring
consistent quality of dairy products. A study by Kwon et al. (2019)
demonstrated that adding 0.1 % chia seed ethanol extract to yogurt
enhances its radical scavenging capacity, inhibits
lipopolysaccharide-induced hydrogen peroxide production in human
colon cells, and promotes the growth of LAB. Additionally, it improves
the physicochemical properties and health benefits of set-type yogurt.
Feizi et al. (2021) investigated the use of chia mucilage as a replacement
for commercial stabilizers in ice cream, finding that a 0.2 % chia
mucilage formulation resulted in high-quality ice cream with an overrun
of about 103 %. The product also exhibited a destabilized fat index of
41.0 %, a fat globule size of 40.7 pm, a low meltdown rate of 0.9 g
min~?, and a hardness of 40.1 N. Sensory evaluations confirmed that the
ice cream had the ideal hardness, smooth texture, and creamy mouth-
feel, free from ice crystals and off-flavours. Madrazo et al. (2022) found
that chia peptides with the sequence Lys-Leu-Lys-Lys-Asn-Leu were
stable across a range of temperatures and pH levels, and effectively
inhibited the growth of foodborne pathogens such as Listeria mono-
cytogenes, Staphylococcus aureus, and Bacillus subtilis. They recommended
their use as antimicrobial agents in dairy products. In a separate study,
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Table 5 Table 5 (continued)

Bioactive properties of chia peptides and their mechanisms of action. Bio-functional References Mechanisms,/effects Protein
Bio-functional References Mechanisms/effects Protein properties fractions
properties fractions .

enterica serovar
Antioxidant Grancieri et al. Scavenge oxide, Albumin, Typhimurium K1028,

(2019b) hydrogen peroxide, globulin, Listeria monocytogenes
superoxide, and DPPH glutelin 104038, and Listeria
scavenging capability innocua ATCC 33090.
and inhibited 5-lipoxy- Madrazo et al. Inhibit gram-positive Lys-Leu-Lys-
genase (5-LOX), (2022) bacteria L. monocytogenes  Lys-Asn-Leu;
cyclooxygenase-1 and 2 ATCC 51,414, Lys-Lys-Tyr-
(COX-1-2), and inducible Staphylococcus aureus Arg-Val-Phe;
nitric oxide synthase ATCC 25,923, and gram- Met-Leu-Lys-
(iNOS) enzymes negative bacteria Bacillus ~ Ser-Lys-Arg;

Orona-Tamayo Albumin strongly Albumin, subtilis ATCC 465, Met-Ser-Lys-

et al. (2019) inhibits ABTS and DPPH prolamin, Shigella flexneri ATCC Ala-Lys-Pro-
radicals, while prolamin globulin 9748, Salmonella Gly-Arg-Ser-
and globulin exhibit a typhimurium ATCC Met;
high capacity for 51,821, Salmonella typhi Ser-Val-Val-
chelating ferrous ions. ATCC 19,430, Salmonella  Ala-Lys-Ala-

Antihypertensive Orona-Tamayo Exhibits ACE inhibitory Globulin, Paratyphi ATCC 9150, Pro-Val-Gly-

et al. (2019) activity albumin Salmonella Enteritidis Lys-Arg.

Pablo-Osorio Interaction of peptide Leu-lIle-Val- ATCC 13,076, Escherichia

et al. (2019) sequence with 9 Ser-Pro-Leu- coli ATCC 43,895.
hydrogen and 8 Ala-Gly-Arg- Antiaging Ferreira et al. Mimicked pathways that ~ Peptides
hydrophobic bonds on Leu (2020) transduce signals to
the ACE catalytic site. collagen and other

Anti- Grancieri et al. Interacted with COX-2, 1-3 kDa fibrous proteins such as

inflammatory (2019b) p65-NF-kB, LOX-1, and peptides elastin and fibrin. BPs (i.
TLR4. Reduced HoO, and  fractions e., palmitoyl
nitric oxide release and tetrapeptide-7)
modulate both pro- and downregulated IL-6,
anti-inflammatory triggered the synthesis of
cytokine levels (IL-10, IL- new collagen and elastin,
1B, IL-6, and TNF-a). and delayed the

Grancieri et al. Decreased the Leu-Pro-Val- formation of wrinkles.

(2021) inflammatory mediators Phe-Gly-Leu- Aguilar-Toala Inhibited enzymes (i.e., <3 kDa
nuclear factor kappa- Ala-Ala-Glu- and Liceaga elastase, tyrosinase, peptides
light-chain-enhancer of Gly-Asn-Val- (2020) collagenase, and fractions
activated B cells (NF-xB Val-Thr-Tyr- hyaluronidase) that
p56) and peroxisome Leu-His responsible for skin
proliferator-activated wrinkles.
receptor gamma (PPAR- Montalvo et al. Inhibited matrix Peptides
v) in the adipose tissue of (2019) metalloproteinase-1
mice. (MMP-1), 2 (MMP-2),

Neuroprotective Leo and Campos  Reduce proinflammatory <3 kDa thus, decreased the

(2020) mediators (TNF-a, IL-6, peptides extent of collagen
NO, H202) and reactive fractions damage
oxygen species in human Hypolipidemic Coelho et al. Inhibited HMG-CoA <3 kDa
microglial clone 3 and (2018) reductase activity with peptides
(HMC3) cells. hypoglycaemic an effect comparable to fractions

Antidiabetic Zamudio et al. Inhibited DPP-IV (43.60 Peptides potential pravastatin, forming a

(2022) %) and a-glucosidase unique class of inhibitors
(3.39 %), with IW and that block the
PW fragments showing mevalonate pathway,
low binding energies helping to prevent
against these enzymes hypercholesterolemia.

(in-silico study).

Crespo et al. Reduced plasma glucose Peptides

(2021) concentration 30 min Zaky et al. (2019) investigated the potential of whole chia seeds as a
after administration in 9 stabilizer in ice milk products, finding that supplementation of 6 % chia
diabetic patients by seed powder enhanced the physical properties and melting quality of the
competitively binding to A S . K d
the active sites of product. Both overrun and viscosity increased with higher chia con-
saccharase, a-amylase, centrations, while melting resistance improved. Additionally, chia seed
and «-glucosidase, powder contributed to create homogeneous structure and uniform dis-

L inhibiting their activities tribution of air cells throughout the matrix, while enhancing the nutri-
Antimicrobial Coelho et al. Inhibited Escherichia coli <3 kDa . .

(2018) and Listeria peptides tional value of the final product.
monocytogenes by fractions
damaging their cell
membranes, causing 5.2. Nutraceutical applications of chia peptides
deformation and slowing

) bacterial growth. As previously discussed, chia bioactive peptides have shown signif-

Aguilar-Toala Inhibit E. coli 0157:H7 <3 kDa . . P TS . . . . .

et al. (2020) B6.914, E. coli ATCC peptides icant bioactivities, indicating their potential for incorporation into

25922, Salmonella

functional food products. Many scientific studies confirm the wide
spectrum of health-promoting effects of chia peptides. However, the
application of chia peptides in various food systems remains in its
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Meat products

Nutritional enhancement
Improvement emulsification & gelation
Boost fat and moisture retention
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Staple foods
Nutritional enhancement
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Moisture retention
Gluten-free baking
Increase satiety

Dairy products

Nutritional enhancement
Texture improvement
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Vegan and lactose-free options
Increase satiety

Fig. 4. Applications of chia seeds-derived ingredients in food product development.

nascent stages, with a limited number of preclinical studies published.
Villanueva-Lazo et al. (2021) reported that bioactive chia peptides
exhibit immunostimulatory effects by modulating both specific and
nonspecific immune responses by enhancing immunoglobulin produc-
tion, boosting the phagocytic activity of immune cells, and increasing
the number of cells that produce IgA antibodies. In separate studies,
Rabail et al. (2021) and Grancieri et al. (2021) found that chia peptides
help prevent oxidative stress associated with adipogenesis and inflam-
mation. These peptides inhibit adipogenesis by reducing the expression
of peroxisome proliferator-activated receptor y (PPAR-y) in mature ad-
ipocytes and also lower the activity of enzymes such as lipoprotein
lipase, fatty acid synthase, and sterol regulatory element binding protein
1. A study by Coelho et al. (2018) demonstrated that chia protein can
inhibit HMG-CoA reductase activity by up to 81 %, block the mevalonate
metabolic pathway, and thereby help prevent hypercholesterolemia and
atherosclerosis. A study by Aguilar-Toala and Liceaga (2020) found that
the chia peptide fraction, with a molecular weight of less than 3 kDa (at
1 mg/ml), demonstrated a direct inhibitory effect on collagenase and
tyrosinase, while exhibiting a mixed inhibition pattern against hyal-
uronidase and elastase, enzymes that contribute to the degradation of
the skin’s protein matrix. These findings suggest their potential use in
the development of nutraceutical and cosmeceutical products.

6. Prospects for future research

DCF, a by-product of chia seed oil extraction, holds potential bio-
activities that warrant further investigation. Despite being underutilized
resource, it offers several unexplored opportunities for enhancing food
products, developing nutraceuticals, and improving health outcomes.
The passage delineates upcoming research paths for chia peptides,
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emphasizing several key areas. In pursuit of sustainability and added
value, the synergistic use of various chia products represents an inno-
vative strategy that integrates the concept of biorefinery into the chia
seed processing chain.

6.1. Bioavailability and absorption mechanisms

Understanding the bioavailability of chia peptides is a critical area of
research, as it determines how effectively these bioactive compounds
exert their physiological effects upon consumption. Bioavailability re-
fers to the extent and rate at which active compounds, such as peptides,
are absorbed into the bloodstream and become available at target sites
within the body (Khushairay et al., 2024; Stielow et al., 2023). In the
case of chia peptides, the digestion, absorption, and metabolic pro-
cessing of these bioactive components in the human digestive system are
complex processes that require detailed investigation. Although the
therapeutic potential of chia protein hydrolysates has been documented
in the literature, the mechanisms underlying their absorption and
bioavailability in the human digestive system remain insufficiently un-
derstood. Investigating factors such as the interactions between chia
peptides and digestive enzymes, their digestive stability to resist
breakdown in the digestive system, the efficiency with which these
peptides enter the bloodstream, and their bioavailability (the proportion
available for the body to use) is crucial for determining their potential
bioactive effects in vivo. To gain a comprehensive understanding,
advanced techniques such as in vitro gastrointestinal digestion simula-
tion models can be employed to observe the breakdown of chia peptides
and assess their efficiency across the intestinal barrier under various
gastrointestinal conditions (Khushairay et al., 2024). However, in vitro
models have limitations in mimicking the complexity of human
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digestion (Brodkorb et al., 2019), so human clinical trials are necessary
to confirm in vitro findings and evaluate how chia peptides behave in
real physiological conditions in the bloodstream.

6.2. Interdisciplinary collaborations

Beyond understanding bioavailability, the collaborative efforts of
various disciplines open new approaches for the innovative application
of chia peptides. As their potential applications continue to expand
across various sectors, the complex nature of chia peptides requires
comprehensive investigation across multiple scientific domains,
including biochemistry, bioengineering, nutritional sciences, pharma-
cology, microbiology, and food technology, to foster their innovative
development and practical application. Food technologists, microbiol-
ogists, and enzymologists are integral to understanding how chia pep-
tides interact with food ingredients, focusing on key properties such as
stability, solubility, and texture modification. In parallel, bioengineering
plays a crucial role in improving the production and functionality of chia
peptides by leveraging advanced synthesis methods and eco-innovative
technologies to enhance yield and bioactivity. Furthermore, the devel-
opment of chia peptide-enriched products requires a thorough under-
standing of both their physicochemical properties and the specific needs
of the food industry. Thus, collaboration with food technologists enables
the development of novel formulations, including micro- and nano-
encapsulation, which ensure that chia peptides retain their bioactive
properties and appeal in a wide range of food products. Moreover,
collaboration between biochemists and nutritionists is vital to under-
stand how chia peptides influence biological functions, their absorption,
and interactions with enzymes and receptors. Investigating their thera-
peutic potential, particularly in modulating pathophysiological condi-
tions, is a key area for future research. Clinical trials are essential to
assess the metabolic effects, bioavailability, and impact of chia peptides
on biomarkers associated with chronic diseases. Emerging also high-
lights the critical role of gut microbiota in the bioavailability and
bioactivity of dietary peptides (Wijesekara et al., 2024), including those
derived from chia seeds (Wu et al., 2022). Thus, collaboration between
microbiologists, nutritionists, and immunologists is necessary to un-
derstand how chia peptides interact with gut bacteria, and how these
interactions may alter their bioactive effects. Such research can provide
insights into how chia peptides influence gut health, immune function,
and metabolism, with potential applications in personalized nutrition
and probiotics.

6.3. Safety considerations: allergenicity, synergistic interactions, and
long-term high-dose risk

As chia peptides gain increasing interest for incorporation into food
products and nutraceuticals, a thorough evaluation of their safety and
potential toxicity is essential. While chia seeds are recognized as safe
(Turck et al., 2019), the long-term effects of chia peptides in human
consumption remain underexplored. Rigorous investigations into the
safety profiles of chia peptides are needed, particularly concerning their
potential to trigger allergic reactions (Regula et al., 2023) or synergistic
interactions with other bioactive substances (Bota et al., 2024).
Although chia seeds are generally regarded as low-allergenicity foods,
the processing and hydrolysis may alter the peptides’ structure, poten-
tially generating new epitopes that may trigger immune responses in
susceptible individuals (Zhou et al., 2024; Huang et al., 2024), especially
in those with pre-existed seeds or nut allergies. While the synergistic
effects of peptides with other compounds can enhance beneficial out-
comes, such as improved bioactivity, better nutrient absorption, and
modulation of gut microbiota to support therapeutic effects, they also
raise concerns about unintended consequences. These include the risk of
overstimulating biological pathways or reducing the efficacy of certain
nutrients and drugs, emphasizing the need for thorough evaluation.
Another critical aspect of safety that requires attention is the potential of
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long-term and high-dose consumption of chia peptides. While
short-term studies may overlook certain risks, long-term studies are
essential to identify any adverse effects that may arise with sustained
use. These could include immune overstimulation, digestive distur-
bances such as bloating and flatulence, nutrient imbalances, or meta-
bolic alterations (Bidram and Ganjalikhany, 2024). Additionally, the
effects to chia peptides on at-risk groups, such as pregnant women,
children, and individuals with chronic illnesses, should not be over-
looked. Variations in metabolic rates, physiological conditions, and
immune responses among these groups may heighten their sensitivity to
potential adverse effects, highlighting the critical need for further
research in this area. To address these concerns, a comprehensive,
multi-steps approach is recommended, including animal studies, human
clinical trials, and comprehensive regulatory oversight to establish clear
safety guidelines for chia peptides. Such evaluations are crucial to safely
integrate chia peptides into food systems and nutraceuticals, allowing
their health benefits to be fully realized while minimizing any associated
risks.

6.4. Sustainable production and economic viability

Leveraging underutilized grains like chia seeds presents a promising
solution to address nutritional insecurity, given their exceptional
nutritional profile (Prathyusha et al., 2019). The sustainability of chia
peptide production is a key area for future investigation. Chia is
recognized for its environmental advantages, requiring less water and
thriving in arid conditions, which makes it more sustainable compared
to other crops (Kirsch et al., 2024). However, the large-scale production
of high-quality bioactive peptides still faces economic challenges
(Franca-Oliveira et al., 2021). Future research should focus on devel-
oping cost-effective extraction methods, improving production effi-
ciency, and minimizing waste. One significant factor in peptide
production is the cost of enzymes. To address this cost barrier in chia
peptide production, enzyme optimization strategies can be employed,
such as using genetically engineered or recombinant enzymes with high
efficiency and stability (Ndochinwa et al., 2024). Immobilized enzymes,
which can be reused multiple times without significant loss of activity,
and enzyme cocktails to improve bioactive peptide yields, also help
reduce operational costs (Maghraby et al., 2023; Chauhan et al., 2022).

Emerging green technologies offer further cost reductions by mini-
mizing the need for expensive solvents and lowering energy consump-
tion. Techniques such as ultrasound-assisted extraction, microwave-
assisted extraction, supercritical fluid extraction, and advanced ultra-
filtration and nanofiltration systems are energy-efficient and streamline
purification processes (Usman et al., 2023; Putra et al., 2023). In
large-scale production, adopting continuous flow systems and process
automation enhances efficiency, reduces human error, ensures consis-
tent peptide quality, and lowers labour costs (Jungbauer et al., 2024;
Schmidt et al., 2023; Boodhoo et al., 2022). Furthermore, modern tools
such as artificial intelligence (AI) and computational modelling optimize
processes through predictive analysis and simulation, further reducing
production costs (Goles et al., 2024; Chang et al., 2024; Chen et al.,
2024; Nissan et al., 2024). These innovations and advancements ensure
efficiency and scalability, making chia peptides more accessible for food
and nutraceutical applications in the future.

7. Conclusion

The promising potential of DCF peptides presents exciting opportu-
nities for both the food and nutraceutical industries. These peptides,
derived from chia’s rich nutritional profile, offer a unique combination
of functional and bioactive properties that make them ideal candidates
for improving the quality and nutritional value of food products. Their
diverse biological activities, from antioxidants and antihypertensive to
antimicrobial and anti-aging effects, highlight their therapeutic poten-
tial in addressing chronic health issues and promoting overall well-
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being. Despite their significant promise, unlocking the full potential of
DCF peptides requires a deeper understanding of their bioactivity at the
molecular level. Further research is needed to explore their interactions
within various physiological systems and the underlying mechanisms
behind their health benefits. Collaborative efforts across food science,
biotechnology, pharmacology, and nutrition will be essential to drive
innovations and ensure the safe incorporation of these peptides into food
products. Moreover, advancements in production, extraction, and pu-
rification technologies will be key to scaling up DCF peptide applications
in a sustainable and economically viable manner. As the demand for
functional foods and natural bioactive ingredients continues to grow,
DCF peptides are positioned to play an integral role in advancing health
and nutrition. With continued research and technological innovation,
they hold the potential to make substantial contributions to human
health, food sustainability, and environmental well-being.

CRediT authorship contribution statement

Etty Syarmila Ibrahim Khushairay: Conceptualization, Method-
ology, Validation, Data curation, Writing — original draft, Writing — re-
view & editing. Salma Mohamad Yusop: Conceptualization,
Methodology, Validation, Data curation, Writing — review & editing,
Funding acquisition, Resources. Mohamad Yusof Maskat: Conceptu-
alization, Validation, Data curation, Writing — review & editing, Funding
acquisition, Resources. Abdul Salam Babji: Conceptualization, Vali-
dation, Data curation, Writing — review & editing.

Data availability statement
No data was used for the research described in the article.
Ethical statement

The authors declare no ethical issues encountered in the present
study.

Funding/Acknowledgement

This research was funded by the Fundamental Research Grant
Scheme (FRGS/1/2020/STG01/UKM/02/5) from the Ministry of Higher
Education Malaysia and the Prime Impact Grant (DIP-2018-036) from
Universiti Kebangsaan Malaysia. The authors would like to thank
Innovation Centre for Confectionery Technology (MANIS) and the Fac-
ulty of Science and Technology Universiti Kebangsaan Malaysia for the
laboratory facilities.

Declaration of competing interest
The authors declare no conflict of interests.
Data availability
No data was used for the research described in the article.

References

Absi, Y., Revilla, I., Vivar-Quintana, A.M., 2023. Commercial hemp (Cannabis sativa
Subsp. sativa) proteins and flours: nutritional and techno-functional properties. Appl.
Sci. 13, 10130. https://doi.org/10.3390/app131810130.

Agarwal, A., Rizwana, Tripathi, A.D., Kumar, T., Sharma, K.P., Patel, S.K.S., 2023.
Nutritional and functional new perspectives and potential health benefits of quinoa
and chia seeds. Antioxidants 12, 1413. https://doi.org/10.3390/antiox12071413.

Aguilar-Toala, J.E., Liceaga, A.M., 2020. Identification of chia seed (Salvia hispanica L.)
peptides with enzyme inhibition activity towards skin-aging enzymes. Amino Acids
52, 1149-1159. https://doi.org/10.1007/s00726-020-02879-4.

Aguilar-Toala, J.E., Deering, A.J., Liceaga, A.M., 2020. New insights into the
antimicrobial properties of hydrolysates and peptide fractions derived from chia
seed (Salvia hispanica L.). Probiotics Antimicrob. Proteins 12, 1571-1581. https://
doi.org/10.1007/512602-020-09653-8.

12

Current Research in Food Science 10 (2025) 101035

Ahmed, J., Mulla, M., Al-Ruwaih, N., Arfat, Y.A., 2019. Effect of high-pressure treatment
prior to enzymatic hydrolysis on rheological, thermal, and antioxidant properties of
lentil protein isolate. Legume Sci 1, e10. https://doi.org/10.1002/leg3.10.

Akbarian, M., Khani, A., Eghbalpour, S., Uversky, V.N., 2022. Bioactive peptides:
synthesis, sources, applications, and proposed mechanisms of action. Int. J. Mol. Sci.
23 (3), 1445. https://doi.org/10.3390/ijms23031445.

Akram, M., Daniyal, M., Ali, A., Zainab, R., Shah, D.M.A., Munir, N., Tahir, I.M., 2020.
Role of Phenylalanine and its metabolites in health and neurological disorders. In:
Surguchov, A. (Ed.), Synucleins - Biochemistry and Role in Diseases. IntechOpen,
London, UK. https://doi.org/10.5772/intechopen.83648.

Alarcon, G., Sierra, L., Roco, J., Van Nieuwenhove, C., Medina, A., Medina, M., Jerez, S.,
2022. Effects of cold-pressed chia seed oil intake on hematological and biochemical
biomarkers in both normal and hypercholesterolemic rabbits. Plant Foods Hum.
Nutr. 78, 179-185. https://doi.org/10.1007/511130-022-01036-4.

Ali, M.N., Yeap, S.K., Ho, W.Y., Beh, B.K., Tan, S.W., Tan, S.G., 2012. The promising
future of chia. Salvia hispanica L. J. Biomed. Biotechnol. 2012, 171956. https://doi.
org/10.1155/2012/171956.

Ambade, V., Arora, M.M., Singh, P., Somani, B., Basannar, D., 2009. Adrenaline,
noradrenaline and dopamine level estimation in depression: does it help? Med.

J. Armed Forces India 65 (3), 216-220. https://doi.org/10.1016/50377-1237(09)
80006-3.

Aranibar, C., Aguirre, A., Borneo, R., 2019. Utilization of a by-product of chia oil
extraction as a potential source for value addition in wheat muffins. J. Food Sci.
Technol. 56, 4189-4197. https://doi.org/10.1007/s13197-019-03889-1.

Aranibar, C., Pigni, N.B., Martinez, M.L., Aguirre, A., Ribotta, P.D., Wunderlin, D.A.,
Borneo, R., 2021. Influence of the extraction conditions on chia oil quality and
partially defatted flour antioxidant properties. J. Food Sci. Technol. 59 (5),
1982-1993. https://doi.org/10.1007/s13197-021-05213-2.

Ardali, F.R., Sharifan, A., Mousavi, S.M., Mortazavian, A.M., Jannat, B., 2023.
Production of rice-by-product protein isolate using the subcritical water extraction
method. J. Nutr. Food Secur 8, 47-57. https://doi.org/10.18502/jnfs.v8i1.11764.

Arnold, M., Rajagukguk, Y.V., Gramza-Michalowska, A., 2021. Functional food for
elderly high in antioxidant and chicken eggshell calcium to reduce the risk of
osteoporosis: a narrative review. Foods 10, 656. https://doi.org/10.3390/
foods10030656.

Aryee, A.N.A.,, Agyei, D., Udenigwe, C.C., 2018. Impact of processing on the chemistry
and functionality of food proteins. In: Yada, R.Y. (Ed.), Proteins in Food Processing,
second ed. Woodhead Publishing, pp. 27-45. https://doi.org/10.1016/B978-0-08-
100722-8.00003-6.

Ashfaq, A., Younis, K., 2021. Ultrasound-assisted extraction of plant-based proteins: a
novel technique. Indian J. Pure Appl. Biosci. 9, 145-150. https://doi.org/10.18782/
2582-2845.8676.

Bandookwala, M., Sengupta, P., 2020. 3-Nitrotyrosine: a versatile oxidative stress
biomarker for major neurodegenerative diseases. Int. J. Neurosci. 130, 1047-1062.
https://doi.org/10.1080/00207454.2020.1713776.

Barati, M., Javanmardi, F., Mousavi Jazayeri, S.M.H., Jabbari, M., Rahmani, J., Barati, F.,
Nickho, H., Davoodi, S.H., Roshanravan, N., Mousavi Khaneghah, A., 2020.
Techniques, perspectives, and challenges of bioactive peptide generation: a
comprehensive systematic review. Compr. Rev. Food Sci. Food Saf. 19, 1488-1520.
https://doi.org/10.1111/1541-4337.12578.

Bartesaghi, S., Radi, R., 2018. Fundamentals on the biochemistry of peroxynitrite and
protein tyrosine nitration. Redox Biol. 14, 618-625. https://doi.org/10.1016/].
redox.2017.09.009.

Batista, A., Quitete, F.T., Peixoto, T.C., Almo, A., Monteiro, E.B., Trindade, P., Zago, L.,
Citelli, M., Daleprane, J.B., 2023. Chia (Salvia hispanica L.) oil supplementation
ameliorates liver oxidative stress in high-fat diet-fed mice through PPAR-y and Nrf2
upregulation. J. Funct.Foods 102, 105462. https://doi.org/10.1016/j.
jff.2023.105462.

Bedin, S., Zanella, K., Bragagnolo, N., Taranto, O., 2019. Implication of microwaves on
the extraction process of rice bran protein. Braz. J. Chem. Eng. 36, 1653-1665.
https://doi.org/10.1590/0104-6632.20190364520180599.

Bidram, M., Ganjalikhany, M.R., 2024. Bioactive peptides from food science to
pharmaceutical industries: their mechanism of action, potential role in cancer
treatment and available resources. Heliyon 10, e40563. https://doi.org/10.1016/j.
heliyon.2024.e40563.

Boodhoo, K.V.K., Flickinger, M.C., Woodley, J.M., Emanuelsson, E.A.C., 2022. Bioprocess
intensification: a route to efficient and sustainable biocatalytic transformations for
the future. Chem. Eng. Process. Process Intensif. 172, 108793. https://doi.org/
10.1016/j.cep.2022.108793.

Borges, V.D.C., Fernandes, S.S., Zavareze, E.D.R., Haros, C.M., Hernandez, C.P., Dias, A.
R.G., Salas Mellado, M.D.L.M., 2021. Production of gluten-free bread with flour and
chia seeds (Salvia hispanica L.). Food Biosci. 43, 101294. https://doi.org/10.1016/j.
fbio.2021.101294.

Bota, M., Vlaia, L., Jijie, A.-R., Marcovici, ., Crisan, F., Oancea, C., Dehelean, C.A.,
Mateescu, T., Moaca, E.-A., 2024. Exploring synergistic interactions between natural
compounds and conventional chemotherapeutic drugs in preclinical models of lung
cancer. Pharmaceuticals 17, 598. https://doi.org/10.3390/ph17050598.

Brandao, N.A., Dutra, M.B.D.L., Gaspardi, A.L.A., Segura Campos, M.R., 2019. Chia
(Salvia hispanica L.) cookies: physicochemical/microbiological attributes,
nutrimental value and sensory analysis. J. Food Meas. Char. 13, 1100-1110. https://
doi.org/10.1007/5s11694-018-00025-z.

Brodkorb, A., Egger, L., Alminger, M., Alvito, P., Assuncao, R., Ballance, S., Bohn, T.,
Bourlieu-Lacanal, C., Boutrou, R., Carriere, F., Clemente, A., Corredig, M.,

Dupont, D., Dufour, C., Edwards, C., Golding, M., Karakaya, S., Kirkhus, B., Le
Feunteun, S., Lesmes, U., Macierzanka, A., Mackie, A.R., Martins, C., Marze, S.,
McClements, D.J., Ménard, O., Minekus, M., Portmann, R., Santos, C.N., Souchon, I.,


https://doi.org/10.3390/app131810130
https://doi.org/10.3390/antiox12071413
https://doi.org/10.1007/s00726-020-02879-4
https://doi.org/10.1007/s12602-020-09653-8
https://doi.org/10.1007/s12602-020-09653-8
https://doi.org/10.1002/leg3.10
https://doi.org/10.3390/ijms23031445
https://doi.org/10.5772/intechopen.83648
https://doi.org/10.1007/s11130-022-01036-4
https://doi.org/10.1155/2012/171956
https://doi.org/10.1155/2012/171956
https://doi.org/10.1016/S0377-1237(09)80006-3
https://doi.org/10.1016/S0377-1237(09)80006-3
https://doi.org/10.1007/s13197-019-03889-1
https://doi.org/10.1007/s13197-021-05213-2
https://doi.org/10.18502/jnfs.v8i1.11764
https://doi.org/10.3390/foods10030656
https://doi.org/10.3390/foods10030656
https://doi.org/10.1016/B978-0-08-100722-8.00003-6
https://doi.org/10.1016/B978-0-08-100722-8.00003-6
https://doi.org/10.18782/2582-2845.8676
https://doi.org/10.18782/2582-2845.8676
https://doi.org/10.1080/00207454.2020.1713776
https://doi.org/10.1111/1541-4337.12578
https://doi.org/10.1016/j.redox.2017.09.009
https://doi.org/10.1016/j.redox.2017.09.009
https://doi.org/10.1016/j.jff.2023.105462
https://doi.org/10.1016/j.jff.2023.105462
https://doi.org/10.1590/0104-6632.20190364s20180599
https://doi.org/10.1016/j.heliyon.2024.e40563
https://doi.org/10.1016/j.heliyon.2024.e40563
https://doi.org/10.1016/j.cep.2022.108793
https://doi.org/10.1016/j.cep.2022.108793
https://doi.org/10.1016/j.fbio.2021.101294
https://doi.org/10.1016/j.fbio.2021.101294
https://doi.org/10.3390/ph17050598
https://doi.org/10.1007/s11694-018-00025-z
https://doi.org/10.1007/s11694-018-00025-z

E.S. Ibrahim Khushairay et al.

Singh, R.P., Vegarud, G.E., Wickham, M.S.J., Weitschies, W., Recio, 1., 2019.
INFOGEST static in vitro simulation of gastrointestinal food digestion. Nat. Protoc.
14, 991-1014. https://doi.org/10.1038/s41596-018-0119-1.

Buchmueller, L.C., Wunderle, C., Laager, R., Bernasconi, L., Neyer, P.J., Trinolet, P.,
Stanga, Z., Mueller, B., Schuetz, P., 2024. Association of phenylalanine and tyrosine
metabolism with mortality and response to nutritional support among patients at
nutritional risk: a secondary analysis of the randomized clinical trial effort. Front.
Nutr. 11, 1451081. https://doi.org/10.3389/fnut.2024.1451081.

Chang, J., Wang, H., Su, W., He, X., Tan, M., 2024. Artificial intelligence in food
bioactive peptides screening: recent advances and future prospects. Trends Food Sci.
Technol., 104845 https://doi.org/10.1016/].tifs.2024.104845.

Chauhan, V., Kaushal, D., Dhiman, V.K., Kanwar, S.S., Singh, D., Dhiman, V.K.,
Pandey, H., 2022. An insight in developing carrier-free immobilized enzymes. Front.
Bioeng. Biotechnol. 10, 79441. https://doi.org/10.3389/fbioe.2022.794411.

Chen, S., Luo, X., 2024. Chia seed protein as a promising source for plant-based foods:
functional properties, processing methods and potential food applications. Appl.
Food Res. 4 (2), 100459. https://doi.org/10.1016/j.afres.2024.100459.

Chen, J., Zhu, L., Wu, Q., Chen, Y., Wu, G., Zhang, H., 2023. Structure characterization
and bioactivities of protein hydrolysates of chia seed expeller processed with
different proteases in silico and in vitro. Food Biosci. 55, 102781. https://doi.org/
10.1016/j.fbio.2023.102781.

Chen, Z., Wang, R., Guo, J., Wang, X., 2024. The role and future prospects of artificial
intelligence algorithms in peptide drug development. Biomed. Pharmacother. 175,
116709. https://doi.org/10.1016/j.biopha.2024.116709.

Choudhry, R., Yasmin, A., Aslam, M.A., Imran, A., Ahmad, R.S., Saeed, F., Islam, F.,
Zahoor, T., Shah, M.A., Rasool, A., 2023. Extraction of protein from apricot kernel
oil press cake (AKOPC) through innovative techniques and the formulation of
supplemented yogurt. Food Sci. Nutr. 11, 6085-6095. https://doi.org/10.1002/
fsn3.3544.

Church, D.D., Hirsch, K.R., Part, S., Kim, L.-Y., Gwin, J.A., Pasiakos, S.M., Wolfe, R.R.,
Ferrando, A.A., 2020. Essential amino acids and protein synthesis: insights into
maximizing the muscle and whole-body response to feeding. Nutrients 12, 3717.
https://doi.org/10.3390/nul12123717.

Coelho, M.S., Salas-Mellado, M.M., 2018. How extraction methods affect the
physicochemical and functional properties of chia proteins. Lebensm. Wiss. Technol.
96, 26-33. https://doi.org/10.1016/j.I1wt.2018.05.010.

Coelho, M.S., Soares-Freitas, R.A.M., Areas, J.A.G., Gandra, E.A., Salas-Mellado, M.D.L.
M., 2018. Peptides from chia present antibacterial activity and inhibit cholesterol
synthesis. Plant Foods Hum. Nutr. 73, 101-107. https://doi.org/10.1007/s11130-
018-0668-z.

Coronel, E.B., Guitto, E.N., Aspiroz, M.C., Tomas, M.C., Nolasco, S.M., Capitani, M.I.,
2021. Development of gluten-free premixes with buckwheat and chia flours:
application in a bread product. Lebensm. Wiss. Technol. 141, 110916. https://doi.
org/10.1016/j.1wt.2021.110916.

Crespo, LS., Espinosa, A.E., Chel-Guerrero, L., Lavia-Da-Molina, H., Betancur, D., 2021.
Postprandial glycaemic effect of a peptide fraction of Salvia hispanica in patients with
insulin resistance. J. Biol. Act. Prod. Nat. 11, 356-362. https://doi.org/10.1080/
22311866.2021.1942987.

Cruzat, V.F., Pantaleao, L.C., Donato Jr., J., de Bittencourt, P.I.H., Tirapegui, J., 2014.
Oral supplementations with free and dipeptide forms of L-glutamine in endotoxemic
mice: effects on muscle glutamine-glutathione axis and heat shock proteins. J. Nutr.
Biochem. 25, 345-352. https://doi.org/10.1016/j.jnutbio.2013.11.009.

Curi, R., Newsholme, P., Marzuca-Nassr, G.N., Takahashi, H.K., Hirabara, S.M.,

Cruzat, V., Krause, M., de Bittencourt, P.I.H., 2016. Regulatory principles in
metabolism — then and now. Biochem. J. 473, 1845-1857. https://doi.org/10.1042/
BCJ20160103.

Dalginli, K.Y., Kilicle, P.A., Atakisi, O., Ozturkler, M., Uluman, E., 2023. Antidiabetic
potential of chia (Salvia hispanica L.) seed oil in streptozotocin-induced diabetic rats.
J. Hellenic Vet. Med. Soc. 74, 5165-5176. https://doi.org/10.12681/jhvms.27972.

Das, A., 2017. Advance in chia seed research. Adv. Biotechnol. Microbiol. 5, 555661.
https://doi.org/10.19080/AIBM.2017.05.555662.

de Falco, B., Amato, M., Lanzotti, V., 2017. Chia seed products: an overview. Phytochem.
Rev. 16, 745-760. https://doi.org/10.1007/s11101-017-9511-7.

de Figueiredo, V.R., Yamashita, F., Vanzela, A.L.L., Ida, E.I., Kurozawa, L.E., 2018.
Action of multi-enzyme complex on protein extraction to obtain a protein
concentrate from okara. J. Food Sci. Technol. 55, 1508-1517. https://doi.org/
10.1007/513197-018-3067-4.

Din, Z.-U., Alam, M., Ullah, H., Shi, D., Xu, B., Li, H., Xiao, C., 2021. Nutritional,
phytochemical and therapeutic potential of chia seed (Salvia hispanica L.): a mini-
review. Food Hydrocoll. Health 1, 100010. https://doi.org/10.1016/j.
fhth.2021.100010.

Dincoglu, A.H., Yesildemir, O., 2019. A renewable source as a functional food: chia seed.
Curr. Nutr. Food Sci. 15, 327-337. https://doi.org/10.2174/
1573401314666180410142609.

Duan, Y., Li, F., Li, Y., Tang, Y., Kong, X., Feng, Z., Anthony, T.G., Watford, M., Hou, Y.,
Wu, G., Yin, Y., 2016. The role of leucine and its metabolites in protein and energy
metabolism. Amino Acids 48, 41-51. https://doi.org/10.1007/500726-015-2067-1.

Durazzo, A., Ramadan, M.F., Lucarini, M., 2022. Cold pressed oils: a green source of
specialty oils. Front. Nutr. 8, 836651. https://doi.org/10.3389/fnut.2021.836651.

Ehret, J., Brandl, B., Schweikert, K., Rennekamp, R., Strobele-Benschop, N., Skurk, T.,
Hauner, H., 2023. Benefits of fiber-enriched foods on satiety and parameters of
human well-being in adults with and without cardiometabolic risk. Nutrients 15,
3871. https://doi.org/10.3390/nu15183871.

Fatima, K., Imran, M., Ahmad, M.H., Khan, M.K., Khalid, W., Farga, A., Alansari, W.S.,
Shamlan, G., Eskandrani, A.A., 2023. Ultrasound-assisted extraction of protein from

13

Current Research in Food Science 10 (2025) 101035

Moringa oleifera seeds and its impact on techno-functional properties. Molecules 28,
2554. https://doi.org/10.3390/molecules28062554.

Feizi, R., Goh, K.K.T., Mutukumira, A.N., 2021. Effect of chia seed mucilage as stabilizer
in ice cream. Int. Dairy J. 120, 105087. https://doi.org/10.1016/j.
idairyj.2021.105087.

Fernandes, S.S., Prentice, C., Salas-Mellado, M.d.M., M.d.M, 2021. Chia seeds (Salvia
hispanica L.) oil: an overview extraction, benefits and encapsulation. Avancos em
Ciencia e Tecnologia de Alimentos - Volume 3, 624-643. https://doi.org/10.37885/
210303520.

Fernandez-Lopez, J., Lucas-Gonzalez, R., Viuda-Martos, M., Sayas-Barbera, E.,

Navarro, C., Haros, C.M., Perez-Alvarez, J.A., 2019. Chia (Salvia hispanica L.)
products as ingredients for reformulating frankfurters: effects on quality properties
and shelf-life. Meat Sci. 156, 139-145. https://doi.org/10.1016/j.
meatsci.2019.05.028.

Ferreira, M.S., Magalhaes, M.C., Sousa-Lobo, J.M., Almeida, L.F., 2020. Trending anti-
aging peptides. Cosmetics 7, 91. https://doi.org/10.3390/cosmetics7040091.

Ferreira, D.M., Nunes, M.A., Santo, L.E., Machado, S., Costa, A.S.G., Alvarez-Orti, M.,
Pardo, J.E., Oliveira, M.B.P.P., Alves, R.C., 2023. Characterization of chia seeds,
cold-pressed oil, and defatted cake: an ancient grain for modern food production.
Molecules 28, 723. https://doi.org/10.3390/molecules28020723.

Ferreira, D.M., Machado, S., Santo, L.E., Nunes, M.A., Costa, A.S.G., Alvarez-Orti, M.,
Pardo, J.E., Alves, R.C., Olivera, M.B.P.P., 2024. Defatted flaxseed flour as a new
ingredient for foodstuffs: comparative analysis with whole flaxseeds and updated
composition of cold-pressed oil. Nutrients 16, 3482. https://doi.org/10.3390/
nul6203482.

Franca-Oliveira, G., Fornari, T., Hernandez-Ledesma, B., 2021. A review on the
extraction and processing of natural source-derived proteins through eco-innovative
approaches. Processes 9 (9), 1626. https://doi.org/10.3390/pr9091626.

Gadalkar, S.M., Rathod, V.K., 2020. Extraction of watermelon seed proteins with
enhanced functional properties using ultrasound. Prep. Biochem. Biotechnol. 50 (2),
133-140. https://doi.org/10.1080/10826068.2019.1679173.

Garcia-Selcado, A.J., Torres-Vargas, O.L., del Real, A., Contreras-Jimenez, B., Rodriguez-
Garcia, M.E., 2018. Pasting, viscoelastic, and physicochemical properties of chia
(Salvia hispanica L.) flour and mucilage. Food Struct. 16, 59-66. https://doi.org/
10.1016/j.foostr.2018.03.004.

Gharibzahedi, S.M.T., Smith, B., 2021. Effects of high hydrostatic pressure on the quality
and functionality of protein isolates, concentrates, and hydrolysates derived from
pulse legumes: a review. Trends Food Sci. Technol. 107, 466-479. https://doi.org/
10.1016/j.tifs.2020.11.016.

Giuntini, E.B., Sarda, F.A.H., de Menezes, E.W., 2022. The effects of soluble dietary fibers
on glycemic response: an overview and future perspectives. Foods 11 (23), 3934.
https://doi.org/10.3390/foods11233934.

Goles, M., Daza, A., Cabas-Mora, G., Sarmiento-Varon, L., Sepulveda-Yanez, J., Anvari-
Kazemabad, H., Davari, M.D., Uribe-Paredes, R., Olivera-Nappa, A., Navarrete, M.A.,
Medina-Ortiz, D., 2024. Peptide-based drug discovery through artificial intelligence:
towards an autonomous design of therapeutic peptides. Briefings Bioinf. 25,
bbae275. https://doi.org/10.1093/bib/bbae275.

Gorguc, A., Ozer, P., Yilmaz, F.M., 2019. Microwave-assisted enzymatic extraction of
plant protein with antioxidant compounds from food waste sesame bran:
comparative optimization study and identification of metabolomics using LC/Q-
TOF/MS. J. Food Process. Preserv. 44, e14304. https://doi.org/10.1111/jfpp.14304.

Grancieri, M., Martino, H.S.D., Mejia, G., 2019a. Chia seed (Salvia hispanica L.): a source
of proteins and bioactive peptides with health benefits: a review. Compr. Rev. Food
Sci. Food Saf. 18, 480-499. https://doi.org/10.1111/1541-4337.12423.

Grancieri, M., Martino, H.S.D., Gonzalez de Mejia, E., 2019b. Digested total protein and
protein fractions from chia seed (Salvia hispanica L.) had high scavenging capacity
and inhibited 5-LOX, COX-1-2, and iNOS enzymes. Food Chem. 289, 204-214.
https://doi.org/10.1016/j.foodchem.2019.03.036.

Grancieri, M., Martino, H.S.D., Gonzalez de Mejia, E., 2021. Protein digests and pure
peptides from chia seed prevented adipogenesis and inflammation by inhibiting
PPARy and NF-kB pathways in 3T3L-1 adipocytes. Nutrients 13, 176. https://doi.
0rg/10.3390/nu13010176.

Gunarathne, R., Guan, X., Feng, T., Zhao, Y., Lu, J., 2024. L-lysine dietary
supplementation for childhood and adolescent growth: promises and precautions.
J. Adv. Res. $§2090-1232 (24), 00202. https://doi.org/10.1016/j.jare.2024.05.014.
-9.

Guo, Z., Huang, Z., Guo, Y., Li, B., Yu, W., Zhou, L., Jiang, L., Teng, F., Wang, Z., 2021.
Effects of high-pressure homogenization on structural and emulsifying properties of
thermally soluble aggregated kidney bean (Phaseolus vulgaris L.) proteins. Food
Hydrocoll. 119, 106835. https://doi.org/10.1016/j.foodhyd.2021.106835.

Hall, C.J., da Costa, T.P.S., 2018. Lysine: biosynthesis, catabolism and roles. WikiJournal
Sci 1 (1), 4. https://doi.org/10.15347/WJS/2018.004.

Han, K., Li, X.Y., Zhang, Y.Q., He, Y.L., Hu, R., Lu, X.L., Li, Q.J., Hui, J., 2020. Chia seed
oil prevents high-fat diet-induced hyperlipidemia and oxidative stress in mice. Eur.
J. Lipid Sci. Technol. 122, 1900443. https://doi.org/10.1002/¢jlt.201900443.

Hrncic, M.K., Ivanovski, M., Cor, D., Knez, Z., 2019. Chia seeds (Salvia hispanica L.): an
overview—phytochemical profile, isolation methods, and application. Molecules 25,
11. https://doi.org/10.3390/molecules25010011.

Huang, Z., Pang, L., Li, S., Su, Y., Zhao, Q., Zhang, W., Yang, X., Jiang, Y., 2024. Effects of
physical processing on food protein allergenicity: a focus on differences between
animal and alternative proteins. Food Chem. 460, 140559. https://doi.org/10.1016/
j.foodchem.2024.140559.

Ibrahim, E.S.K., Ghani, M.A., 2020. The effect of enzymatic hydrolysis on the antioxidant
activities and amino acid profiles of defatted chia (Salvia hispanica L.) flour. Food
Res. 4 (Suppl. 4), 38-50. https://doi.org/10.26656/fr.2017.4(54).003.


https://doi.org/10.1038/s41596-018-0119-1
https://doi.org/10.3389/fnut.2024.1451081
https://doi.org/10.1016/j.tifs.2024.104845
https://doi.org/10.3389/fbioe.2022.794411
https://doi.org/10.1016/j.afres.2024.100459
https://doi.org/10.1016/j.fbio.2023.102781
https://doi.org/10.1016/j.fbio.2023.102781
https://doi.org/10.1016/j.biopha.2024.116709
https://doi.org/10.1002/fsn3.3544
https://doi.org/10.1002/fsn3.3544
https://doi.org/10.3390/nu12123717
https://doi.org/10.1016/j.lwt.2018.05.010
https://doi.org/10.1007/s11130-018-0668-z
https://doi.org/10.1007/s11130-018-0668-z
https://doi.org/10.1016/j.lwt.2021.110916
https://doi.org/10.1016/j.lwt.2021.110916
https://doi.org/10.1080/22311866.2021.1942987
https://doi.org/10.1080/22311866.2021.1942987
https://doi.org/10.1016/j.jnutbio.2013.11.009
https://doi.org/10.1042/BCJ20160103
https://doi.org/10.1042/BCJ20160103
https://doi.org/10.12681/jhvms.27972
https://doi.org/10.19080/AIBM.2017.05.555662
https://doi.org/10.1007/s11101-017-9511-7
https://doi.org/10.1007/s13197-018-3067-4
https://doi.org/10.1007/s13197-018-3067-4
https://doi.org/10.1016/j.fhfh.2021.100010
https://doi.org/10.1016/j.fhfh.2021.100010
https://doi.org/10.2174/1573401314666180410142609
https://doi.org/10.2174/1573401314666180410142609
https://doi.org/10.1007/s00726-015-2067-1
https://doi.org/10.3389/fnut.2021.836651
https://doi.org/10.3390/nu15183871
https://doi.org/10.3390/molecules28062554
https://doi.org/10.1016/j.idairyj.2021.105087
https://doi.org/10.1016/j.idairyj.2021.105087
https://doi.org/10.37885/210303520
https://doi.org/10.37885/210303520
https://doi.org/10.1016/j.meatsci.2019.05.028
https://doi.org/10.1016/j.meatsci.2019.05.028
https://doi.org/10.3390/cosmetics7040091
https://doi.org/10.3390/molecules28020723
https://doi.org/10.3390/nu16203482
https://doi.org/10.3390/nu16203482
https://doi.org/10.3390/pr9091626
https://doi.org/10.1080/10826068.2019.1679173
https://doi.org/10.1016/j.foostr.2018.03.004
https://doi.org/10.1016/j.foostr.2018.03.004
https://doi.org/10.1016/j.tifs.2020.11.016
https://doi.org/10.1016/j.tifs.2020.11.016
https://doi.org/10.3390/foods11233934
https://doi.org/10.1093/bib/bbae275
https://doi.org/10.1111/jfpp.14304
https://doi.org/10.1111/1541-4337.12423
https://doi.org/10.1016/j.foodchem.2019.03.036
https://doi.org/10.3390/nu13010176
https://doi.org/10.3390/nu13010176
https://doi.org/10.1016/j.jare.2024.05.014
https://doi.org/10.1016/j.foodhyd.2021.106835
https://doi.org/10.15347/WJS/2018.004
https://doi.org/10.1002/ejlt.201900443
https://doi.org/10.3390/molecules25010011
https://doi.org/10.1016/j.foodchem.2024.140559
https://doi.org/10.1016/j.foodchem.2024.140559
https://doi.org/10.26656/fr.2017.4(S4).003

E.S. Ibrahim Khushairay et al.

Ionita-Mindrican, C.-B., Ziani, K., Mititelu, M., Oprea, E., Neacsu, S.M., Morosan, E.,
Dumitrescu, D.-E., Rosca, A.C., Draganescu, D., Negrei, C., 2022. Therapeutic
benefits and dietary restrictions of fiber intake: a state-of-the-art review. Nutrients
14, 2641. https://doi.org/10.3390/nul14132641.

Jia, L., Wang, L., Liu, C., Liang, Y., Lin, Q., 2021. Bioactive peptides from foods:
production, function, and application. Food Funct. 12 (16), 7108-7125. https://doi.
org/10.1039/D1FO01265G.

Jones, D., Caballero, S., Davidiv-Pardo, G., 2019. Chapter 6 — bioavailability of
nanotechnology-based bioactives and nutraceuticals. Adv. Food Nutr. Res. 88,
235-273. https://doi.org/10.1016/bs.afnr.2019.02.014.

Jungbauer, A., Satzer, P., Duerauer, A., Azevedo, A., Aires-Barros, R., Nilsson, B.,
Farid, S., Goldrick, S., Otten, M., Sponchioni, M., Lahore, H.M.F., 2024. Continuous
downstream processing. Sep. Purif. Technol. 338, 126439. https://doi.org/10.1016/
j-seppur.2024.126439.

Jurgonski, A., Opyd, P.M., Fotschki, B., 2020. Effects of native or partially defatted hemp
seeds on hindgut function, antioxidant status and lipid metabolism in diet-induced
obese rats. J. Funct.Foods 72, 104071. https://doi.org/10.1016/.jff.2020.104071.

Kabisch, S., Weickert, M.O., Pfeiffer, A.F.H., 2021. The role of cereal soluble fiber in the
beneficial modulation of glycometabolic gastrointestinal hormones. Crit. Rev. Food
Sci. Nutr. 64 (13), 4331-4347. https://doi.org/10.1080/10408398.2022.2141190.

Kadam, S.U., Tiwari, B.K., Alvarez, C., O’'Donnell, C.P., 2015. Ultrasound applications for
the extraction, identification, and delivery of food proteins and bioactive peptides.
Trends Food Sci. Technol. 46, 60-67. https://doi.org/10.1016/].tifs.2015.07.012.

Katunzi-Kilewela, A., Mongi, R.J., Kaale, L.D., Kibazohi, O., Fortunatus, R.M.,
Rweyemamu, L.M.P., 2022. Sensory profile, consumer acceptability, and preference
mapping of cassava-chia seeds composite porridges. Appl. Food Res. 2, 100038.
https://doi.org/10.1016/j.afres.2021.100038.

Khalifa, N.E., Noreldin, A.E., Khafaga, A.F., El-Beskawy, M., Khalifa, E., El-Far, A.H.,
Fayed, A.-H.A., Zakaria, A., 2023. Chia seeds oil ameliorates chronic immobilization
stress-induced neurodisturbance in rat brains via activation of the antioxidant/anti-
inflammatory/anti-apoptotic signaling pathways. Sci. Rep. 13, 22409. https://doi.
org/10.1038/541598-023-49061-w.

Khatri, M., Singh, K., Singh, R., Kamble, D.B., Dar, A.H., Sharma, A., 2023. Optimization
and evaluation of quinoa and chia-based gluten-free pasta formulation. Food
Humanity 1, 174-179. https://doi.org/10.1016/j.foohum.2023.05.009.

Khushairay, E.S.I., Ghani, M.A., Babji, A.S., Yusop, S.M., 2023. The nutritional and
functional properties of protein isolates from defatted chia flour using different
extraction pH. Foods 12, 3046. https://doi.org/10.3390/foods12163046.

Khushairay, E.S.I., Ian, C.Y., Yusop, S.M., Ghani, M.A., Maskat, M.Y., Babji, A.S.,

Daud, N.A., 2024. The effects of gastrointestinal digestion on the physicochemical
characteristics and antioxidant bioavailability of chia products. Sains Malays. 53,
111-122. https://doi.org/10.17576/jsm-2024-5301-09.

Kibui, A., Owaga, E., Mburu, M., 2018. Proximate composition and nutritional
characterization of chia enriched yoghurt. Afr. J. Food Agric. Nutr. Dev. 18,
13239-13253. https://doi.org/10.18697 /ajfand.81.17635.

Kim, G.-H., Jeon, H., Khobragade, T.P., Patil, M.D., Sung, S., Yoon, S., Won, Y., Sarak, S.,
Yun, H., 2019. Glutamate as an efficient amine donor for the synthesis of chiral p-
and y-amino acids using transaminase. Eur. J. Catal. 11 (5), 1437. https://doi.org/
10.1002/cctc.201802048.

Kirsch, B., Fisher, J.B., Piechota, T., Hassani, M., Suardiaz, D.C., Puri, R., Cahill, J.,
Atamian, H.S., 2024. Satellite observations indicate that chia uses less water than
other crops in warm climates. Commun. Biol. 7, 1225. https://doi.org/10.1038/
542003-024-06841-y.

Kothury, V., Keum, D.H., Lee, H.J., Han, J.H., Han, S.G., 2024. Emulsion gels with chia
flour enhance quality of plant-based meat analogs by reducing fat and improving
texture. Lebensm. Wiss. Technol. 214, 117140. https://doi.org/10.1016/j.
1wt.2024.117140.

Kulczynski, B., Kobus-Cisowska, J., Taczanowski, M., Kmiecik, D., Gramza-
Michalowska, A., 2019. The chemical composition and nutritional value of chia
seeds: current state of knowledge. Nutrients 11, 1242. https://doi.org/10.3390/
null061242.

Kumar, A., Agarwal, D.K., Kumar, S., Reddy, Y.M., Chintagunta, A.D., Saritha, K.V.,
Pal, G., Kumar, S.P.J., 2019. Nutraceuticals derived from seed storage proteins:
implications for health wellness. Biocatal. Agric. Biotechnol. 17, 710-719. https://
doi.org/10.1016/j.bcab.2019.01.044.

Kumar, M., Tomar, M., Potkule, J., Verma, R., Punia, S., Mahapatra, A., Belwal, T.,
Dahuja, A., Joshi, S., Berwal, M.K., Satankar, V., Bhoite, A.G., Amarowicz, R.,
Kaur, C., Kennedy, J.F., 2021. Advances in the plant protein extraction: mechanism
and recommendations. Food Hydrocoll. 115, 106595. https://doi.org/10.1016/].
foodhyd.2021.106595.

Kumar, M., Tomar, M., Punia, S., Dhakane-Lad, J., Dhumal, S., Changan, S.,
Senapathiy, M., Berwal, M.K., Sampathrajan, V., Sayed, A.A.S., Chandran, D.,
Pandiselvam, R., Rais, N., Mahato, D.K., Udikeri, S.S., Satankar, V., Anitha, T.,
Reetu, Radha, Singh, S., Kennedy, J.F., 2022. Plant-based proteins and their
multifaceted industrial applications. Lebensm. Wiss. Technol. 154, 112620. https://
doi.org/10.1016/j.1wt.2021.112620.

Kwon, H.C., Bae, H., Seo, H.G., Han, S.G., 2019. Short communication: chia seed extract
enhances physiochemical and antioxidant properties of yogurt. J. Dairy Sci. 102,
4870-4876. https://doi.org/10.3168/jds.2018-16129.

Lara, A.R., Mesa-Garcia, M.D., Medina, K.A.D., Pine, R.Q., Casuso, R.A., Carretero, A.S.,
Huertas, J.R., 2021. Assessment of the phytochemical and nutrimental composition
of dark chia seed (Salvia hispanica L.). Foods 10, 3001. https://doi.org/10.3390/
foods10123001.

Lavent, H., 2017. Effect of partial substitution of gluten-free flour mixtures with chia
(Salvia hispanica L.) flour on quality of gluten-free noodles. J. Food Sci. Technol. 54,
1971-1978. https://doi.org/10.1007/s13197-017-2633-5.

14

Current Research in Food Science 10 (2025) 101035

Leinonen, I., lannetta, P.P.M., Rees, R.M., Russell, W., Watson, C., Barnes, A.P., 2019.
Lysine supply is a critical factor in achieving sustainable global protein economy.
Front. Sustain. Food Syst. 3, 27. https://doi.org/10.3389/fsufs.2019.00027.

Leo, E.E.M., Campos, M.R.S., 2020. Neuroprotective effect from Salvia hispanica peptide
fractions on pro-inflammatory modulation of HMC3 microglial cells. J. Food
Biochem. 44, 13207. https://doi.org/10.1111/jfbc.13207.

Li, G., Li, Z., Liu, J., 2024. Amino acids regulating skeletal muscle metabolism:
mechanisms of action, physical training dosage recommendations and adverse
effects. Nutr. Metab. 21, 41. https://doi.org/10.1186/512986-024-00820-0.

Liao, H.-S., Chung, Y.-H., Hsieh, M.-H., 2022. Glutamate: a multifunctional amino acid in
plant. Plant Sci. 318, 111238. https://doi.org/10.1016/j.plantsci.2022.111238.

Ling, Z.-N., Jiang, Y.-F.,, Ru, J.-N., Lu, J.-H., Ding, B., Wu, J., 2023. Amino acid
metabolism in health and disease. Signal Transduct. Targeted Ther. 8, 345. https://
doi.org/10.1038/541392-023-01569-3.

Litwack, G., 2018. Chapter 4- proteins. Human Biochemistry. Academic Press, pp. 63-94.
https://doi.org/10.1016/C2019-0-03231-1.

Lopez, D.N., Ingrassia, R., Busti, P., Bonino, J., Delgado, J.F., Wagner, J., Boeris, V.,
Spelzini, D., 2018. Structural characterization of protein isolates obtained from chia
(Salvia hispanica L.) seeds. Lebensm. Wiss. Technol. 90, 396-402. https://doi.org/
10.1016/j.1wt.2017.12.060.

Madrazo, A.L., Fuentes Ortiz, A.B., Morales Mendoza, L.F., Segura Campos, M.R., 2022.
Antibacterial peptide fractions from chia seeds (Salvia hispanica L.) and their stability
to food processing conditions. J. Food Sci. Technol. 59, 4332-4340. https://doi.org/
10.1007/513197-022-05506-0.

Maghraby, Y.R., El-Shabasy, R.M., Ibrahim, A.H., El-Said Azzazy, H.M., 2023. Enzyme
immobilization technologies and industrial applications. ACS Omega 8 (6),
5184-5196. https://doi.org/10.1021/acsomega.2c07560.

Malecki, J., Muszynski, S., Sotowiej, B.G., 2021. Proteins in food
systems—bionanomaterials, conventional and unconventional sources, functional
properties, and development opportunities. Polymers 13 (15), 2506. https://doi.org/
10.3390/polym13152506.

Malik, A.M., Riar, C.S., 2022. Difference in the nutritional, in vitro, and functional
characteristics of protein and fat isolates of two Indian chia (Salvia hispanica L) seed
genotypes with variation in seed coat color. J. Food Sci. 87, 3872-3887. https://doi.
org/10.1111/1750-3841.16276.

Mansour, M., Galal, G., E-Maaty, S.A., 2018. Effect of addition of full fat and defatted
flaxseed flour on the quality of pan bread. Zagazig J. Agric. Res. 45, 271-279.
https://doi.org/10.21608/zjar.2018.49847.

Mao, T., Huang, F., Zhu, X., Wei, D., Chen, L., 2021. Effects of dietary fiber on glycemic
control and insulin sensitivity in patients with type 2 diabetes: a systematic review
and meta-analysis. J. Funct.Foods 82, 104500. https://doi.org/10.1016/j.
jf£.2021.104500.

Marciniak, A., Suwal, S., Naderi, N., Pouliot, Y., Doyen, A., 2018. Enhancing enzymatic
hydrolysis of food proteins and production of bioactive peptides using high
hydrostatic pressure technology. Trends Food Sci. Technol. 80, 187-198. https://
doi.org/10.1016/j.tifs.2018.08.013.

Marevci, M.K., Ivanovski, M., Cor, D., Knez, Z., 2019. Chia seeds (Salvia hispanica L.): an
overview—phytochemical profile, isolation methods, and application. Molecules 25.

Mas, A.L., Brigante, F.1., Salvucci, E., Pigni, N.B., Martinez, M.L., Ribotto, P.,
Wunderlin, D.A., Baroni, M.V., 2020. Defatted chia flour as a functional ingredient in
sweet cookies: how do processing, simulated gastrointestinal digestion, and colonic
fermentation affect its antioxidant properties? Food Chem. 316, 126279. https://doi.
org/10.1016/j.foodchem.2020.126279.

Masood, M.A.B., 2022. Chia seeds as potential nutritional and functional ingredients: a
review of their applications for various food industries. J. Nutr. Food Sci. Technol. 4,
1-14. https://doi.org/10.47485/2834-7854.1011.

Matthews, D.E., 2020. Review of lysine metabolism with a focus on humans. J. Nutr. 150
(Suppl. 1), 25485-25558. https://doi.org/10.1093/jn/nxaa224.

Melo, D., Alvarez-Orti, M., Nunes, M.A., Costa, A.S., Machado, S., Alves, R.C., Pardo, J.E.,
Oliveira, M.B., 2021. Whole or defatted sesame seeds (Sesamum indicum L.)? The
effect of cold pressing on oil and cake quality. Foods 10, 2108. https://doi.org/
10.3390/foods10092108.

Menegotto, A.L.L., Fernandes, 1.A., Bucior, D., Balestieri, B.P., Colla, L.M., Abirached, C.,
Franceschi, E., Steffens, J., Valduga, E., 2021. Purification of protein from
Arthrospira platensis using aqueous two-phase system associated with membrane
separation process and evaluation of functional properties. J. Appl. Phycol. 33,
2967-2982. https://doi.org/10.1007/5s10811-021-02652-4.

Mensah, E.O., Nadtochii, L., Adada, P., Agyei, D., 2024. Chia derived bioactive peptides:
extraction, characterization, pharmacological activities and potential food
applications. Food Biosci. 59, 103975. https://doi.org/10.1016/j.fbio.2024.103975.

Miao, L., Zhang, Y., Lin, Y., Liu, B., Ge, X., 2021. Appropriate leucine supplementation
promotes glucose metabolism and enhances energy homeostasis in juvenile crucian
carp (Carassius auratus gibelio var. CAS III). Comp. Biochem. Physiol. D Genomics
Proteomics 40, 100907. https://doi.org/10.1016/j.cbd.2021.100907.

Mishima, M.D.V., Ladeira, L.C.M., Silva, B., Toledo, R.C.L., de Oliveira, T.V., Costa, N.M.
B., Martino, H., 2021. Cardioprotective action of chia (Salvia hispanica L.) in
ovariectomized rats fed a high-fat diet. Food Funct. 12, 3069-3082. https://doi.org/
10.1039/DOFO03206A.

Mohamed, D., Mohammed, S., Hamed, 1., 2021. Chia seed oil enriched with phytosterols
and mucilage as a cardioprotective dietary supplement towards inflammation,
oxidative stress, and dyslipidemia. J. Herbmed Pharmacol. 11, 83-90. https://doi.
org/10.34172/jhp.2022.09.

Mondor, M., Hernandez-Alvarez, A.J., 2022. Processing technologies to produce plant
protein concentrates and isolates. In: Manickavasagan, A., Lim, L.T., Ali, A. (Eds.),
Plant Protein Foods. Springer, pp. 61-108. https://doi.org/10.1007/978-3-030-
91206-2_3.


https://doi.org/10.3390/nu14132641
https://doi.org/10.1039/D1FO01265G
https://doi.org/10.1039/D1FO01265G
https://doi.org/10.1016/bs.afnr.2019.02.014
https://doi.org/10.1016/j.seppur.2024.126439
https://doi.org/10.1016/j.seppur.2024.126439
https://doi.org/10.1016/j.jff.2020.104071
https://doi.org/10.1080/10408398.2022.2141190
https://doi.org/10.1016/j.tifs.2015.07.012
https://doi.org/10.1016/j.afres.2021.100038
https://doi.org/10.1038/s41598-023-49061-w
https://doi.org/10.1038/s41598-023-49061-w
https://doi.org/10.1016/j.foohum.2023.05.009
https://doi.org/10.3390/foods12163046
https://doi.org/10.17576/jsm-2024-5301-09
https://doi.org/10.18697/ajfand.81.17635
https://doi.org/10.1002/cctc.201802048
https://doi.org/10.1002/cctc.201802048
https://doi.org/10.1038/s42003-024-06841-y
https://doi.org/10.1038/s42003-024-06841-y
https://doi.org/10.1016/j.lwt.2024.117140
https://doi.org/10.1016/j.lwt.2024.117140
https://doi.org/10.3390/nu11061242
https://doi.org/10.3390/nu11061242
https://doi.org/10.1016/j.bcab.2019.01.044
https://doi.org/10.1016/j.bcab.2019.01.044
https://doi.org/10.1016/j.foodhyd.2021.106595
https://doi.org/10.1016/j.foodhyd.2021.106595
https://doi.org/10.1016/j.lwt.2021.112620
https://doi.org/10.1016/j.lwt.2021.112620
https://doi.org/10.3168/jds.2018-16129
https://doi.org/10.3390/foods10123001
https://doi.org/10.3390/foods10123001
https://doi.org/10.1007/s13197-017-2633-5
https://doi.org/10.3389/fsufs.2019.00027
https://doi.org/10.1111/jfbc.13207
https://doi.org/10.1186/s12986-024-00820-0
https://doi.org/10.1016/j.plantsci.2022.111238
https://doi.org/10.1038/s41392-023-01569-3
https://doi.org/10.1038/s41392-023-01569-3
https://doi.org/10.1016/C2019-0-03231-1
https://doi.org/10.1016/j.lwt.2017.12.060
https://doi.org/10.1016/j.lwt.2017.12.060
https://doi.org/10.1007/s13197-022-05506-0
https://doi.org/10.1007/s13197-022-05506-0
https://doi.org/10.1021/acsomega.2c07560
https://doi.org/10.3390/polym13152506
https://doi.org/10.3390/polym13152506
https://doi.org/10.1111/1750-3841.16276
https://doi.org/10.1111/1750-3841.16276
https://doi.org/10.21608/zjar.2018.49847
https://doi.org/10.1016/j.jff.2021.104500
https://doi.org/10.1016/j.jff.2021.104500
https://doi.org/10.1016/j.tifs.2018.08.013
https://doi.org/10.1016/j.tifs.2018.08.013
http://refhub.elsevier.com/S2665-9271(25)00066-8/sref112
http://refhub.elsevier.com/S2665-9271(25)00066-8/sref112
https://doi.org/10.1016/j.foodchem.2020.126279
https://doi.org/10.1016/j.foodchem.2020.126279
https://doi.org/10.47485/2834-7854.1011
https://doi.org/10.1093/jn/nxaa224
https://doi.org/10.3390/foods10092108
https://doi.org/10.3390/foods10092108
https://doi.org/10.1007/s10811-021-02652-4
https://doi.org/10.1016/j.fbio.2024.103975
https://doi.org/10.1016/j.cbd.2021.100907
https://doi.org/10.1039/D0FO03206A
https://doi.org/10.1039/D0FO03206A
https://doi.org/10.34172/jhp.2022.09
https://doi.org/10.34172/jhp.2022.09
https://doi.org/10.1007/978-3-030-91206-2_3
https://doi.org/10.1007/978-3-030-91206-2_3

E.S. Ibrahim Khushairay et al.

Montalvo, G.E.B., Thomaz-Soccol, V., Vandenberghe, L.P.S., Carvalho, J.C., Faulds, C.B.,
Bertrand, E., Prado, M.R.M., Bonatto, S.J.R., Soccol, C.R., 2019. Arthrospira maxima
OF15 biomass cultivation at laboratory and pilot scale from sugarcane vinasse for
potential biological new peptides production. Bioresour. Technol. 273, 103-113.
https://doi.org/10.1016/j.biortech.2018.10.081.

Mordor Intelligence - chia seeds market size and share analysis - growth trends and
forecasts (2024-2029). https://www.mordorintelligence.com/industry-reports/ch
ia-seeds-market. (Accessed 13 December 2024).

Morita, R., Ohta, M., Hayabuchi, H., 2023. PS-P14-1: effect of monosodium glutamate on
dietary salt reduction in female students from East and Southeast Asia: an
international comparison. J. Hypertens. 41 (Suppl. 1), e498. https://doi.org/
10.1097/01.hjh.0000918004.24516.a6.

Munoz, L.A., Cobos, A., Diaz, O., Aguilera, J.M., 2012. Chia seeds: microstructure,
mucilage extraction and hydration. J. Food Eng. 108, 216-224. https://doi.org/
10.1016/j.jfoodeng.2011.06.037.

Musa, A., Gasmalla, M.A.A., Ma, H., Karrar, E., Sarpong, F., Wali, A., Duan, Y., 2020.
A new continuous system of enzymatic hydrolysis coupled with membrane
separation for isolation of peptides with angiotensin I-converting enzyme inhibitory
capacity from defatted corn germ protein. Food Funct. 11, 1146-1154. https://doi.
org/10.1039/C9FO01980D.

Nassef, S.L., El-Hadidy, G.S., Abdelsattar, A.S., 2022. Impact of defatted chia seeds flour
addition on chemical, rheological, and sensorial properties of toast bread. Egypt.
J. Agric. Sci. 73 (4), 55-66. https://doi.org/10.21608/ejarc.2023.174785.1008.

Nathia-Neves, G., Alonso, E., 2023. Optimization of the subcritical water treatment from
sunflower by-product for producing protein and sugar extracts. Biomass Convers.
Biorefin. 14, 1637-1650. https://doi.org/10.1007/513399-022-02380-w.

Ndochinwa, O.G., Wang, Q.-Y., Amadi, O.C., Nwagu, T.N., Nnamchi, C.I., Okeke, E.S.,
Moneke, A.N., 2024. Current status and emerging frontiers in enzyme engineering:
an industrial perspective. Heliyon 10, e32673. https://doi.org/10.1016/j.
heliyon.2024.e32673.

Negro, M., Crisafulli, O., D’Antona, G., 2024. Effects of essential amino acid (EAA) and
glutamine supplementation on skeletal muscle wasting in acute, subacute, and
postacute conditions. Clin. Nutr. ESPEN 62, 224-233. https://doi.org/10.1016/j.
clnesp.2024.05.023.

Neinast, M., Murashige, D., Arany, Z., 2019. Branched chain amino acids. Annu. Rev.
Physiol. 81, 139-164. https://doi.org/10.1146/annurev-physiol-020518-114455.

Nissan, N., Allen, M.C., Sabatino, D., Biggar, K.K., 2024. Future perspective: harnessing
the power of artificial intelligence in the generation of new peptide drugs.
Biomolecules 14, 1303. https://doi.org/10.3390/biom14101303.

Ochoa-Rivas, A., Nava-Valdez, Y., Serna-Saldivar, S.O., Chuck-Hernandez, C., 2017.
Microwave and ultrasound to enhance protein extraction from peanut flour under
alkaline conditions: effects in yield and functional properties of protein isolates.
Food Bioprocess Technol. 10, 543-555. https://doi.org/10.1007/511947-016-1838-
3.

Olguin, H.J., Guzman, D.C., Garcia, E.H., Mejia, G.B., 2016. The role of dopamine and its
dysfunction as a consequence of oxidative stress. Oxid. Med. Cell. Longev. 2016,
9730467. https://doi.org/10.1155/2016/9730467.

Olivos-Lugo, B.L., Valdivia-Lopez, M.A., Tecante, A., 2010. Thermal and
physicochemical properties and nutritional value of the protein fraction of Mexican
chia seed (Salvia hispanica L.). Food Sci. Technol. Int. 16, 89-96. https://doi.org/
10.1177/1082013209353087.

Orona-Tamayo, D., Valverde, M.E., Paredes-L6pez, O., 2019. Bioactive peptides from
selected Latin American food crops — a nutraceutical and molecular approach. Crit.
Rev. Food Sci. Nutr. 59, 1949-1975. https://doi.org/10.1080/
10408398.2018.1434480.

Ozon, B., Cotabarren, J., Valicenti, T., Parisi, M.G., Obregon, W.D., 2022. Chia expeller: a
promising source of antioxidant, antihypertensive and antithrombotic peptides
produced by enzymatic hydrolysis with Alcalase and Flavourzyme. Food Chem. 380,
132185. https://doi.org/10.1016/j.foodchem.2022.132185.

Pablo-Osorio, B., Mojica, L., Urfas-Silvas, J.E., 2019. Chia seed (Salvia hispanica L.)
pepsin hydrolysates inhibit angiotensin-converting enzymes by interacting with its
catalytic site. J. Food Sci. 84, 1170-1179. https://doi.org/10.1111/1750-
3841.14503.

Paglarini, C.D.S., Furtado, G.F., Honorio, A.R., Mokarzel, L., Vidal, V.A.S., Robeiro, A.P.
B., Cunha, R.L., Honorion, A.R., 2019. Functional emulsion gels as pork back fat
replacers in Bologna sausage. Food Struct. 20, 100105. https://doi.org/10.1016/j.
foostr.2019.100105.

Pathak, K., Zhao, Y., Calton, E.K., James, A.P., Newsholme, P., Sherriff, J., Soares, M.J.,
2023. The impact of leucine supplementation on body composition and glucose
tolerance following energy restriction: an 8-week RCT in adults at risk of the
metabolic syndrome. Eur. J. Clin. Nutr. 78, 155-162. https://doi.org/10.1038/
s41430-023-01360-1.

Peighambardoust, S.H., Karami, Z., Pateiro, M., Lorenzo, J.M., 2021. A review on health-
promoting, biological, and functional aspects of bioactive peptides in food
applications. Biomolecules 11 (5), 631. https://doi.org/10.3390/biom11050631.

Penas, E., Hernandez-Ledesma, B., Martinez-Villaluenga, C., 2023. Microwave-assisted
extraction of plant protein. In: Hernandez-Alvarez, A.J., Mondor, M., Nosworthy, M.
G. (Eds.), Green Protein Processing Technologies from Plants. Springer, pp. 211-236.

Pintado, T., Herrero, A.M., Jimenez-Colmenero, F., Ruiz-Capillas, C., 2016. Strategies for
incorporation of chia (Salvia hispanica L.) in frankfurters as a health-promoting
ingredient. Meat Sci. 114, 75-84. https://doi.org/10.1016/j.meatsci.2015.12.009.

Pojic, M., Misan, A., Tiwari, B., 2018. Eco-innovative technologies for extraction of
proteins for human consumption from renewable protein sources of plant origin.
Trends Food Sci. Technol. 75, 93-104. https://doi.org/10.1016/j.tifs.2018.03.010.

15

Current Research in Food Science 10 (2025) 101035

Powell, T., Bowra, S., Cooper, H.J., 2016. Subcritical water processing of proteins: an
alternative to enzymatic digestion. Anal. Chem. 88, 6425-6432. https://doi.org/
10.1021/acs.analchem.6b01013.

Powell, T., Bowra, S., Cooper, H.J., 2017. Subcritical water hydrolysis of peptides: amino
acid side chain modification. J. Am. Soc. Mass Spectrom. 28, 1775-1786. https://
doi.org/10.1007/s13361-017-1676-1.

Prakash, K., Naik, S.N., Vadivel, D., Hariprasad, P., Gandhi, D., Saravanadevi, S., 2018.
Utilization of defatted sesame cake in enhancing the nutritional and functional
characteristics of biscuits. J. Food Process. Preserv. 42, e13751. https://doi.org/
10.1111/jfpp.13751.

Prandi, B., Massimo, M., Tedeschi, T., Rodriguez-Turienzo, L., Rodriguez, O., 2022.
Ultrasound and microwave-assisted extraction of proteins from coffee green beans:
effects of process variables on the protein integrity. Food Bioprocess Technol. 15,
2712-2722. https://doi.org/10.21203/1s.3.rs-1953150/v1.

Prathyusha, P., Kumari, B.A., Suneetha, W.J., Srujana, M.N.S., 2019. Chia seeds for
nutritional security. J. Pharmacogn. Phytochem. 8, 2702-2707.

Putra, N.R., Yustisia, Y., Heryanto, R.B., Asmaliyah, A., Miswarti, M., Rizkiyah, D.N.,
Yunus, M.A.C., Irianto, I., Qomariyah, L., Rohman, G.A.N., 2023. Advancements and
challenges in green extraction techniques for Indonesian natural products: a review.
South Afr. J. Chem. Eng. 46, 88-98. https://doi.org/10.1016/].sajce.2023.08.002.

Rabail, R., Khan, M.R., Mehwish, H.M., Rajoka, M.S.R., Lorenzo, J.M., Kieliszek, M.,
Khalis, A.R., Shabbir, M.A., Aadil, R.M., 2021. An overview of chia seed (Salvia
hispanica L.) bioactive peptides’ derivation and utilization as an emerging
nutraceutical food. Front. Biosci.-Landmark Ed. 26, 643-654. https://doi.org/
10.52586/4973.

Rader, A.F., Weinmuller, M., Reichart, F., Schumacher-Klinger, A., Merzbach, S.,

Gilon, C., Hoffman, A., Kessler, H., 2018. Orally active peptides: is there a magic
bullet? Angew. Chem. Int. Ed. 57, 14414-14438. https://doi.org/10.1002/
anie.201807298.

Rajput, R., Kaur, H., Kaur, A.T., Kaur, J.T., 2021. Chia seeds: composition, health
benefits, and potential applications. In: Goyal, M.R., Kaur, K., Kaur, J. (Eds.), Cereals
and Cereal-Based Foods, first ed. Apple Academic Press. https://doi.org/10.1201/
9781003081975.

Ramos, S., Fradinho, P., Mata, P., Raymundo, A., 2017. Assessing gelling properties of
chia (Salvia hispanica L.) flour through rheological characterization. J. Sci. Food
Agric. 97, 1753-1760. https://doi.org/10.1002/jsfa.7971.

Ranjbar-Slamloo, Y., Fazlali, Z., 2020. Dopamine and noradrenaline in the brain;
overlapping or dissociate functions? Front. Mol. Neurosci. 12, 334. https://doi.org/
10.3389/fnmol.2019.00334.

Regula, P., Hudes, G., Vos, G.D., Jariwala, S., Bernstein, L., Rosenstreich, D., Rames, M.,
2023. Immediate hypersensitivity reactions to chia seed ingestion, a novel food
allergy. J. Allergy Clin. Immunol. 151, AB173. https://doi.org/10.1016/j.
jaci.2022.12.542.

Rehman, S.U., Ali, R., Zhang, H., Zafar, M.H., Wang, M., 2023. Research progress in the
role and mechanism of leucine in regulating animal growth and development. Front.
Physiol. 14, 1252089. https://doi.org/10.3389/fphys.2023.1252089.

Reifenberg, P., Zimmer, A., 2024. Branched-chain amino acids: physico-chemical
properties, industrial synthesis and role in signaling, metabolism and energy
production. Amino Acids 56, 51. https://doi.org/10.1007/500726-024-03417-2.

Renoldi, N., Melchior, S., Calligaris, S., Peressini, D., 2023. Application of high-pressure
homogenization to steer the technological functionalities of chia fiber protein
concentrate. Food Hydrocoll. 139, 108505. https://doi.org/10.1016/j.
foodhyd.2023.108505.

Sandoval-Oliveros, M.R., Paredes-Lopez, O., 2013. Isolation and characterization of
proteins from chia seeds (Salvia hispanica L.). J. Agric. Food Chem. 61 (1), 193-201.
https://doi.org/10.1021/jf3034978.

Schmidt, A., Hengelbrock, A., Strube, J., 2023. Continuous biomanufacturing in
upstream and downstream processing. Phys. Sci. Rev. 9, 3167-3222. https://doi.
org/10.1515/psr-2022-0106.

Segura-Campos, M.R., 2020. Isolation and functional characterization of chia (Salvia
hispanica) proteins. Food Sci. Technol. 40, 334-339. https://doi.org/10.1590/
fst.41618.

Segura-Campos, M.R., Ciau-Solis, N., Rosado-Rubio, G., Chel-Guerrero, L., Bertancur-
Ancona, D., 2014. Chemical and functional properties of chia seed (Salvia hispanica
L.) gum. Int. J. Food Sci. 2014, 241053. https://doi.org/10.1155/2014/241053.

Selim, K., Mostafe, M.K., Mahmoud, A.A.-T., Ali, R.A., 2019. Effect of bioactive
compounds of defatted flaxseed meal on rheological and sensorial properties of toast
and cake. Sudan J. Food Sci. Technol. 4, 707-719. https://doi.org/10.25177/
JFST.4.4.RA.479.

Sengar, A.S., Rawson, A., Muthiah, M., Kalakandan, S.K., 2020. Comparison of different
ultrasound-assisted extraction techniques for pectin from tomato processing waste.
Ultrason. Sonochem. 61, 104812. https://doi.org/10.1016/j.ultsonch.2019.104812.

Senna, C., Soares, L., Egea, M.B., Fernandes, S.S., 2024. The techno-functionality of chia
seed and its fractions as ingredients for meat analogs. Molecules 29, 440. https://doi.
org/10.3390/molecules29020440.

Sert, D., Rohm, H., Struck, S., 2022. Ultrasound-assisted extraction of protein from
pumpkin seed press cake: impact on protein yield and techno-functionality. Foods
11, 4029. https://doi.org/10.3390/foods11244029.

Sezer, P., Okur, L., Oztop, M.H., Alpas, H., 2019. Improving the physical properties of fish
gelatin by high hydrostatic pressure (HHP) and ultrasonication (US). Int. J. Food Sci.
Technol. 55, 1468-1476. https://doi.org/10.1111/ijfs.14487.

Silva, C., Garcia, V., Zanette, C., 2016. Chia (Salvia hispanica L.) oil extraction using
different organic solvents: oil yield, fatty acids profile and technological analysis of
defatted meal. Int. Food Res. J. 23, 998-1004.


https://doi.org/10.1016/j.biortech.2018.10.081
https://www.mordorintelligence.com/industry-reports/chia-seeds-market
https://www.mordorintelligence.com/industry-reports/chia-seeds-market
https://doi.org/10.1097/01.hjh.0000918004.24516.a6
https://doi.org/10.1097/01.hjh.0000918004.24516.a6
https://doi.org/10.1016/j.jfoodeng.2011.06.037
https://doi.org/10.1016/j.jfoodeng.2011.06.037
https://doi.org/10.1039/C9FO01980D
https://doi.org/10.1039/C9FO01980D
https://doi.org/10.21608/ejarc.2023.174785.1008
https://doi.org/10.1007/s13399-022-02380-w
https://doi.org/10.1016/j.heliyon.2024.e32673
https://doi.org/10.1016/j.heliyon.2024.e32673
https://doi.org/10.1016/j.clnesp.2024.05.023
https://doi.org/10.1016/j.clnesp.2024.05.023
https://doi.org/10.1146/annurev-physiol-020518-114455
https://doi.org/10.3390/biom14101303
https://doi.org/10.1007/s11947-016-1838-3
https://doi.org/10.1007/s11947-016-1838-3
https://doi.org/10.1155/2016/9730467
https://doi.org/10.1177/1082013209353087
https://doi.org/10.1177/1082013209353087
https://doi.org/10.1080/10408398.2018.1434480
https://doi.org/10.1080/10408398.2018.1434480
https://doi.org/10.1016/j.foodchem.2022.132185
https://doi.org/10.1111/1750-3841.14503
https://doi.org/10.1111/1750-3841.14503
https://doi.org/10.1016/j.foostr.2019.100105
https://doi.org/10.1016/j.foostr.2019.100105
https://doi.org/10.1038/s41430-023-01360-1
https://doi.org/10.1038/s41430-023-01360-1
https://doi.org/10.3390/biom11050631
http://refhub.elsevier.com/S2665-9271(25)00066-8/sref143
http://refhub.elsevier.com/S2665-9271(25)00066-8/sref143
http://refhub.elsevier.com/S2665-9271(25)00066-8/sref143
https://doi.org/10.1016/j.meatsci.2015.12.009
https://doi.org/10.1016/j.tifs.2018.03.010
https://doi.org/10.1021/acs.analchem.6b01013
https://doi.org/10.1021/acs.analchem.6b01013
https://doi.org/10.1007/s13361-017-1676-1
https://doi.org/10.1007/s13361-017-1676-1
https://doi.org/10.1111/jfpp.13751
https://doi.org/10.1111/jfpp.13751
https://doi.org/10.21203/rs.3.rs-1953150/v1
http://refhub.elsevier.com/S2665-9271(25)00066-8/sref150
http://refhub.elsevier.com/S2665-9271(25)00066-8/sref150
https://doi.org/10.1016/j.sajce.2023.08.002
https://doi.org/10.52586/4973
https://doi.org/10.52586/4973
https://doi.org/10.1002/anie.201807298
https://doi.org/10.1002/anie.201807298
https://doi.org/10.1201/9781003081975
https://doi.org/10.1201/9781003081975
https://doi.org/10.1002/jsfa.7971
https://doi.org/10.3389/fnmol.2019.00334
https://doi.org/10.3389/fnmol.2019.00334
https://doi.org/10.1016/j.jaci.2022.12.542
https://doi.org/10.1016/j.jaci.2022.12.542
https://doi.org/10.3389/fphys.2023.1252089
https://doi.org/10.1007/s00726-024-03417-2
https://doi.org/10.1016/j.foodhyd.2023.108505
https://doi.org/10.1016/j.foodhyd.2023.108505
https://doi.org/10.1021/jf3034978
https://doi.org/10.1515/psr-2022-0106
https://doi.org/10.1515/psr-2022-0106
https://doi.org/10.1590/fst.41618
https://doi.org/10.1590/fst.41618
https://doi.org/10.1155/2014/241053
https://doi.org/10.25177/JFST.4.4.RA.479
https://doi.org/10.25177/JFST.4.4.RA.479
https://doi.org/10.1016/j.ultsonch.2019.104812
https://doi.org/10.3390/molecules29020440
https://doi.org/10.3390/molecules29020440
https://doi.org/10.3390/foods11244029
https://doi.org/10.1111/ijfs.14487
http://refhub.elsevier.com/S2665-9271(25)00066-8/sref170
http://refhub.elsevier.com/S2665-9271(25)00066-8/sref170
http://refhub.elsevier.com/S2665-9271(25)00066-8/sref170

E.S. Ibrahim Khushairay et al.

Sperringer, J.E., Addington, A., Hutson, S.M., 2017. Branched-chain amino acids and
brain metabolism. Neurochem. Res. 42 (6), 1697-1709. https://doi.org/10.1007/
s11064-017-2261-5.

Stielow, M., Witczynska, A., Kubryn, N., Fijalkowski, L., Nowaczyk, J., Nowaczyk, A.,
2023. The bioavailability of drugs—the current state of knowledge. Molecules 28,
8038. https://doi.org/10.3390/molecules28248038.

Syeda, T., Sanchez-Tapia, M., Orta, I., Granados-Portillo, O., Perez-Jimenez, L.,
Rodriguez-Callejas, J.D., Toribio, S., Silva-Lucero, M.D., Rivera, A.L., Tovar, A.R.,
Torres, N., 2021. Bioactive foods decrease liver and brain alterations induced by a
high-fat-sucrose diet through restoration of gut microbiota and antioxidant enzymes.
Nutrients 14, 22. https://doi.org/10.3390/nul4010022.

Tabtabaei, S., Vitelli, M., Rajabzadeh, A.R., Legge, R.L., 2017. Analysis of protein
enrichment during single- and multi-stage tribo-electrostatic bioseparation processes
for dry fractionation of legume flour. Sep. Purif. Technol. 176, 48-58. https://doi.
org/10.1016/j.seppur.2016.11.050.

Tanaka, S., Yoneoka, D., Ishizuka, A., Adachi, M., Hayabuchi, H., Nishimura, T.,
Takemi, Y., Uneyama, H., Nakamujra, J.H., Lwin, K.S., Shibuya, K., Nomjra, S.,
2023. Modelling of salt intake reduction by incorporation of umami substances into
Japanese foods: a cross-sectional study. BMC Public Health 23, 516. https://doi.org/
10.1186/512889-023-15322-6.

Timilsena, Y.P., Wang, B., Adhikari, R., Adhikari, B., 2016a. Preparation and
characterization of chia seed protein isolate—chia seed gum complex coacervates.
Food Hydrocoll. 52, 554-563. https://doi.org/10.1016/j.foodhyd.2015.07.033.

Timilsena, Y.P., Adhikari, R., Barrow, C.J., Adhikari, B., 2016b. Microencapsulation of
chia seed oil using chia seed protein isolates chia seed gum complex coacervates. Int.
J. Biol. Macromol. 91, 347-357. https://doi.org/10.1016/j.ijbiomac.2016.05.058.

Timilsena, Y.P., Adhikari, R., Barrow, C.J., Adhikari, B., 2016c. Physicochemical and
functional properties of protein isolate produced from Australian chia seeds. Food
Chem. 212, 648-656. https://doi.org/10.1016/j.foodchem.2016.06.017.

Tiwari, B.K., 2015. Ultrasound: a clean, green extraction technology. TrAC, Trends Anal.
Chem. 71, 100-109. https://doi.org/10.1016/j.trac.2015.04.013.

Tufarellili, V., Losacco, C., Tedone, L., Passantino, L., Tarricone, S., Laudadio, V.,
Colonna, M.A., 2023. Hemp seed (Cannabis sativa L.) cake as sustainable dietary
additive in slow-growing broilers: effects on performance, meat quality, oxidative
stability and gut health. Vet. Q. 43, 1-12. https://doi.org/10.1080/
01652176.2023.2260448.

Tungchaisin, T., See-Tan, S., Rattanaporn, K., 2022. Optimization of microwave-assisted
extraction of palm kernel cake protein. E3S Web Conf. 355, 02018. https://doi.org/
10.1051/e3sconf/202235502018.

Turck, D., Castenmiller, J., Henauw, S.D., Hirsch-Ernst, K.I., Kearney, J., Maciuk, A.,
Mangelsdorf, I., Mcardle, H.J., Naska, A., Pelaez, C., Pentieve, K., Siani, A., Thies, F.,
Tsabouri, S., Vincenti, M., Cubadda, F., Engel, K.-H., Frenzel, T., Heinonen, M.,
Marchelli, R., Neuhauser-Berthold, M., Poting, A., Poulsen, M., Sanz, Y., Shlatter, J.,
Loveren, H., Matijevic, L., Knutsen, H.K., 2019. Safety of chia seeds (Salvia hispanica
L.) powders, as novel foods, pursuant to Regulation (EU) 2015/2283. EFSA J. 17,
5657. https://doi.org/10.2903/j.efsa.2019.5716.

Ullah, R., Nadeem, M., Khalique, A., Imran, M., Mehmood, S., Javid, A., Hussain, J.,
2016. Nutritional and therapeutic perspectives of chia (Salvia hispanica L.): a review.
J. Food Sci. Technol. 53, 1750-1758. https://doi.org/10.1007/513197-015-1967-0.

Ulug, S.K., Jahandideh, F., Wu, J., 2021. Novel technologies for the production of
bioactive peptides. Trends Food Sci. Technol. 108, 27-39. https://doi.org/10.1016/
j.tifs.2020.12.002.

Urbizo-Reyes, U., San Martin-Gonzalez, M.F., Garcia-Bravo, J., Lopez Malo Vigil, A.,
Liceaga, A.M., 2019. Physicochemical characteristics of chia seed (Salvia hispanica)
protein hydrolysates produced using ultrasonication followed by microwave-assisted
hydrolysis. Food Hydrocoll. 97, 105187. https://doi.org/10.1016/].
foodhyd.2019.105187.

USDA food data central - chia seeds, dry, raw. https://fdc.nal.usda.gov/food-details/
2710819/nutrients. (Accessed 13 December 2024).

Usman, M., Nakagawa, M., Cheng, S., 2023. Emerging trends in green extraction
techniques for bioactive natural products. Processes 11, 3444. https://doi.org/
10.3390/pr11123444.

Varadavenkatesan, T., Pai, S., Vinayagam, R., Pugazhendhi, A., Selvaraj, R., 2021.
Recovery of value-added products from wastewater using aqueous two-phase

16

Current Research in Food Science 10 (2025) 101035

systems-A review. Sci. Total Environ. 778, 146293. https://doi.org/10.1016/j.
scitotenv.2021.146293.

Varghese, T., Pare, A., 2019. Effect of microwave-assisted extraction on yield and protein
characteristics of soymilk. J. Food Eng. 262, 92-99. https://doi.org/10.1016/j.
jfoodeng.2019.05.020.

Vera-Cespedes, N., Munoz, L.A., Rincon, M.A., Haros, C.M., 2023. Physico-chemical and
nutritional properties of chia seeds from Latin American countries. Foods 12, 3013.
https://doi.org/10.3390/foods12163013.

Villanueva-Lazo, A., Montserrat-de la Paz, S., Rodriguez-Martin, N.M., Millan, F.,
Carrera, C., Pedroche, J.J., Millan-Linares, M., 2021. Antihypertensive and
antioxidant activity of chia protein techno-functional extensive hydrolysates. Foods
10, 2297. https://doi.org/10.3390/foods10102297.

Vinayashree, S., Vasu, P., 2021. Biochemical, nutritional and functional properties of
protein isolate and fractions from pumpkin (Cucurbita moschata var. Kashi Harit)
seeds. Food Chem. 340, 128177. https://doi.org/10.1016/j.foodchem.2020.128177.

Wang, Y., Sanchez-Velazquez, O.A., Martinez-Villaluenga, C., Goycoolea, F.M.,
Hernandez-Alvarez, A.J., 2023a. Effect of protein extraction and fractionation of
chia seeds grown in different locations: nutritional, antinutritional and protein
quality assessment. Food Biosci. 56, 103238. https://doi.org/10.1016/j.
fbio.2023.103238.

Wang, C., Peng, Y., Zhang, Y., Xu, J., Jiang, S., Wang, L., Yin, Y., 2023b. The biological
functions and metabolic pathways of valine in swine. J. Anim. Sci. Biotechnol. 14,
135. https://doi.org/10.1186/540104-023-00927-z.

Wijesekara, T., Abeyrathne, E.D.N.S., Ahn, D.U., 2024. Effect of bioactive peptides on gut
microbiota and their relations to human health. Foods 13, 1853. https://doi.org/
10.3390/foods13121853.

Wu, S., Bhat, Z.F., Gounder, R.S., Ahmaed, [.A.M., Al-Juhaimi, F.Y., Ding, D., Bekhit, A.
E.-D.A., 2022. Effect of dietary protein and processing on gut microbiota—a
systematic review. Nutrients 14, 453. https://doi.org/10.3390/nu14030453.

Xiao, Z., Yan, C., Jia, C., Li, Y., Li, Y., Li, J., Yan, X., Zhan, X., Ma, C., 2023. Structural
characterization of chia seed polysaccharides and evaluation of its
immunomodulatory and antioxidant activities. Food Chem. X 20, 101011. https://
doi.org/10.1016/j.fochx.2023.101011.

Yamamoto, T., Inui-Yamamoto, C., 2023. The flavor-enhancing action of glutamate and
its mechanism involving the notion of kokumi. NPJ Sci. Food. 7 (1), 3. https://doi.
0rg/10.1038/541538-023-00178-2.

Yang, Q., Zhao, D., Zhang, C., Sreenivasulu, N., Sun, S.A.-M,, Liu, Q., 2021. Lysine
biofortification of crops to promote sustained human health in the 21st century.

J. Exp. Bot. 73 (5), 1258-1267. https://doi.org/10.1093/jxb/erab482.

Yeasmen, N., Orsat, V., 2024. Pulsed ultrasound-assisted extraction of alternative plant
protein from sugar maple leaves: characterization of physical, structural, thermal,
electrical, and techno-functional properties. Food Hydrocoll. 152, 109960. https://
doi.org/10.1016/j.foodhyd.2024.109960.

Zaky, W.M., Abbas, H.M., Nasr, W.I.A.E., El-Desoki, W.I., 2019. Chia seeds as natural
stabilizer and healthy ingredient in ice milk preparation. World J. Dairy Food Sci.
14, 52-58. https://doi.org/10.5829/idosi.wjdfs.2019.52.58.

Zamudio, F.V., Hidalgo-Figuaroa, S.N., Andrade, R.R.O., Alvarez, A.J.H., Campos, M.R.
S., 2022. Identification of antidiabetic peptides derived from in silico hydrolysis of
three ancient grains: amaranth, quinoa and chia. Food Chem. 394, 133479. https://
doi.org/10.1016/j.foodchem.2022.133479.

Zhao, Y., Cholewa, J., Shang, H., Yang, Y., Ding, X., Wang, Q., Su, Q., Zanchi, N.E.,
Xia, Z., 2021. Advances in the role of leucine-sensing in the regulation of protein
synthesis in aging skeletal muscle. Front. Cell Dev. Biol. 9, 646482. https://doi.org/
10.3389/fcell.2021.646482.

Zhou, E., Li, Q., Zhu, D., Chen, G., Wu, L., 2024. Characterization of physicochemical and
immunogenic properties of allergenic proteins altered by food processing: a review.
Food Sci. Hum. Wellness 13, 1135-1151. https://doi.org/10.26599/
FSHW.2022.9250095.

Ziemichod, A., Wojcik, M., Rozylo, R., 2019. Ocimum tenuiflorum seeds and Salvia
hispanica seeds: mineral and amino acid composition, physical properties, and use in
gluten-free bread. CyTA-J. Food 17, 804-813. https://doi.org/10.1080/
19476337.2019.1658645.


https://doi.org/10.1007/s11064-017-2261-5
https://doi.org/10.1007/s11064-017-2261-5
https://doi.org/10.3390/molecules28248038
https://doi.org/10.3390/nu14010022
https://doi.org/10.1016/j.seppur.2016.11.050
https://doi.org/10.1016/j.seppur.2016.11.050
https://doi.org/10.1186/s12889-023-15322-6
https://doi.org/10.1186/s12889-023-15322-6
https://doi.org/10.1016/j.foodhyd.2015.07.033
https://doi.org/10.1016/j.ijbiomac.2016.05.058
https://doi.org/10.1016/j.foodchem.2016.06.017
https://doi.org/10.1016/j.trac.2015.04.013
https://doi.org/10.1080/01652176.2023.2260448
https://doi.org/10.1080/01652176.2023.2260448
https://doi.org/10.1051/e3sconf/202235502018
https://doi.org/10.1051/e3sconf/202235502018
https://doi.org/10.2903/j.efsa.2019.5716
https://doi.org/10.1007/s13197-015-1967-0
https://doi.org/10.1016/j.tifs.2020.12.002
https://doi.org/10.1016/j.tifs.2020.12.002
https://doi.org/10.1016/j.foodhyd.2019.105187
https://doi.org/10.1016/j.foodhyd.2019.105187
https://fdc.nal.usda.gov/food-details/2710819/nutrients
https://fdc.nal.usda.gov/food-details/2710819/nutrients
https://doi.org/10.3390/pr11123444
https://doi.org/10.3390/pr11123444
https://doi.org/10.1016/j.scitotenv.2021.146293
https://doi.org/10.1016/j.scitotenv.2021.146293
https://doi.org/10.1016/j.jfoodeng.2019.05.020
https://doi.org/10.1016/j.jfoodeng.2019.05.020
https://doi.org/10.3390/foods12163013
https://doi.org/10.3390/foods10102297
https://doi.org/10.1016/j.foodchem.2020.128177
https://doi.org/10.1016/j.fbio.2023.103238
https://doi.org/10.1016/j.fbio.2023.103238
https://doi.org/10.1186/s40104-023-00927-z
https://doi.org/10.3390/foods13121853
https://doi.org/10.3390/foods13121853
https://doi.org/10.3390/nu14030453
https://doi.org/10.1016/j.fochx.2023.101011
https://doi.org/10.1016/j.fochx.2023.101011
https://doi.org/10.1038/s41538-023-00178-2
https://doi.org/10.1038/s41538-023-00178-2
https://doi.org/10.1093/jxb/erab482
https://doi.org/10.1016/j.foodhyd.2024.109960
https://doi.org/10.1016/j.foodhyd.2024.109960
https://doi.org/10.5829/idosi.wjdfs.2019.52.58
https://doi.org/10.1016/j.foodchem.2022.133479
https://doi.org/10.1016/j.foodchem.2022.133479
https://doi.org/10.3389/fcell.2021.646482
https://doi.org/10.3389/fcell.2021.646482
https://doi.org/10.26599/FSHW.2022.9250095
https://doi.org/10.26599/FSHW.2022.9250095
https://doi.org/10.1080/19476337.2019.1658645
https://doi.org/10.1080/19476337.2019.1658645

	Defatted chia (Salvia hispanica L.) flour peptides: Exploring nutritional profiles, techno-functional and bio-functional pr ...
	1 Introduction to chia seeds
	2 Defatted chia flour: by-product with potential
	2.1 Sustainable by-products derived from the chia oil industry
	2.2 Nutritional profiles of DCF
	2.2.1 Macronutrient compositions
	2.2.2 Amino acids compositions


	3 Chia protein: innovative extraction and processing techniques
	4 Chia protein: techno- and bio-functionality properties
	4.1 Techno-functional attributes
	4.2 Bio-functional attributes

	5 Food product development and nutraceutical applications
	5.1 Fortification of chia seeds-derived ingredients in food product development
	5.2 Nutraceutical applications of chia peptides

	6 Prospects for future research
	6.1 Bioavailability and absorption mechanisms
	6.2 Interdisciplinary collaborations
	6.3 Safety considerations: allergenicity, synergistic interactions, and long-term high-dose risk
	6.4 Sustainable production and economic viability

	7 Conclusion
	CRediT authorship contribution statement
	Data availability statement
	Ethical statement
	Funding/Acknowledgement
	Declaration of competing interest
	Data availability
	References


