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A B S T R A C T   

Chia (Salvia hispanica) has become increasingly popular in recent years due to its high protein content, among 
other nutritional benefits. This study aims to evaluate the nutritional and antinutritional composition, protein 
profile and protein quality of two chia seeds grown in Mexico and the UK, as well as to assess the impact that 
occurs during protein extraction and fractionation. Protein content of chia samples showed an increase after 
degumming, defatting, and extraction, obtaining protein concentrates from Mexican (MPC) and British (BPC) 
chia seeds with 88.32 and 89.20 g/100 g dw, respectively. Main protein fractions found in both chia seeds were 
globulins (Glo) and albumins (Alb). Essential amino acid index (EAAI) of chia samples ranged between 189.40 
and 496.73% showing a 2-fold increase in comparison to the reference protein. In vitro protein digestibility 
(IVPD) increased after protein extraction (91% for MPC and BPC) but decreased after fractionation (~68%). 
Trypsin inhibitors increased 78–82% after protein extraction, while total phenolics content (TPC) increased 7.77- 
and 5.76-fold for Mexican albumins (MAlb) and British albumins (BAlb), respectively. Phytic acid content 
showed a reduction of > 90% after extraction/fractionation. These findings showed that depending on the 
extraction and/or fractionation methods used the protein quality, digestibility and antinutrients will be highly 
influenced.   

1. Introduction 

Chia (Salvia hispanica L.) is an annual herbaceous plant native to 
Mexico and Guatemala (Kaur & Bains, 2020; Marineli et al., 2014). Chia 
is consumed around the world as whole seeds, flour, and oil, and has 
become increasingly popular in the food industry (Ali et al., 2012; Cis-
ternas et al., 2022). Chia seeds have attracted growing attention owing 
to their remarkable nutritional composition, characterized by a wide 
variety of essential nutrients including protein, fat (abundant omega-3 
fatty acids), carbohydrates, dietary fiber, vitamins, and minerals. 
These nutrients present in chia seeds confer numerous health benefits, 
thereby enhancing human well-being (Grancieri et al., 2019a; Martí-
nez-Cruz & Paredes-López, 2014; Orona-Tamayo et al., 2015). Chia 
seeds also contain abundant dietary fibers which are mainly present on 

the outer surface of the seeds. The chia mucilage is composed mainly of 
carbohydrates that have shown great gelling, emulsifying, 
water-holding ability and shear-thinning properties, and have been 
commonly used in bakery products, beverages and frozen meats (Cam-
pos et al., 2016; Capitani et al., 2013; Felisberto et al., 2015). Many chia 
phytochemicals are considered to have beneficial effects on human 
health, for example, polyphenols, tocopherols, phytosterols and carot-
enoids in chia seeds have shown preventive effects against chronic dis-
eases such as obesity, diabetes, and cancer (De Falco et al., 2017; 
Grancieri et al., 2019a, Grancieri et al., 2019b). These compounds act as 
antioxidants through several mechanisms including free radicals scav-
enging, hydrogens donation and metal ions chelation (De Falco et al., 
2017). 

With the increasing awareness regarding healthy diets and food 
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sustainability in recent years, the concept of using protein-rich plant 
sources to replace animal proteins has become popular. Although plant 
proteins are considered to have relatively lower biological value 
compared to animal proteins, the demand for plant proteins is quite high 
since they are easier to produce and have lower environmental impacts 
(Timilsena et al., 2016a, 2016b). Moreover, the food industry is 
increasingly interested in the production of plant protein concentrates 
and isolates not only because they are used as food functional in-
gredients but also because they are able to improve the qualities of food 
products, such as consistency, texture, flavour, and nutritional value 
(Lqari et al., 2002). Due to the high protein content in chia seeds 
(~19%), improved digestibility (77–80%) and balanced amino acid 
profile (Valdivia-López and Tecante, 2015), the extraction of chia pro-
tein has been widely investigated in recent years. The most common 
method to extract chia proteins is alkaline solubilization coupled to 
isoelectric precipitation (Mondor and Hernández-Álvarez, 2022). How-
ever, this method still has some drawbacks as the alkaline and acid 
treatments may influence the functional properties and nutritional 
quality of protein ingredients, therefore, optimization of the extraction 
conditions is important to reduce the undesirable changes of chia pro-
tein during extraction (López et al., 2018a). The quality of dietary 
protein depends on multiple factors, prominently including the amino 
acids composition, protein digestibility, presence of antinutritional and 
other dietary compounds (Bos et al., 2000). In vivo models have 
demonstrated that chia seeds consumption presents a favorable protein 
digestibility and a well-balanced amino acid profile (Da Silva et al., 
2016; Jood & Singh, 2001). Consequently, there is a need to further 
research the protein quality of chia seed and understand the effect of 
processing on chia proteins. 

Chia proteins have shown valuable functional attributes that make 
them highly advantageous in food formulation. They have displayed 
remarkable capabilities for water and oil absorption, thereby contrib-
uting to notable improvements in texture and moisture retention within 
baked goods (López et al., 2019). Furthermore, chia proteins exerted 
significant emulsifying and foaming properties, facilitating their suc-
cessful incorporation into diverse food applications such as bakery and 
desserts (Kotecka-Majchrzak et al., 2020; López et al., 2019; Segur-
a-Campos, 2019; Vázquez-Ovando et al., 2013). Additionally, the 
nutritional composition of chia seeds is dependent to fluctuations driven 
by different factors such as climatic conditions, geographical location 
soil attributes, and cultivation year (Grancieri et al., 2019a). With both 
the functional properties and nutritional characteristics, chia protein has 
recently showed important research advances and raised its commercial 
value. Even though the high protein content of chia seeds made this 
source attractive to explore for their wider applications, the structure, 
function, and health benefits of chia proteins have not been fully un-
derstood yet. In this context, this study endeavors to evaluate the 
modifications produced by protein extraction and fractionation. The 
assessment spans the nutritional and antinutritional composition, pro-
tein profile, and protein quality of chia seeds cultivated in two distinct 
locations: Mexico and the UK. By undertaking this research, we aim to 
contribute to a more comprehensive understanding of the chia protein 
landscape, elucidating the influence of extraction and fractionation 
processes. This research aims to provide knowledge on the intricate 
interplay between extraction methodologies and resulting protein at-
tributes and presence and/or absence of certain antinutrients, thereby 
advancing the broader comprehension of chia proteins’ applicability, 
protein quality and digestibility. 

2. Materials and methods 

Chia seeds (Salvia hispanica L.) were procured from two locations: 
British seeds grown at Great Tey in Essex in 2019, provided by Hod-
medod’s, Essex, UK; and the Mexican seeds were provided by producers 
located in Guadalajara, Mexico, these seeds belong to the January 2019 
harvest. Reagents were analytical grade and purchased from Sigma 

(Sigma Chemical Co., St. Louis, MO, USA) and Merck (Darmstadt, Ger-
many), unless otherwise specified. 

2.1. Sample preparation 

2.1.1. Sample pre-treatment 
The seeds were ground to produce raw chia flour using a Fritsch P11 

Knife Mill (Fritsch GmbH, Germany) before the nutritional assessment 
was carried out (Raw sample, R). Afterwards, for the degummed and 
defatted chia flours, the method reported by Salazar Vega et al., 2020 
was used with slight modifications. Chia seeds were immersed in 
distilled water in a ratio of 1:40 (w/v) under constant stirring (IKA, 
Staufen, Germany) for 2 h at room temperature to allow mucilage for-
mation. Samples were sonicated at an amplitude of 50%/750 W in an 
ultrasound bath (SONICS, Tacoma, Washington, USA) with intervals of 
4 min to eliminate the mucilage adhered to the seeds. Then, the 
degummed chia seeds were dried overnight in an oven at 55 ◦C and 
afterwards the mucilage was manually separated from the seeds with the 
assistance of a sieve (200 mm/30 mesh) and ground into flour using a 
Fritsch P11 Knife Mill (Fritsch GmbH, Germany). Subsequently, the 
degummed chia flour (DF) was defatted by mixing flour with hexane in a 
ratio of 1:5 (w/v) and stirring for 1 h at room temperature under a fume 
cupboard. Afterwards, the slurry was centrifuged at 4816 g for 20 min at 
4 ◦C, the supernatant was discarded, while the pellet was recovered and 
mixed with hexane at least 3 times as previously described. Finally, the 
recovered degummed-defatted chia flour (DDF) was left overnight under 
the fume cupboard to evaporate remaining hexane. Both, the Mexican 
(MDDF) and British (BDDF) degummed-defatted chia flours were stored 
at 4 ◦C until further use. 

2.1.2. Protein concentrates production 
Chia proteins were isolated from MDDF and BDDF by alkaline sol-

ubilization coupled to isoelectric precipitation using the method re-
ported by Timilsena et al. (2016a) with some modifications. As a result, 
Mexican (MPC) and British chia protein concentrates (BPC) were ob-
tained. Briefly, the DDF was dispersed with distilled water in a ratio of 
1:10 (w/v), adjusted pH of the slurry to 10 with 1 N NaOH under con-
stant stirring for 1 h at room temperature, followed by centrifugation 
using an Avanti J-30I high-speed centrifuge (Beckman Coulter, Brea, 
California, USA) at 8288 g for 15 min at 4 ◦C. Supernatant was collected 
for isoelectric precipitation, the pH of the supernatant was adjusted to 
4.5 with 1 N HCl and the slurry was stirred continuously and maintained 
for 1 h at room temperature. After that, the slurry was centrifuged (8288 
g, 15 min, 4 ◦C), supernatants were discarded and pellets were recovered 
and stored at − 80 ◦C and freeze dried (Labconco, Kansas, MO, USA). 
Then freeze-dried powders were grinded, MPC and BPC were stored at 
4 ◦C in vacuum-sealed bags for further use. 

2.1.3. Protein fractionation 
Protein fractions from MDDF and BDDF were extracted based on 

their solubility according to Osborne classification using the method 
reported by Grancieri et al., 2019b with slightly modifications. DDF was 
mixed with the corresponding extraction solutions at 1:40 (w/v) and 
1:10 (w/v) ratios for albumin and globulin extraction, respectively. 
Albumin fraction (Alb) was extracted with distilled water and constant 
stirring for 1 h at 4 ◦C. The suspension was centrifuged at 13,000 g for 20 
min at 4 ◦C and supernatant (albumin fraction). Then, the pellet was 
resuspended in 50 mM Tris/0.4 M NaCl pH 8.0 solution at constant 
stirring for 1 h at 4 ◦C, the suspension was centrifuged at 13,000 g for 20 
min at 4 ◦C. The supernatant obtained was the globulin fraction (Glo). 
Again, the pellet was resuspended in 70% of isopropanol and constant 
stirring for 1 h at 4 ◦C, followed by centrifugation of 13,000 g for 20 min 
at 4 ◦C. The supernatant obtained was prolamin (Pro). Afterwards the 
resulting pellet was resuspended in 0.1 mol/L Na2B4O7⋅H2O (pH 10) at 
constant stirring for 1 h at 4 ◦C, the suspension was centrifuged at 13, 
000 g for 20 min at 4 ◦C. The supernatant obtained was glutelin (Glu). All 
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protein fractions were stored at − 80 ◦C and freeze-dried (Labconco, 
Kansas, MO, USA) for further analysis. 

2.2. Nutritional characterization 

Proximate composition of raw (R), degummed (DF) and degummed- 
defatted (DDF) chia flours was determined according to the official 
methods of the AOAC (2016). For total lipids estimation, an acid hy-
drolysis was carried out using 50 mL of 4 mol/L HCl, followed by Soxhlet 
extraction. Results were expressed as g/100 g of dry weight (dw). 
Briefly, 2 g of samples were placed in crucibles and thermally treated in 
a Phoenix microwave furnace (PS6854, Germany) at 800 ◦C for 5 h for 
the determination of ash. For moisture, 5 g of sample were dehydrated in 
an oven at 105 ◦C for 240 min. Total nitrogen content R, DF, DDF, PC, 
Alb, and Glo from Mexican and British chia seeds was measured using an 
Elementar Vario Max Cube (Elementar-Straße 1, Germany) following the 
Dumas combustion method (AOAC, 1995). Crude protein content of 
samples was calculated as total nitrogen multiplied by a conversion 
factor of 6.25. Results were expressed as g protein/100 g dw. For the 
samples with high protein content, ethylenediaminetetraacetic acid 
(EDTA) was used as standard, while for samples with low protein con-
tent, rice flour was used as standard. 

2.3. Total amino acids 

For estimation of total amino acids, 2 mg of DDF, PC, Alb, and Glo 
from Mexican and British chia seeds were hydrolyzed in 6 N HCl (4 mL) 
at 110 ◦C for 24 h in tubes sealed under nitrogen. Tryptophan was 
analyzed by HPLC after basic hydrolysis according to Yust et al. (2004). 
Amino acids were determined after derivatization with diethyl ethox-
ymethylenemalonate by HPLC according to the method of Alaiz et al. 
(1992), using D,L-α-aminobutyric acid as an internal standard and a 300 
mm × 3.9 mm i. d. Reversed-phase column (Novapack C18, 4 μm; Wa-
ters, Milford, MA, USA). 

2.4. Protein quality estimation 

2.4.1. Amino acid score 
Amino acid score (AAS) was estimated using the following equation 

(FAO/WHO/UNU, 1985): 

AAS=
mg of amino acids in 1 g of total protein

mg of amino acids in 1 g requirement pattern
× 100  

2.4.2. Essential amino acid index 
Essential amino acid index (EAAI) was calculated using the amino 

acid composition of a standard (whole egg protein) (Amza et al., 2013): 

EEAI=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(Lys × Thr × Val × Met × Ile × Leu × Phe × His × Trp)a
(Lys × Thr × Val × Met × Ile × Leu × Phe × His × Trp)b

9

√

where “a” the content of amino acids in test sample and “b” the content 
of the same amino acids in the standard (%). 

2.4.3. Predicted biological value 
Predicted biological value (BV) was calculated according to Amza 

et al. (2013) using the following equation: 

BV= 1.09(EAAI) − 11.7  

2.4.4. Protein efficiency ratio 
Protein efficiency ratio (PER) values were obtained from the amino 

acid composition of chia samples based on the following five equations 
(Amza et al., 2013): 

PER 1= − 0.684 + 0.456 (Leu) − 0.047(Pro)

PER 2= − 0.468 + 0.454(Leu) − 0.105(Tyr)

PER 3= − 1.816 + 0.435(Met) + 0.780(Leu) + 0.211(His) − 0.944(Tyr)

PER 4= 0.08084(Thr+Val+Met+ Ile+Leu+Phe+Lys) − 0.1094  

PER 5= 0.0632(Thr+Val+Met+ Ile+Leu+Phe+Lys+His+Arg+Tyr)

− 0.1539  

2.4.5. In vitro protein digestibility (IVPD) 
Samples were digested following the method reported by Tinus et al. 

(2012), with few modifications. Briefly, the equivalent of 62.5 mg of 
protein was rehydrated in 10 mL of Milli-Q water, heated to 37 ◦C and 
adjusted to pH 8.0. The samples were monitored for 10 min to record the 
stability of the pH, followed by the addition of a multienzyme cocktail 
containing trypsin (16 mg, 13,000–20,000 Nα-Benzoyl-L-arginine ethyl 
ester (BAEE)U/mg protein), chymotrypsin (31 mg, 40 U/mg protein) 
and protease (50–100 U/g solids). After the addition of the digestive 
cocktail, the subsequent pH drop was recorded for 10 min. Subse-
quently, the samples were transferred in a water boiling bath for 15 min 
and cooled down in an iced bath. Then the samples were centrifuged at 
4 ◦C, 6000 g for 30 min, and the supernatants were recovered. The IVDP 
was calculated as follows: 

IVPD (%)= 65.66+ 18.10 × (pH0 min – pH10 min)

Meanwhile, the in vitro protein-digestibility corrected amino acid 
score (IVPDCAAS) was calculated as a product of the AAS and IVPD 
(Nosworthy et al., 2018). 

2.5. FPLC-gel filtration chromatography 

An FPLC AKTA Purifier system (GE Healthcare, Uppsala, Sweden) 
equipped with a Superose 12 column (GE Healthcare) was used to 
analyze the molecular weight distribution of DDF, PC, Alb, and Glo from 
both chia seeds in non-denaturating conditions. Samples were extracted 
before gel filtration chromatography with 50 mM phosphate buffer (pH 
7) containing 0.5 M NaCl in 1:10 (w/v) proportion during 30 min at 
room temperature. Injection volume was 500 μL, and the elution buffer 
was 50 mM phosphate buffer (pH 7) containing 0.5 M NaCl with a flow 
rate at 0.5 mL/min. Elution of protein was monitored at 214 nm. Mo-
lecular masses were determined using blue dextran (2000 kDa), cyto-
chrome C (12.5 kDa), aprotinin (6512 Da), bacitracin (1450 Da), 
cytidine (246 Da) and glycine (75 Da) as molecular weight standards 
(Amersham Pharmacia LKB Biotechnology, Uppsala, Sweden). 

2.6. Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) 

SDS-PAGE was performed according to Laemmli (1970) using a 
Minin-Protean 3 Gel Electrophoresis Unit (Bio-Rad) and Criterion TGX™ 
Prec ast Any kD gel (5,671,124 Bio-Rad Laboratories, Inc., CA, USA). 
2.5 mg of sample was dissolved in 1 mL Laemmli buffer (0.1 M 
Tris-Tricine, pH 6.8, 2% SDS, 5% β-mercaptoethanol and 0.025% bro-
mophenol blue), stirred for 1 h, boiled for 5 min, and then centrifuged at 
10,000 g for 1 min and loaded onto the gel (20 μg protein premixed with 
Stained Protein Standard/well) and run at 150 kV. Gel was stained using 
0.125% Coomassie Brilliant Blue R-250 in 7% acetic acid and 40% 
MeOH (v/v) solution and destained in 7% acetic acid and 30% EtOH 
(v/v) solution. As a molecular marker, Precision Plus Protein™ standard 
(10–250 kDa, Bio-Rad Laboratories Inc., CA, USA) was used. 

2.7. Antinutrients 

2.7.1. Total soluble phenolic compounds 
100 mg of sample were dispersed in 1 mL of 80% MeOH + 0.1% 
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formic acid. The mixture was incubated at 30 ◦C for 15 min in a Ther-
momixer C (Eppendorf, Thermo Fisher Scientific, Waltham, MA, USA). 
Subsequently, samples were centrifuged (Eppendorf Centrifuge model 
5424 R, Thermo Fisher Scientific, Waltham, MA, USA) at 2000 rpm at 
30 ◦C for 15 min. The supernatant was collected, and the extraction 
process was repeated. An aliquot of 1 mL of supernatant was mixed with 
100 μL of freshly prepared 0.1% Fast Blue BB and 100 μL of 5% NaOH. 
Reaction mixtures were incubated 2 h in the dark without shaking, and 
absorbance was read at 420 nm in a microplate reader (Biotek In-
struments, Winooski, VT, USA). The results were expressed as mg of 
gallic acid equivalents (GAE)/100 g dw. 

2.7.2. Phytic acid 
Phytic acid (PA) content of samples was determined using the Phytic 

Acid (Phytate)/Total Phosphorus Assay kit (Megazyme, Wicklow, 
Ireland). The results were expressed as g/100 g dw. 

2.7.3. Trypsin inhibitory activity (TIA) 
Trypsin inhibitory activity (TIA) was determined according to Sueiro 

et al. (2015). Briefly, 100 mg of samples were dispersed in 5 mL 0.01 M 
NaOH (pH 8.4–10) and incubated at 20 ◦C for 3 h with constant stirring 
in a Thermomixer (Eppendorf, Thermo Fisher Scientific, Waltham, MA, 
USA). Subsequently, the resulting volume was adjusted to 10 mL with 
Milli-Q water, mixed and left to stand for 15 min. Followed by aliquoting 
1.0 mL mixed slurry and then diluted to a factor resulting in 40–60% 
inhibition of trypsin. An Eppendorf tube was used to mix 200 μL of 
0.015 mg/mL trypsin working solution (1.5 mg of trypsin in 100 mL of 1 
mM HCl) with 100 μL of diluted sample slurry. Then, 500 μL of a pre-
heated (to 37 ◦C) Nα-Benzoyl-DL-arginine 4-nitroanilide hydrochloride 
(DL-BAPNA) solution (40 mg in 1 mL dimethylsulfoxide, diluted to 100 
mL using preheated tris-buffer at pH 8.2) was added to each tube. 
Following a 10-min incubation at 37 ◦C in a Thermomixer (1000 rpm), 
the reaction was terminated by adding 100 μL of 30% acetic acid. The 
samples were subsequently centrifuged in an Eppendorf microcentrifuge 
at 2500 g for 10 min at 37 ◦C, and the absorbance of the supernatant was 
measured at 410 nm using a microplate reader (Biotek Instruments, 
Winooski, VT, USA). Acetic acid was added first to the sample blank, 
while the control was conducted without adding the sample. The results 
were expressed as TIU/mg dw and calculated using the following 
equation: 

TIA=

(

SAMPLE − CTR ∗
10

0.01

)

∗
5 (dilution factor)

sample weight (mg)

2.8. Statistical analysis 

All experiments were performed in three replicates. Data were 
expressed as the mean ± standard deviation. The data were examined 
using analysis of variance (ANOVA). The significant differences were 
determined at 0.05 probability level, and p < 0.05 was considered sta-
tistically significant. 

3. Results and discussion 

3.1. Sample pre-treatment, recovery yield, and nutritional composition 

Mucilage of chia seeds is present on the outer surface of the seeds 
coat (Muñoz et al., 2012). The objective of the degumming process was 
to remove the mucilage layer that could impede the extraction of pro-
teins. When seeds are immersed in water, the mucilage forms a trans-
parent coating around the seed, providing structural support and 
protection. However, this coating can create a physical barrier, hin-
dering nutrient absorption and bioavailability. Following ultrasonic 
treatment, the cotton-like mucilage layer was efficiently removed from 
the seed (Fig. 1). The content of mucilage in Mexican (MR) and British 
(BR) raw chia seeds was 11.6 g/100 g dw and 12.5 g/100 g dw, 

respectively (data not presented). The mucilage removal yield achieved 
in this study was greater than that reported by Muñoz et al. (2012) and 
Urbizo-Reyes et al. (2019), who obtained yields of 6.97% using 
controlled temperature and pH methods, 4.21% by freeze-drying, 3.65% 
by oven drying, and 1.03–1.86% by heat extraction. A higher mucilage 
removal may have positive effects in the accessibility to nutrients and 
bioactive compounds contained within the inner structures of chia 
seeds. 

Proximate composition of raw (R), degummed (DF) and degummed- 
defatted (DDF) chia seed samples is summarized in Table 1. Proteins 
represented 20.40 g/100 g dw for MR and 22.16 g/100 g dw for BR, with 
non-statistical difference (p > 0.05) among them. Ashes represent 4.37 
g/100 g dw and 3.98 g/100 g dw, for MR and RB, respectively. After 
degumming, the proportion of lipids increased by 17.85% in MDF and 
by 10.39% in BDF. Proteins exhibited a slight statistical increase of 
5.29% in MDF and 8.24% in BDF (p < 0.05). However, once 
degumming-defatting steps were carried out, lipids decreased by 
90.59% in Mexican chia and 89.39% in British chia seeds compared to 
MR and BR chia, respectively. Protein increased by 43.13% in MDDF 
compared to MR chia, and by 44.99% in BDDF compared to BR chia. 

3.2. Protein extraction and fractionation 

As mentioned above, protein content in Mexican and British chia 
seeds increased significantly to 43.13% and 44.95%, respectively, with 
the pretreatments used, thus, DDF flours were used as starting material 
to produce chia protein concentrates (PC). Mexican (MPC) and British 
(BPC) chia protein concentrates showed protein contents of 88.32 and 
89.20 g/100 g dw, respectively. Under similar conditions, Timilsena 
et al. (2016b) obtained chia protein isolates with a protein content of 
90.5–91.2 g/100 g dw. While Malik & Riar (2022) produced black 
(Hyderabad, India) and white chia (Mysore, India) protein isolates, with 
a protein content of 90.65 and 90 g/100 dw, respectively, by means of 
isoelectric precipitation, being close to the results obtained in this study. 

In order to have a more comprehensive understanding of various 

Fig. 1. Chia mucilage. A) chia mucilage forms after hydration; B) degummed 
chia seed; C) chia mucilage after ultrasound assisted extraction. 

Table 1 
Proximate composition of raw, degummed and degummed-defatted flours from 
Mexican and British chia samples (g/100 g dw).  

Compound Locations Raw DF DDF 

Ash Mexican 4.37 ± 0.09ab,A 4.06 ± 0.12b,A 6.00 ± 0.07a,A 

British 3.98 ± 0.07b,A 3.43 ± 0.06b,A 6.38 ± 0.29a,A 

Lipid Mexican 32.95 ± 0.81b,B 40.11 ± 0.37a,A 2.94 ± 0.01c,A 

British 35.97 ± 0.78b,A 40.14 ± 0.49a,A 3.58 ± 0.14c,A 

Protein Mexican 20.40 ± 0.17c,B 21.54 ± 0.68b,B 37.87 ± 0.41a,B 

British 22.16 ± 0.26c,B 24.15 ± 0.34b,A 40.28 ± 2.31a,A 

DF, degummed chia flour; DDF, degummed-defatted chia flour. Data are the 
mean and SD of three replicates. Different lowercase letter within the row in-
dicates statistical differences among different chia samples (p < 0.05, Tukey 
test). Different uppercase letter within the column indicates statistical differ-
ences among chia seeds from different place of origin (p < 0.05, Tukey test). 
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aspects of chia protein functionality and its ability to be used for 
different food formulations, main protein fractions present in chia seeds 
should be fully characterized as techno-functional properties can vary 
widely between chia seeds. Furthermore, harvest time, geographical 
location, environmental conditions, and processing conditions/methods 
used, will induce differences in structure, protein fractions ratios 
(globulins, albumins, prolamins and glutelins) and nutritional value of 
chia ingredients (flour, concentrate, or isolate). Thus, a more in-depth 
characterization is imperative to understand the different factors that 
influence protein functionality and nutritional quality of chia protein 
ingredients. The protein content of albumins was determined in MDDF 
and BDDF, which presented 37.96% and 56.75%, respectively, while the 
protein content of globulins was 44.24% and 39.34%, showing statisti-
cal differences (p < 0.05) between seeds from two locations. However, 
the protein content and recovery of prolamins and glutelins in both 
Mexican and British chia of this study were very low, thus, these frac-
tions were not considered for further analysis (data not shown). It can be 
observed that the main protein fractions presented in chia seeds may 
vary based on different extrinsic factors as mentioned above, besides the 
growing conditions, the protein fractions obtained will be highly 
affected by the method/conditions of extraction used. According to 
previous studies, the most abundant protein fraction in chia samples 
were globulins (~52%) and albumins (~18%) (Hernández-Pérez et al., 
2020; Orona-Tamayo et al., 2015; Sandoval-Oliveros & Paredes-López, 
2013). However, Olivos-Lugo et al. (2010) found that a Mexican chia 
seeds was composed mostly of 53.8% prolamins and 23% glutelins. 
While, Julio et al. (2019) observed that the most abundant fraction in 
chia seeds (from state of Yucatan, Mexico) was globulins (64.86%), 
followed by glutelins (20.21%). 

3.3. Amino acid profile and protein quality parameters 

The amino acid profile of DDF, PC, Alb, and Glo from both chia seeds 
are displayed in Table 2. In all samples, Asp + Asn, Arg and Glu + Gln 
were the major amino acids (>8.4% of total amino acid content). 
Because of the potential ability to improve immunity and enhance ath-
letic performance, food sources rich in glutamine have been of great 
interest (Olivos-Lugo et al., 2010). Food sources rich in Arg have been 

reported to have the potential ability to prevent cardiovascular diseases 
(Nitz et al., 2019). Essential amino acids (EAA) represented 
44.58–48.89% of total amino acids, with the highest values in BPC 
(48.04%), BDDF (48.40%), MGlo (48.55%) and MPC (48.89%), while 
the lowest values were observed in BGlo (44.58%). Except for Trp and 
Lys, chia samples covered the daily amino acid requirements for chil-
dren (FAO/WHO/UNU, 1985). In this sense, the consumption of 100 g of 
each of these chia samples may reach the amino acid requirements of 
EAA for children (0.48–2.01-fold) and adults (0.7–5.4-fold) (Table 2). 

The composition of chia samples reveals that the highest content of 
sulphur amino acids (Met and Cys), Gly, Thr, Ala, Pro, and Lys is pre-
sented in Alb fraction, meanwhile, the lowest content in Ser, His, Arg, 
Ile, Leu, and Phe appeared in the same protein fraction. The abundance 
of sulphur amino acids in Alb indicates that they may take part in 
maintaining the tertiary and quaternary structure of this fraction (Chen 
et al., 2023; Sandoval-Oliveros & Paredes-López, 2013), and is of in-
terest to the food industry due to the role they play in hormonal regu-
lation (Julio et al., 2019). The contribution of EAA by chia proteins 
provides 100% of the requirements of sulphur amino acids suggested by 
the FAO/WHO. The amino acid composition of both PC is characterized 
by a high content of aromatic amino acids (Phe, Trp, and Tyr), His, Ile, 
and Leu when compared to DDF, while the content in Lys was lower. 
Within these, Trp and Phe are EAA that are present in fair proportions in 
meat and other animal products and play an important role in the or-
ganism, such as regulation of appetite and mood (Górska-Warsewicz 
et al., 2018; Rodríguez Lara et al., 2021). Additionally, it can be noticed 
that Trp contents of BAlb and BGlo were significantly higher (p < 0.05) 
than Mexican fractions, while the content in Pro of BGlo was signifi-
cantly lower (p < 0.05) than Mexican fractions. Overall, BDDF and BAlb 
samples showed better amino acid balance than the Mexican chia seeds, 
whereas BPC and BGlo samples of chia presented opposite results. 

The diversity of amino acids also may influence parameters of pro-
tein quality of foods, but above all to reach the daily requirements of 
essential amino acids (Adhikari et al., 2022). In this way, EAAI ranged in 
189.40–496.73% in contrast to standard (white egg protein) (Table 3), 
which means that all protein chia samples have almost or more than 
2-fold EAAI than the reference protein source. Highest EAAI were 
observed in BAlb (475.42%) and BGlo (496.73%) samples. The AAS also 

Table 2 
Amino acid profile of degummed-defatted flour, protein concentrates, and albumin and globulin fractions from Mexican and British chia samples (g/100 g protein).  

Amino Acids DDF PC Alb Glo FAO/WHO (1985) 

Mexican British Mexican British Mexican British Mexican British Children Adults 

Asp + Asn 9.39 ± 0.23b 8.72 ± 0.06cd 8.57 ± 0.00d 9.47 ± 0.02b 8.41 ± 0.01d 8.48 ± 0.04d 8.80 ± 0.02c 10.00 ±
0.04a   

Glu + Gln 16.71 ± 0.05d 17.09 ±
0.04c 

17.10 ± 0.03c 17.22 ± 0.15c 17.24 ± 0.08bc 16.92 ±
0.02c 

17.43 ± 0.05b 18.23 ±
0.08a   

Ser 5.90 ± 0.09b 5.93 ± 0.02b 5.91 ± 0.01b 5.88 ± 0.08b 5.55 ± 0.01c 5.54 ± 0.04c 6.14 ± 0.005a 6.23 ± 0.03a   

His 2.61 ± 0.03c 2.84 ± 0.00b 3.05 ± 0.021a 2.94 ± 0.05ab 2.07 ± 0.05d 2.43 ± 0.08c 2.78 ± 0.07bc 3.09 ± 0.02a   

Gly 4.66 ± 0.03b 4.98 ± 0.01a 4.38 ± 0.01c 4.56 ± 0.06bc 4.99 ± 0.03a 4.82 ± 0.00ab 4.28 ± 0.06c 4.32 ± 0.01c   

Thr 3.89 ± 0.07b 3.93 ± 0.03b 3.78 ± 0.01bc 3.88 ± 0.01b 4.20 ± 0.13a 4.23 ± 0.08a 3.59 ± 0.04c 3.65 ± 0.00c 3.4 0.9 
Arg 10.63 ± 0.02d 11.05 ±

0.01c 
11.43 ± 0.02b 11.38 ±

0.07b 
9.57 ± 0.02e 9.29 ± 0.01f 12.25 ± 0.04a 12.22 ±

0.01a   

Ala 5.42 ± 0.09b 5.52 ± 0.03b 5.27 ± 0.00c 5.33 ± 0.02bc 5.64 ± 0.09ab 5.73 ± 0.01a 5.02 ± 0.01d 5.27 ± 0.01c   

Pro 5.05 ± 0.25d 5.06 ± 0.11d 4.75 ± 0.04e 5.34 ± 0.22c 5.55 ± 0.11b 6.62 ± 0.33a 5.02 ± 0.24d 0.33 ± 0.07f   

Tyr 2.70 ± 0.02b 2.68 ± 0.00b 3.15 ± 0.00a 3.06 ± 0.01a 3.21 ± 0.01a 3.09 ± 0.01a 3.12 ± 0.01a 3.17 ± 0.01a   

Val 7.02 ± 0.15a 5.04 ± 0.02f 5.10 ± 0.04ef 5.25 ± 0.15e 5.48 ± 0.03d 5.75 ± 0.00c 4.99 ± 0.15f 6.71 ± 0.05b 3.5 1.3 
Met 2.21 ± 0.01d 2.84 ± 0.01cd 2.95 ± 0.04c 1.27 ± 0.01e 4.67 ± 0.01a 3.76 ± 0.02b 2.96 ± 0.02c 2.32 ± 0.03d   

Cys 1.66 ± 0.01c 1.65 ± 0.03c 1.63 ± 0.00c 1.20 ± 0.01d 2.38 ± 0.01a 1.88 ± 0.02b 1.67 ± 0.01c 1.48 ± 0.00c 2.5 1.7 
Ile 3.73 ± 0.10c 3.87 ± 0.04bc 4.18 ± 0.00a 4.22 ± 0.04a 3.34 ± 0.03d 3.58 ± 0.03c 3.95 ± 0.02b 4.12 ± 0.00ab 2.8 1.3 
Trp 0.73 ± 0.03b 0.68 ± 0.00b 0.77 ± 0.02ab 0.79 ± 0.03ab 0.75 ± 0.03ab 0.91 ± 0.04ab 0.79 ± 0.00ab 0.94 ± 0.09a 0.8 0.5 
Leu 7.28 ± 0.05c 7.51 ± 0.04b 7.61 ± 0.01ab 7.74 ± 0.02a 6.59 ± 0.01d 6.62 ± 0.00d 7.09 ± 0.01c 7.33 ± 0.01bc 6.6 1.9 
Phe 5.59 ± 0.01d 5.84 ± 0.01c 6.18 ± 0.03b 6.41 ± 0.02a 4.65 ± 0.01e 4.80 ± 0.01e 6.04 ± 0.01bc 6.30 ± 0.01ab 6.3 1.9 
Lys 4.83 ± 0.02b 4.78 ± 0.00b 4.20 ± 0.00c 4.08 ± 0.02c 5.72 ± 0.02a 5.56 ± 0.02a 4.10 ± 0.02c 4.27 ± 0.00c 5.8 1.6 

DDF, degummed-defatted chia flour; PC, protein concentrate; Alb, albumin fraction; Glo, globulin fraction. Asp + Asn, aspartic acid + asparagine; Glu + Gln, glutamic 
acid + glutamine; Ser, serine; His, histidine; Gly, glycine; Thr, threonine; Arg, arginine; Ala, alanine; Pro, proline; Tyr, tyrosine; Val, valine; Met, methionine; Cys, 
cysteine; Ile, isoleucine; Trp, tryptophan; Leu, leucine; Phe, phenylalanine; Lys, lysine. Different lowercase letter within the column indicates statistical differences 
among chia seeds from different place of origin (p < 0.05, Tukey test). 
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showed values above those of the standard (130.31–140.09%), which 
refers to the desirable content of EAA in a protein (RAD, 1989). 

Moreover, the BV of chia samples also showed high values ranging 
between 194.75 and 529.74. A BV above 100 is considered as a good 
reference to the possible biological importance of the aminoacidic pro-
file of a protein (Oser, 1959). The higher BV were found again in BAlb 
(506.50) and BGlo (529.54) samples, which indicates a relationship 
between EAAI and BV. 

Protein efficiency ratio (PER) values were estimated in 2.02–3.35 in 
chia samples. PER is based on theorical efficiency of a protein according 
to selected EAA (Amza et al., 2013). Low content of Leu in MAlb and 
BAlb impacts in the relatively low PER1 and PER2 (2.02–2.19), which it 
is compensated by a high content of Thr (4.20–4.23 g/100 g protein), 
Ala (5.64–5.73 g/100 g protein) and Lys (5.56–5.72 g/100 g protein), 
while BGlo and BPC had the highest PER1 (2.64) and PER2 (2.72) values, 
respectively. Elevated content in Leu (>7.00 g/100 g protein) and Arg 
(>10 g/100 g protein) mainly favored the high PER5 values in chia 
samples. 

In vitro protein digestibility (IVPD) of Mexican and British DDF were 
78.03% and 81.65%, respectively. After protein extraction, MPC showed 
a IVPD of 91.66% (14.85% higher than MDDF) and BPC of 91.91% 
(>11.16% higher than BDDF). IVPD of albumins and globulins from 
both chia seeds were below 70%. Mohammed et al. (2019) conducted an 
assessment of IVPD of defatted chia flour grown in USA and Egypt, 
showing an IVPD value of approximately 66% for both samples. Mon-
roy-Torres et al. (2008) and Sandoval-Oliveros & Paredes-López (2013) 
estimated the IVPD of DDF samples (~80%), obtaining a close IVPD 
value to that of this study, thus degumming-defatting treatment seems to 
not affect the chia protein digestibility. IVPD of PC increased notably in 
both chia seeds, but Olivos-Lugo et al. (2010) reported values of 49.4% 
of IVPD in a chia protein isolate, which is markedly lower than the 
values observed in PC, Alb and Glo samples from both seeds in this 
study. This could be due to the vast variety of in vitro protein digestibility 
methodologies, which makes it difficult to compare results, as enzymatic 
conditions change widely between methods. However, globulin fraction 
presented an IVPD of 82.5% in a defatted chia sample (Sandoval-Oli-
veros & Paredes-López, 2013). Protein digestibility is a crucial factor for 
protein quality, as it provides valuable information on the ability of 
digestive enzymes to break down proteins to release amino acids and 
small peptides from native proteins (López et al., 2018b). However, 
protein digestibility may be influenced by the interaction with different 
compounds present naturally in chia seeds known as antinutritional 
factors (Salgado et al., 2022). 

Compared to previous studies, the IVPD observed in MDDF is similar 
to the reported by Sandoval-Oliveros & Paredes-López (2013) 
(77.5–78.9%) possibly because these are also Mexican genotypes, 
however, both Mexican and British DDF showed higher IVPD values 
than American and Egyptian defatted chia seed samples (Mohammed 
et al., 2019). Fat removal is of outmost importance, as the reduction of 
the protein digestibility in samples containing fair quantities of fat could 
be linked to the formation of protein-lipid complexes (Alvarez-Barajas 

et al., 2023). Information about IVPD of protein fractions of chia is 
scarce, but data for other seeds has indicated that IVPD from wheat flour 
and protein fractions is highly influenced by non-protein components 
and the albumin proportion present; additionally it was observed that 
these must be considered for the development of wheat cultivars with 
higher protein digestibility and thus impacting food product develop-
ment (Ma & Balk, 2021; Orlien et al., 2023). 

PDCAAS is a protein quality assessment method that takes into ac-
count both human amino acid requirements and protein digestibility. 
Protein concentrates from both chia seeds also showed the highest 
IVPDCAAS, with 68.09% and 70.53% for the Mexican and British sam-
ples, respectively, followed by the DDF (58.35–62.31%) and protein 
fractions (48.42–53.31%) (Table 3), only the globulin fraction from 
British chia had IVPDCAAS lower than 50%. The prediction suggests a 
good digestibility of chia proteins, which could represent an enhanced 
release and bioavailability of small peptides and free amino acids 
(Shaghaghian, 2022). Monroy-Torres et al. (2008) evaluated the di-
gestibility of chia seeds subjected to common cooking conditions and 
concluded that chia’s proteins have intermediate and low digestibility 
(values not reported), which could be due to the absence of 
degumming-defatting steps in the preparation of the samples analyzed. 

IVPD of chia proteins can vary depending on the specific location of 
chia seeds and the processing methods used. It is important to highlight 
that IVPD may not necessarily reflect the real protein digestibility in the 
human body, as it does not consider several factors such as the gut 
microbiota and individual differences in digestive physiology. However, 
in vitro protein digestibility values can still provide useful information 
about the potential nutritional value of a protein source. 

3.4. FPLC profile of chia 

Fast protein liquid chromatography (FPLC) was carried out in order 
to analyze the molecular weight distribution of the DDF, PC, Alb and Glo 
from Mexican and British chia seeds in non-denaturing conditions 
(Fig. 2). MDDF and BDDF presented a similar profile of proteins, but in 
MDDF the largest peak reached 101 kDa, while in BDDF, it barely ex-
ceeds 90 kDa. Other polypeptides of 8.4 and 7.7 kDa may be identified in 
MDDF and BDDF, respectively. Interestingly, in these samples large 
proteins can be found along small peptides (0.44 kDa in MDDF and 0.36 
kDa on BDDF). 

Proteins of high MW, 99.4 and 107.4 kDa, were identified in MPC 
and BPC, respectively, these peaks may be 6S globulins (~104 kDa). 
Globulins polypeptides aggregate− disaggregate due to different phe-
nomena during the protein extraction procedure (i.e., temperature, 
alkaline pH, and freeze drying), and especially the pH is involved in the 
structural changes of globulins, producing association and dissociation 
of the hexamer subunits of this protein fraction (Sandoval-Oliveros & 
Paredes-López, 2013). However, these peaks did not present the highest 
signals for MPC and BPC. Instead, polypeptides with a MW of 15.4 kDa 
and 16.4 kDa displayed the largest peaks, for MPC and BPC, respec-
tively. These peaks may belong to the glutelin fraction (4 bands from 20 

Table 3 
Protein quality parameters of degummed-defatted flour, protein concentrates, and albumin and globulin fractions from Mexican and British chia samples.  

Sample Locations AAS (%) EAAI (%) BV PER1 PER2 PER3 PER4 PER5 IVPD (%) IVPDCASS (%) 

DDF Mexican 133.72 310.52 326.77 2.40 2.55 2.83 2.68 3.04 78.03 ± 0.28c 58.35 
British 131.03 325.36 342.94 2.50 2.66 3.35 2.62 3.03 81.65 ± 5.72b 62.31 

PC Mexican 134.62 406.98 431.90 2.57 2.66 3.08 2.64 3.11 91.66 ± 0.84a 68.09 
British 130.31 189.40 194.75 2.59 2.72 2.51 2.55 3.02 91.91 ± 0.65a 70.53 

Alb Mexican 131.74 362.62 383.56 2.06 2.19 2.76 2.69 2.97 67.65 ± 0.51f 51.35 
British 135.27 475.42 506.50 2.02 2.21 2.58 2.66 2.95 69.73 ± 0.13d 51.55 

Glo Mexican 129.18 296.95 311.98 2.31 2.42 2.64 2.54 3.06 68.86 ± 0.38e 53.31 
British 140.09 496.73 529.74 2.64 2.53 2.57 2.70 3.21 67.83 ± 0.95ef 48.42 

AAS, amino acids score; EAAI, essential amino acid index; BV, biological value; PER, protein efficient ratio; IVPD, in vitro protein digestibility; IVPDCAAS, in vitro 
protein digestibility-corrected amino acid score. DDF, degummed-defatted chia flour; PC, protein concentrate; Alb, albumin fraction; Glo, globulin fraction. Different 
letters in same column indicate statistical differences by Tuckey’s test (p < 0.05). 
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to 30 kDa) that can be classified either as globulins or glutelins, this is 
attributed mainly to the difficulty to solubilize this protein fraction and 
to the possible denaturation caused by the processing/extraction 
method used (Sandoval-Oliveros & Paredes-López, 2013; Verfaillie 
et al., 2023; Wang et al., 2023). This indicates that the protein extraction 
procedure used led to an enrichment of the main chia protein fractions 
for both PC. High MW proteins are still present in PC, but in BPC proteins 
above 100 kDa were more abundant than in BDDF, while in MPC pro-
teins of about 90 kDa were dominant after the protein extraction step. 
Additionally, in both chia seeds low MW peaks are observed, about 0.39 
kDa in MPC and 0.15 kDa in BPC, which means di- and tripeptides may 
be found in these samples. 

In albumin samples, dominant signals of about 9.6–9.7 kDa were 
observed, in consistency with molecular weights reported for albumins 
in other studies (Sandoval-Oliveros & Paredes-López, 2013). The second 
largest signal corresponded to 88.9 kDa in MAlb and 102.7 kDa in BAlb. 
The other outstanding peaks were estimated between 0.72 and 0.74 kDa, 
which can be related to small peptides of 4–7 amino acids. 

Finally, MGlo and BGlo showed dominant peaks above 120 kDa, 
followed by signals of 11.4 and 4.3 kDa, respectively. It can be observed 
that DDF and MGlo showed larger molecular weight distribution than 

the British chia seeds, while the British chia seeds showed a wider mo-
lecular weight range than Mexican for PC and Alb. A previous study has 
confirmed that the major component of the globulin fraction is a 11S 
globulin, whose molecular weight was between 300 and 400 kDa 
(Sandoval-Oliveros & Paredes-López, 2013), however, this cannot be 
accurately determined by FPLC in this study. Additionally, is important 
to consider protein solubility, as proteins are extracted from flours by 
adjusting the pH and/or the ionic strength of the solubilization media to 
promote protein solubility, thus, proteins will have different behaviors 
depending on their structural features and extraction conditions. 

All these results provide an indication that protein extraction and 
fractionation processes did not have negative modifications on chia 
protein samples; on the contrary, protein fractionation may allow to 
improve the concentration/isolation of target protein fractions and/or 
peptides from heterogeneous protein solutions. 

3.5. SDS-PAGE 

The electrophoresis of MDDF and BDDF is displayed in Fig. 3A. 
Under non-reducing conditions, in Mexican samples the main bands 
observed corresponded to 42 (24.3%), 12 (14%) and 10 (12.3%) kDa, 
while in British samples the major protein bands had a MW of 45 (7.7. 
%), 12 (13.1%), 10 (12.8%) and 9 (16.18%) kDa. However, under 
reducing conditions, both chia seeds showed similar band distributions, 
these were grouped in two MW distribution groups: 26.3–28.7 kDa 
(20.3–24.9%) and 3.7–8.1 kDa (29.2–41.3%), respectively. 

On the other hand, Fig. 3B shows the protein profile of MPC and BPC. 
Both protein concentrates under non-reducing conditions showed 
similar protein bands of 42.2 kDa (26.7%) and another of 10.5–15.0 kDa 
(35.8–37.2%), but in the British sample, two other bands of no less 
importance appeared with 43.3 (30.3%), 26.6 (14.7%) and 7.7 (20.3%) 
kDa. As was observed in reducing conditions in DDF samples, both 
protein concentrates showed similar pattern of proteins of 25.2–26.5 
(27.7–32.7%), 16.9–17.5 (11.3–11.4%) and 2.5–5.8 (19.6–21.4%) kDa. 

For non-reducing conditions, MAlb showed a band of 7.1 kDa 
(77.9%), while for BAlb the main band was found at 6.3 kDa (55.1%) 
(Fig. 3B). In reducing conditions, albumin from Mexican chia seeds 
showed three main bands of 10.1 kDa (29.9%), 3.6 kDa (14.5%) and <2 
kDa (36.2%), while the British sample presented bands of 9.9 kDa 
(21%), 5.6 kDa (15.6%), 3.6 kDa (12.8%) and <2 kDa (19.9%). A similar 
pattern of bands was detected by Sandoval-Oliveros & Paredes-López 
(2013) in albumins from Mexican chia seeds. 

Under non-reducing conditions, the main band of MGlo was found 
with a MW of 50 kDa (31.4%), while in the British the main bands were 
reported with 30 (17.7%), 28 (10.7%), 26 (35.2%) and 16 (22.7%) kDa 
(Fig. 3B). For reducing conditions, MGlo showed the main bands of 
25.9–28.2 (34.2%), 18 (12.5%) and 6 (17.1%) kDa, while BGlo main 
bands had a MW of 28 (13.7%), 21 (12.1%), 18 (14.6%), 6 (29.6%) kDa. 
These MWs correspond to 11S and 7S subunits from chia globulins, both 
described by Sandoval-Oliveros & Paredes-López (2013) for Mexican 
chia under reduced and non-reduced conditions. 

SDS-PAGE of DDF and PC samples under reducing conditions showed 
a similar protein profile, while under non-reducing conditions it is not 
appreciated. However, this behavior was not detected when protein 
fractions were compared among reducing and non-reducing conditions. 
Bands of 42–50 kDa were observed in MDDF and MPC, but also were 
present as the main bands in MGlo (even at reducing conditions), which 
indicates that globulins may represent the most abundant proteins in 
chia. Globulins were also detected in British samples, but mainly at a 
MW of 25–35 kDa. As is appreciated in Fig. 3B, albumins are present in 
both chia seeds, but their presence did not stand out as globulins were. 
Most intense bands were also related to globulins by Grancieri et al. 
(2019a) in Brazilian DDF in non-reducing conditions and similar to the 
reported by Sandoval-Oliveros & Paredes-López (2013) in MDDF at 
reducing conditions. In these two studies, authors reported that albu-
min’s bands were less intense in comparison to globulins and raw 

Fig. 2. FPLC gel filtration analysis of chia samples. MDDF, Mexican 
degummed-defatted chia flour; BDDF, British degummed-defatted chia flour; 
MPC, Mexican protein chia concentrate; BPC, British protein chia concentrate; 
MAlb, albumin fraction from Mexican chia; BAlb, albumin fraction from British 
chia; MGlo, globulin fraction from Mexican chia; BGlo, globulin fraction from 
British chia. 
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protein extract, which agree with the results obtained this study. 
Both Mexican and British chia samples showed a large number of 

bands with a wide range of molecular sizes, which indicates that during 
the protein extraction and fractionation processes these remained intact 
and are not washed away within the different steps. However, in the 
albumin fractions, bands with high intensity are faintly observed, these 
belong to the globulins fraction, as is not possible to guarantee the 

absence of globulins in this fraction (Segura-Nieto et al., 1992). 

3.6. Antinutrient content 

Fig. 4 shows the composition of antinutrients in Mexican and British 
DDF, PC, Alb, and Glo. Compared to other chia samples, TPC showed the 
highest values for MAlb and BAlb, (4884 and 3338 mg GAE/100 g, 

Fig. 3. SDS-PAGE of protein samples from Mexican and British chia samples. A) SDS-PAGE of degummed-defatted chia samples. Lines: 1 and 6) protein reference 
(kDa); 2) Mexican chia-degummed-defatted (non-reducing); 3) Mexican chia-degummed-defatted (reducing); 4) British chia-degummed-defatted (non-reducing); 5) 
British chia-degummed-defatted (reducing). B) SDS-PAGE of protein concentrates and fractions. Lines: 1) protein reference (kDa); 2) Mexican chia protein 
concentrate (non-reducing); 3) Mexican chia protein concentrate (reducing); 4) British chia protein concentrate (non-reducing); 5) British chia protein concentrate 
(reducing); 6) Mexican albumin fraction (non-reducing); 7) Mexican albumin fraction (reducing); 8) British albumin fraction (non-reducing); 9) British albumin 
fraction (reducing); 10) Mexican globulin fraction (non-reducing); 11) Mexican globulin fraction (reducing); 12) British globulin fraction (non-reducing); 13) British 
globulin fraction (reducing). a, 45 kDa; b, 12 kDa; c, 10 kDa; d, 26.3–28.7 kDa; e, 3.7–8.1 kDa; f, 42.2 kDa; g, 10.5–15.0 kDa; h, 25.2–26.5 kDa; i, 16.9–17.5 kDa; j, 
2.5–5.8 kDa; k, 43.3 kDa, l, 26.6 kDa; m, 7.7 kDa; n, 7.1 kDa; o, 10.1 kDa; p, 3.7 kDa; q, 6.3 kDa; r, 50 kDa; s, 25.9–28.2 kDa; t, 21 kDa; u, 18 kDa; v, 6 kDa; w, 
26–30 kDa; x, 16 kDa; y, 28 kDa, z, 21 kDa. 
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respectively) followed by DDF (628.64 and 579.84 mg GAE/100 g for 
Mexican and British chia seeds, respectively), PC (306.99 mg GAE/100 g 
in and 248.34 mg GAE/100 g in MPC and BPC, respectively), MGlo and 
BGlo (209.94 mg GAE/100 g and 213.55 mg GAE/100 g, respectively) 
(Fig. 4A). As can be observed, the protein extraction step decreased 
51.16% TPC in MPC and 57.17% in the BPC, however, these values 
increased dramatically with albumin fractionation (7.77-fold for MAlb 
and 5.76-fold in BAlb) compared to DDF. This could be due to the 
possible removal of water-soluble phenolic compounds during protein 
fractionation, such as flavonoids and tannins. 

Rahman et al. (2017) obtained a TPC in Canada defatted chia meal of 
1422 mg GAE/100 g, while Tunçil & Çelik (2019) reported that the TPC 
in defatted Argentinian black and white chia seeds were 352 and 342 mg 
GAE/100 g, respectively. Ikumi et al. (2022) observed that the TPC from 
chia seeds grown in Kenya ranged between 73 and 87 mg GAE/100 g. 
The differences could be due to the presence of mucilage in Argentinian 
and Canadian seeds which may hinder the extraction of phenolic com-
pounds, as this was not carried out. Moreover, previous studies have 
proven that growing/environmental conditions and geographical loca-
tion significantly impact the composition, amount and diversity of 
phenolic compounds of chia seeds (Ayerza, 2010). Additionally, differ-
ences in the extraction methods employed across different studies have 
led to notable variations in reported TPC values (Silva et al., 2015). 
Furthermore, processing conditions (i.e. heating, particle size, and 
pressure) and the solvent (i.e. water, methanol, acidified ethanol, ethyl 
acetate, etc.) used will also affect the concentration, chemical nature, 
polarity, and solubility of these compounds in the different chia prod-
ucts (Silva et al., 2015). Phenolics removal from protein matrixes with 
low or null impact on proteins is still a gap in plant-based protein 
products. 

Phenolic compounds offer various health benefits, including their 
capacity to act as potential antioxidants and free radical scavengers, 
along with other significant physiological and biological properties 
(Alcântara et al., 2019, Oliveira-Alves et al., 2017; Reyes-Caudillo et al., 
2008; Goli et al., 2005). However, protein-phenolic interactions can 
have negative effects on the physicochemical properties of chia proteins, 
as well as their techno-functionality, digestibility, protein quality, bio-
accessibility (and their consecutive bioavailability and bioactivity), 
among other parameters (Czubinski & Dwiecki, 2017; Yan et al., 2023). 
These types of interactions may decrease the number of reactive groups 
in proteins and peptides, especially on free amino, free thiol groups and 
tryptophan residues (Sęczyk et al., 2019). Same effects could also be 
observed on globulins (Sęczyk et al., 2019), however, in the studied 
samples this phenomenon was totally different. Albumins from chia may 
present a high amount of free tryptophan residues, which they have 
affinity to bind to phenolics of low MW, such as hydroxycinnamic and 
hydroxybenzoic acids, as well as they may interact with glycosidic res-
idues from aglycones of flavanols and flavonoids (Czubinski & Dwiecki, 
2017). The high content of TPC in albumins could be due to the frac-
tionation process, as albumins are water soluble proteins. Certain 
water-soluble phenolic compounds are extracted along with albumins, 
such as gallic acid, catechin, epicatechin, procyanidin and quercetin, 
which have been identified in chia seeds (Abdel-Aty et al., 2021). 
Globulins do not have these characteristics, hence protein chelation by 
phenolics is less frequent in these proteins (Sęczyk, et al., 2019). 

PA contents of chia samples were gradually decreased with protein 
concentration-fractionation processes (Fig. 4B). The PA content in DDF 
was significantly higher compared to other samples, with values of 2.83 
and 2.40 g/100 g for Mexican and British samples, respectively. Then, 
the PA content in MPC and BPC decreased by 65.12% and 69.21%, 
respectively. MAlb exhibited a decrease of 92.68% compared to MDDF, 
while BAlb showed a decrease of 93.68% compared to MDDF. MGlo 
showed a decrease of 95.34% compared to MDDF, while BGlo showed 
similar content to MAlb. The protein concentration/fractionation pro-
cesses successfully allowed the reduction (a decrease of >90%) of PA in 
chia samples. This achievement can be attributed to the presence of PA 

Fig. 4. Antinutritional factors in chia degummed-defatted chia flour (DDF), 
protein concentrate (PC), albumin (Alb), and globulin (Glo) fractions. A: total 
soluble phenolic compounds (TPC, mg GAE/100 g dry sample); B: phytic acid 
(g/100 g dry sample); C: trypsin inhibitory activity (TIA, TIU/mg dry sample). 
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primarily within the outer layer of the chia seeds. A comprehensive 
study by Sahu et al. (2023) confirmed this point by illustrating the 
exclusive localization of PA in distinct seed layers across various plant 
species. For instance, in barley, rice, wheat, and millet, PA is stored 
within the aleurone layer and germ. In the context of wheat, the outer 
pericarp and aleurone layers enclose PA, while in maize, its presence is 
notable in the germ region. 

Egli et al. (2002) used a consecutive soaking-germination process for 
three pseudocereals (amaranth, buckwheat, and quinoa), obtaining a PA 
content of 0.97–1.42 g/100 g in untreated seeds, 1.03–1.43 g/100 g in 
soaked seeds and 0.85–1.43 in germinated seeds. Thus, 
soaking-germination process did not effectively reduce the PA content. 
Furthermore, authors also observed this behavior in 10 cereals, 11 
pulses and 2 oilseeds subjected to this treatment. However, Levent 
(2017) found a PA content in noodles made with 0–30% chia seed flour 
+ DATEM (diacetyl tartaric esters of mono/di glycerides) as emulsifier 
of 0.17–1.06 g/100 g, these results are notably lower than ours, possibly 
because they used a lower amount of chia seeds for the noodle 
formulation. 

PA exhibits a dual behavior concerning complex formation with 
proteins. At low pH and low cation concentration, direct electrostatic 
interactions lead to the formation of phytate-protein complexes. 
Conversely, at pH levels above 6 to 7, a ternary phytic acid-protein 
complex is formed, which subsequently dissociates in the presence of 
high Na+ concentrations. These complexes are associated with reduced 
protein bioavailability and display heightened resistance to proteolytic 
digestion under low pH conditions (Castro-Alba et al., 2019; Zhang 
et al., 2020). Although PA exhibits beneficial properties such as anti-
oxidant activity, anticancer, cholesterol and blood sugar reduction, and 
DNA damage protection (Campos-Vega et al., 2010; Nissar et al., 2017), 
it is important to consider its impact from a nutritional perspective, 
particularly in food products. PA possesses chelating capabilities, which 
can hinder the absorption of essential minerals, making it less desirable 
for individuals or populations with mineral deficiencies (Castro-Alba 
et al., 2019; Egli et al., 2002; Kumar et al., 2010; Sánchez-Velázquez 
et al., 2021). This issue becomes particularly relevant for vegans and 
vegetarians who might consume PA-rich foods and, consequently, are 
more prone to experiencing mineral deficiencies. 

Contrary to TPC and PA contents, TIA increased with extraction/ 
fractionation process on chia seed samples (Fig. 3C). Thus, TIA of DDF 
presented the lowest values (17.91 and 18.65 TIU/mg in MDDF and 
BDDF, respectively), while MPC and BPC showed a TIA increase of 5.43 
and 4.72-fold, respectively. Followed by Alb and Glo for both Mexican 
(3.3–2.37-fold increase) and British (2.76–2.72-fold) seeds, respectively. 
This phenomenon may be attributed to the predominant presence of 
trypsin inhibitors (TIs) within the chia protein concentrates and frac-
tions, with the extraction and fractionation process enhancing the con-
centration of TIs content within these protein fractions. 

Avilés-Gaxiola et al. (2018) found that proteinase inhibitors (TIA) in 
soy and faba beans, are mostly located in the cotyledon (>90%). How-
ever, in chickpeas, TIA are distributed across multiple anatomical parts, 
including cotyledon (77.2%–75.8%), embryonic axis (11.9%–15.5%), 
and seed coat (10.9%–8.7%). Thus, the cellular localization of protein-
ase inhibitors has been found within protein bodies, cell walls, inter-
cellular spaces, and cytosol (Avilés-Gaxiola et al., 2018). For mung 
beans, TIA are only localized in the cytoplasm and not within protein 
bodies (Krishnan et al., 2022), while for soybean, inhibitors (BBTI and 
KTI) were also found in the nucleus (Hernández-Nistal et al., 2009). This 
study showed that chia seeds contain high levels of TI in the protein 
concentrates, albumins, and globulins, indicating that protein bodies 
and cotyledon are potentially the primary locations of TI in the seeds. 

During digestion, trypsin is produced as an inactive form called 
trypsinogen in the pancreas, it is a globular protein consisting of 220 
amino acid residues with a molecular weight of 24 kDa. Upon entering 
the small intestine, trypsinogen is inactive and converted into its active 
form, trypsin (Divyapicigil et al., 2020). Thus, consuming foods rich in 

TIs can result in the irreversible formation of a complex between trypsin 
and TI, leading to a decreased trypsin activity in the intestine and 
reduced protein digestibility (Sánchez-Velázquez et al., 2021). 

The protein concentration/fractionation process successfully 
reduced the content of PA for both PC and protein fractions, while TPC 
showed a similar behavior, but this was not observed for the albumin 
fractions as discussed above. While the content of TIs was increased. 
Thus, depending on the methods used for the extraction and/or frac-
tionation of plant proteins, these will impact on the presence or absence 
of certain antinutrients, therefore, reducing and/or enhancing the pro-
tein digestibility and nutritional quality of plant protein ingredients. 

Results of chia flour obtained in this study are in some extent 
different to those published, which could be associated with the 
degumming and defatting processing steps used, the extraction and 
fractionation methods applied and to the environmental/growing con-
ditions and geographical locations of the seeds analyzed. 

4. Conclusions 

To the best of our knowledge, this is the first study that evaluates the 
effect of degumming-defatting, protein extraction and fractionation of 
Mexican and British chia seeds on the proximate and amino acid 
composition, protein quality and antinutrient content. The main protein 
fractions of both chia seeds were albumins and globulins. The protein 
contents of chia fractions were 37.9% (MAlb), 56.8% (BAlb), 44.2% 
(MGlo) and 39.3% (BGlo), respectively. BDDF and BAlb showed an 
improved amino acid profile than the Mexican chia seeds, while BPC and 
BGlo samples showed opposite results. The EAAI indicated that all chia 
protein samples provided more than the double of white egg protein 
(protein reference), ranging from 189.4% to 496.7%. BV values showed 
the same trend as EAAI, indicating the potential biological value of chia, 
due to its complete amino acid profile. The PER values were influenced 
by EAA and ranged from 2.02 to 3.35 in chia samples. IVPD of Mexican 
and British chia samples increased after protein extraction but decreased 
during fractionation, likely due to concentration of TI and phenolic 
compounds. Albumins from both seeds showed the highest TPC, possibly 
due to the extraction of certain water-soluble phenolic compounds 
during albumin fractionation. The protein extraction/fractionation 
process successfully reduced PA content but increased TIA. The presence 
of antinutrients in chia samples indicates that protein digestibility could 
be reduced to some extent during gastrointestinal digestion due to the 
presence of certain antinutrients. In general, the findings suggest that 
both Mexican and British chia protein fractions are potential ingredients 
for the development of food formulations with enhanced nutritional 
traits. Furthermore, subsequent research should focus on optimizing 
extraction and fractionation methods, in order to explore the increase 
and/or reduction of certain antinutrients. Depending on the protein 
fraction of interest, tailor made optimized foods can be developed by 
incorporating chia protein fractions into palatable, digestible and 
nutritionally enhanced foods. Chia proteins promise to play a pivotal 
role in crafting functional foods that could fulfill diverse dietary pref-
erences and promote health benefits. 
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Arcand, Y., & Hernández-Álvarez, A. J. (2021). Impact of processing on the in vitro 
protein quality, bioactive compounds, and antioxidant potential of 10 selected 
pulses. Legume Science, 3, e88. 

SANDOVAL-OLIVEROS, M. R., & PAREDES-LÓPEZ, O. (2013). Isolation and 
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