
Full Terms & Conditions of access and use can be found at
https://informahealthcare.com/action/journalInformation?journalCode=tcyt20

CyTA - Journal of Food

ISSN: 1947-6337 (Print) 1947-6345 (Online) Journal homepage: informahealthcare.com/journals/tcyt20

Structural prope rties, functional evaluation, and
in vitro protein digestibility of black and yellow
quinoa (Chenopodium petiolare) protein isolates

Aidee I. Sánchez-Reséndiz, Anayansi Escalante-Aburto, Vidalina Andía-Ayme
& Cristina Chuck-Hernández

To cite this article: Aidee I. Sánchez-Reséndiz, Anayansi Escalante-Aburto, Vidalina Andía-Ayme
& Cristina Chuck-Hernández (2019) Structural prope rties, functional evaluation, and in vitro
protein digestibility of black and yellow quinoa (Chenopodium petiolare) protein isolates, CyTA -
Journal of Food, 17:1, 864-872, DOI: 10.1080/19476337.2019.1669714

To link to this article:  https://doi.org/10.1080/19476337.2019.1669714

© 2019 The Author(s). Published with
license by Taylor & Francis Group, LLC.

Published online: 18 Oct 2019.

Submit your article to this journal 

Article views: 2887

View related articles 

View Crossmark data

Citing articles: 5 View citing articles 

https://informahealthcare.com/action/journalInformation?journalCode=tcyt20
https://informahealthcare.com/journals/tcyt20?src=pdf
https://informahealthcare.com/action/showCitFormats?doi=10.1080/19476337.2019.1669714
https://doi.org/10.1080/19476337.2019.1669714
https://informahealthcare.com/action/authorSubmission?journalCode=tcyt20&show=instructions&src=pdf
https://informahealthcare.com/action/authorSubmission?journalCode=tcyt20&show=instructions&src=pdf
https://informahealthcare.com/doi/mlt/10.1080/19476337.2019.1669714?src=pdf
https://informahealthcare.com/doi/mlt/10.1080/19476337.2019.1669714?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/19476337.2019.1669714&domain=pdf&date_stamp=18 Oct 2019
http://crossmark.crossref.org/dialog/?doi=10.1080/19476337.2019.1669714&domain=pdf&date_stamp=18 Oct 2019
https://informahealthcare.com/doi/citedby/10.1080/19476337.2019.1669714?src=pdf
https://informahealthcare.com/doi/citedby/10.1080/19476337.2019.1669714?src=pdf


Structural prope rties, functional evaluation, and in vitro protein digestibility of
black and yellow quinoa (Chenopodium petiolare) protein isolates
Aidee I. Sánchez-Reséndiza, Anayansi Escalante-Aburtob, Vidalina Andía-Aymec and Cristina Chuck-Hernándeza
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ABSTRACT
In this work, the structural and functional properties of proteins from black and yellow quinoa were
assessed as well as the in vitro digestibility. Black quinoa flours contained higher amounts of crude
fiber and lower amounts of total starch compared to the yellow counterpart. Structurally, electro-
phoretic SDS-PAGE bands corresponding to 50 kDa 11S globulin, and 55 kDa protein (under non-
reducing conditions), and 31–33 kDa (under reducing conditions) were observed in both isolates.
Fat absorption and water solubility indexes were comparatively lower in the black quinoa protein
isolate. Both isolates showed a good nitrogen solubility index and emulsifying activity. In vitro
protein digestibility was similar for both varieties (>95%). The addition of the protein isolates
obtained from quinoa flours could be considered as a good alternative to increase the protein
content of different foods taking advantage of key functional properties such as nitrogen solubility
index and emulsifying activity.

Propiedades estructurales, evaluación funcional y digestibilidad proteica in-
vitro de aislados de quinoa negra y amarilla (Chenopodium petiolare)

RESUMEN
En este trabajo, las propiedades funcionales y estructurales de proteínas de quinoa negra y amarilla
fueron evaluadas, así como su digestibilidad in vitro. Las harinas de quinoa negra tuvieron porcentajes
de fibra cruda más altos y contenido de almidón total bajos comparado con las harinas de quinoa
amarilla. Estructuralmente se observaron, en geles de SDS-PAGE, bandas de 50 kDa que corresponden
a globulinas 11S, así como una proteína de 55 kDa (en condiciones no reductoras) y 31 a 33 kDa (en
condiciones reductoras) para ambos aislados. Análisis de espectroscopía infrarroja con transformada de
Fourier, mostraron una proporción relativamente alta de estructuras desordenadas. Los índices de
absorción de grasa y solubilidad en agua fueron comparativamente más bajos en aislados proteicos
de quinoa negra. Ambos aislados mostraron buenos índices de solubilidad de nitrógeno y actividad
emulsificante. La digestibilidad proteica in vitro fue similar para ambas variedades (>95%). La adición de
aislados proteicos obtenidos de harina de quinoa, podría ser considerada como una buena alternativa
para aumentar el contenido proteico de diferentes alimentos, tomando ventaja de propiedades
funcionales clave como índice de solubilidad de nitrógeno y actividad emulsificante.
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1. Introduction

Pseudocereals are plants that produce seeds similar in function
and composition to cereals (Alvarez-Jubete, Arendt, & Gallagher,
2010). Quinoa is a pseudocereal cultivated in Peru and Bolivia
since ancient times by the Incas, and it is considered by FAO as
one of the foods of the future, due to its capacity for agronomic
adaptation (Toapanta, Carpio, Vilcacundo, & Carrillo, 2016). There
are around 100 varieties of quinoa, among them red, black and
yellow/white cultivars, being the last two the most produced in
terms of volume (Arzapalo Quinto, Huamán Cóndor, Quispe
Solano, & Espinoza Silva, 2015). Recently, quinoa has emerged
because is a good source of different nutrients for the human
diet, it has a high protein content (around 15%) and an excellent
amino acid profile, close to the ideal balance recommended by
FAO (Elsohaimy, Refaay, & Zaytoun, 2015). Quinoa has high
amounts of lysine and methionine compared to other cereals
and pseudocereals, such as maize and amaranth. Lysine content

in quinoa seeds is above the FAO/WHO recommendation (5.5 g/
100 g protein) (López, Galante, Robson, Boeris, & Spelzini, 2018).
The main protein fractions include albumins and globulins
(44–77% of total protein) with a low content of prolamines
(0.5–0.7%) (Guerreo-Ochoa, Pedreschi, & Chirinos, 2015). These
grains are prepared in different ways for direct consumption or
quinoa based-foods production. Although they were once per-
ceived as less nutritious and an incomplete source of essential
amino acids, plant proteins are now viewed as a healthy alter-
native for meeting protein needs or recommendations for all
ages (Richter, Skulas-Ray, Champagne, & Kris-Etherton, 2015).
Protein isolates can be added as an ingredient to different
foods to meet requirements of “functional foods” (Chuck-
Hernández & Ozuna, 2019). Protein isolation is performed over
the flour to obtain a sample containing a high concentration of
protein. This procedure is achieved by the treatment of defatted
or partially defatted flours with alcohol or diluted acid to
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solubilize carbohydrates, thus obtaining concentrated or isolated
products. The use of this method to obtain protein isolates is
commonly applied to soybean seeds, for other foods such as
amaranth, quinoa or chia, fewer studies have been reported
(Avila Ruiz, Xiao, van Boekel, Minor, & Stieger, 2016; Brinegar &
Goundan, 1993). During the extraction of proteins and their
isolation, these compounds may be induced to critical structural
changes resulting from treatmentswith alkalineor acid solutions.
Changes in protein structure also modify the functional proper-
ties of the extracted proteins. Hence, the study of the isolation
conditions and the characterization of the obtained products is
relevant to reduce the adverse effects that could occur as affec-
tation in functional properties and digestibility (López et al.,
2018). Moreover, it has been reported that the structure of
proteins is influenced by several physiological properties of
food. The study of the effects of specific conformational changes
in the secondary structure of proteins and their effect on the
functional, chemical and digestibility evaluation needs to be
addressed (Vanga et al., 2015).

In this sense, yellow quinoa has been studied extensively by
many researchers, and there is sufficient information about its
characterization, the production of protein isolates, as well as
their functional properties (Abugoch James, 2009; Avila Ruiz
et al., 2016; Elsohaimy et al., 2015; Guerreo-Ochoa et al., 2015;
Toapanta et al., 2016). Likewise, quinoa proteins can yield
bioactive peptides after enzymatic hydrolysis and these short-
chain and low molecular weight peptides possess higher
potential as antihypertensive agents or as antioxidants (redu-
cing the number of free radicals) (Aluko & Monu, 2003).
However, to our knowledge there are no studies for black
quinoa in terms of protein isolation and the physicochemical,
functional and in vitro protein digestibility of the resulting
isolates. Proteins extracted from black quinoa represent an
opportunity in the food industry to be used as functional
ingredients, through the production of isolates with high pro-
tein concentration and quality. This work aimed to obtain black
quinoa protein isolates in order to further evaluate structural
and functional properties and in vitro protein digestibility com-
pared with the performance of yellow quinoa isolates (YQPI).

2. Materials and methods

2.1. Biological materials

Black (BQF) and yellow quinoa (YQF) flours were used as raw
materials for protein extraction and were supplied by Campo
Verde Company (Peru). These materials were kept in sealed
polyethylene bags under refrigeration (5ºC) until their use.

2.2. Reagents

For protein extraction from quinoa flours, two solutions of
NaOH (50% w/v) and HCl (15% v/v) were prepared (Desarrollo
de Especialidades Químicas, García, N.L., Mexico). Enzymes
used for in vitro protein digestibility (porcine pancreatic trypsin,
T4799; bovine pancreatic chymotrypsin, C4129 and S. griseous
protease type XIV, P5147) were purchased from Sigma-Aldrich.

2.3. Proximate analysis of yellow and black quinoa
flours

Quantification of moisture, ash, crude fiber, total starch, and
crude protein contents was carried out following the methods

described by the AOAC (1992) 925.10; 923.03; 962.09; 996.11;
978.02, respectively. Crude fat was performed using the
30–10.01 Official Method AACCI (2000) with a slight modifica-
tion due to the use of petroleum ether instead of ethyl ether.
Nitrogen free extract (NFE) was calculated using Equation (1).
All determinations were done in triplicate.

NFE ¼ 100� %fat þ%proteinþ%crude fiber½ð

þ%ashesþ%moisture�Þ (1)

2.4. Extraction of quinoa proteins and production of
isolates

Final extraction yield (PY, %) and solid yield (SY, %) were
calculated for both, the BQF and YQF. The pH shifting method
was applied for protein extraction (Salinas-Valdés, De la Rosa
Millán, Serna-Saldivar, & Chuck-Hernández, 2015). Flours from
yellow and black quinoa were passed through an 80 U.S. sieve
and placed in separate containers. Then, distilled water was
added in a 1:10 ratio and the pH of the solutionwas adjusted to
9.0 with NaOH (50% w/v). The mix was placed in a rotating
incubator (RF 1575, VWR, OR, U.S.A.) at 50ºC and 70 rpm for 1 h.
After this time, the solution was centrifuged (5804R, Eppendorf,
Hamburg, Germany) at 10,000 rpm for 10 min at room tem-
perature. The supernatant was poured into a beaker and
a solution of HCl (15% v/v) was used to adjust the pH to 4.5.
Thereafter, the suspension was centrifuged during 5 min at
10,000 rpm. The resultant products (black quinoa protein iso-
late, BQPI, and yellow quinoa protein isolate, YQPI) were
adjusted to pH 7.0 using NaOH (50% w/v) and lyophilized
(FreeZone series, LABCONCO) at −40°C and 0.200 MPa dur-
ing 72h.

2.5. Structural characterization of yellow and black
quinoa protein isolates (YQPI and BQPI)

2.5.1. Electrophoresis
Characterization of the BQPI and YQPI was performed by SDS-
PAGE under reducing and non-reducing conditions. Protein
isolates were dissolved in electrophoretic sample buffer [2%
(w/v) SDS, 20% (v/v) glycerol, 0.01% (w/v) bromophenol blue,
and 62.5 mM Tris-HCl pH 6.8]. Samples were heated in boiling
water for 3 min and then loaded (15μg protein) in each well.
Electrophoresis (Mini-Protean I cell, Bio-Rad) was conducted at
150 V until the tracking dye reached the bottom of the resol-
ving gel consisting of acrylamide (12.5%, w/v). Protein bands
were stained with Coomassie Brilliant Blue R-250 (Bio-Rad).

2.5.2. FTIR analysis
FTIR analysis was made in an ATR-FTIR (Perkin Elmer,
Spectrum ONE, Norwalk, VA, USA). Data was collected in
absorbance mode with a 4 cm−1 resolution and the spectra
analyzed with Spectrum software (v.5.3.0) in the region from
1690 to 1600 cm−1 to evaluate the secondary structure
(Vanga et al., 2015).

2.6. Functional evaluation of black and yellow quinoa
protein isolates (BQPI and YQPI)

Water solubility (WSI), water absorption (WAI) and fat absorp-
tion (FAI) indexes were assayed according to Ochoa-Rivas,
Nava-Valdez, Serna-Saldívar, and Chuck-Hernández (2017). FAI
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was carried out using soybean oil (Nutrioli, Proteínas Naturales
S.A. de C.V., Monterrey, N.L., Mexico). Analysis of nitrogen
solubility index (NSI) was determined with the low-stir conven-
tional method Ba 11–65 (AOCS, 2006). Finally, the emulsifying
activity (EA) was obtained using the procedure described by
Sánchez-Reséndiz et al. (2018).

2.7. In vitro digestibility of yellow and black quinoa
proteins isolates (YQPI and BQPI)

This determination was assessed using the following enzymes:
porcine pancreatic trypsin type IX-S (T4799, Sigma Aldrich),
bovine pancreatic chymotrypsin type II (C4129, Sigma
Aldrich), and S. griseus protease type XIV (P5147, Sigma
Aldrich) according to the procedure reported by Ochoa-Rivas
et al. (2017). Briefly: a 50 ml suspension containing 6.25 mg/ml
of protein was prepared and adjusted to pH 8. Separately,
a multi-enzymatic solution was prepared by mixing trypsin
(1.6mg/mL), chymotrypsin (3.1mg/mL), and S. griseus protease
(1.3 mg/mL). The protein solution was maintained in agitation,
and 5 mL of the multi-enzymatic solution was added. The pH
dropwas recorded over a 10min period using a potentiometer
previously calibrated with standard pH solutions.

2.8. Statistical analysis

For all data gathered, an analysis of variance (ANOVA) was
performed with a 95% level of confidence. Tukey’s tests
(α < 0.05) were used to detect differences among treatments.
Statistical analyses were performed with the Minitab Statistical
Software (version 17, Minitab Ltd., Conventry, U.K.).

3. Results and discussion

3.1. Proximate analysis of yellow (YQF) and black
quinoa (BQF) flours

Table 1 depicts the results obtained from the proximate ana-
lysis of the two quinoa flours. In general, the BQF showed
significantly higher values (p < 0.05) in four out of the seven
parameters evaluated. Moisture content in the BQF was higher
(p < 0.05) than YQF, however, the values in the two flours were
lower than those reported by García-Salcedo, Torres-Vargas,
and Ariza-Calderón (2018) for quinoa seeds (11.64%), but simi-
lar to those described by Paucar-Menacho, Dueñas, Peñas,
Frias, and Martínez-Villaluenga (2018) (9.54%). These differ-
ences are given by the grain cultivars, the environmental con-
ditions on the field, and the grain storage conditions.

Crude fiber and fat contents in the BQF were statistically
higher compared to YQF and similar to values reported by
Elsohaimy et al. (2015) (4% crude fiber; and 6.8% crude fat).
Crude fiber contents were considerably higher than values
reported by Repo-Carrasco-Valencia and Serna (2011) in four
varieties of quinoa seeds (1.92–3.38%) that were extruded
into high fiber and phenolic acids items. Crude fat content
was significantly lower in the YQF compared to the BQF.
Both flours showed considerably lower values in contrast to
the value reported by Ogungbenle (2003) of 9.50% for
Canadian quinoa flour.

As expected, in the composition analysis of quinoa flours
highlights the protein contents, where the YQF showed
a higher value (p < 0.05) compared with the BQF.
Importantly, both flours studied herein contained relatively

higher amounts of protein than those reported by other
authors for other varieties of quinoa flours, which ranged
from 13.40% to 16.5% (Di Renzo, Reale, Boscaino, & Messia,
2018; Paucar-Menacho et al., 2018; Repo-Carrasco-Valencia &
Serna, 2011). In general, the adequate protein content of the
quinoa flours made them suitable raw materials for the extrac-
tion and manufacture of protein isolates with good nutritional
quality.

Regarding total starch contents and NFE, both quinoa
flours contained significantly lower quantities of these com-
pounds when compared with other studies; however, the
YQF had a statistically higher content of the two parameters
evaluated. In quinoa grains, starch is the most important
carbohydrate, and according to Vega-Gálvez et al. (2010)
total starch in this pseudocereal ranges from 58.1 to 64.2%,
where 11% is comprised by linear amylose chains. In this
sense, the BQF showed lower values, whereas the YQF con-
tained similar amounts. Quinoa starch has excellent func-
tional properties because of its resistance to retrogradation
(Repo-Carrasco, Espinoza, & Jacobsen, 2003). Repo-Carrasco-
Valencia and Serna (2011) reported carbohydrates or NFE
values between 75.76 and 78.86% in four quinoa varieties
(“La Molina 89”, “Kcancolla”, “Blanca de Juli”, and “Sajama”)
cultivated in Lima and Pruno, Peru. In a study conducted by
Ogungbenle (2003), nutritional evaluation was performed in
Canadian quinoa seed. This author reported 53.3% of carbo-
hydrates, similar to the values obtained in both the YQF and
BQF. Besides, our results agree with Nascimento et al. (2014),
who found values between 51 and 61% for this type of
pseudocereal.

Statistically, BQF showed a higher value of ash content
than YQF. However, when compared with other studies, BQF
and YQF contained twice the values of Canadian quinoa
(1.2%) (Ogungbenle, 2003) and similar values (2.43%) to
those obtained in saponin-free quinoa (Chenopodium quinoa
var. Pasankalla) cultivated in Peru (Paucar-Menacho et al.,
2018). This means that BQF and YQF could be considered
as good sources of minerals rich in potassium, iron, calcium,
and magnesium.

3.2. Extraction of proteins from BQF and YQF

Table 2 shows the results of the protein extraction yield of
BQF and YQF. There were no statistical differences in the
final protein extraction yield (PY%) between flours; but for
the case of solid yield (SY%), the YQF showed a higher value,

Table 1. Proximal composition of black and yellow quinoa flours.

Tabla 1. Composición proximal de harinas de quinoa negra y amarilla.

Parameter (%)1
Black quinoa flour

(BQF)
Yellow quinoa flour

(YQF)

Moisture 9.54 ± 0.09a 8.51 ± 0.09b

Crude fiber 5.14 ± 0.50a 2.48 ± 0.19b

Crude fat 6.25 ± 0.06a 5.90 ± 0.05b

Crude protein 16.20 ± 0.71b 18.70 ± 0.67a

Nitrogen Free Extract
(NFE)

59.80 61.78

Ash 3.07 ± 0.02a 2.63 ± 0.01b

Total starch 52.57 ± 1.49b 58.68 ± 1.21a

1All values are means of triplicate determinations ± standard deviation.
Different superscripts along rows indicate statistical differences (p < 0.05).

1Todos los valores son el promedio de triplicados ± desviación estándar. Diferentes
letras entre renglones indican diferencia estadística significativa (p < 0.05).
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indicating that some other compounds (non-protein based)
were coextracted during the protein extraction step.

Regarding PY%, our results are similar to the reported by
Brinegar and Goundan (1993), with 47% of final protein
extraction, but lower in comparison with the 74.3% obtained
by Avila Ruiz et al. (2016) and the 76.3% reached by Guerreo-
Ochoa et al. (2015) at pH 11 using NaCl (0.1 N). In the
production of protein isolates, several parameters such as
protein content of the raw material, thermal treatment of
the flour, chemical composition, as well as the conditions
used during the extraction process can significantly influ-
ence production yields. Toapanta et al. (2016) evaluated
the effect of pH during the production of quinoa protein
isolates. They evaluated five pH levels (2, 3, 4, 5, and 6) and
found that at pH 2 and 3, the protein extraction increased.
Thus, it is important to select the best raw materials and
optimize the extraction conditions, so that the highest pos-
sible isolate yield is obtained.

As described by Föste, Elgeti, Brunner, Jekle, and Becker
(2015), alkaline extraction conditions alter the conformation
of proteins exposing more hydrophobic groups by increasing
interaction with water, thus promoting the solubility.
According to these authors, extraction of proteins from quinoa
at pH 10 is adequate, since higher pH levels negatively affect
lysine bioavailability due to the generation of lysinoalanine,
which reduces protein digestibility and biological value.

Protein extraction of BQF andYQFwas carried out at pH9, the
PY% values of our samples were different from those described
in a study where protein isolates were obtained from a Bolivian
Organic Royal Quinoa (Chenopodium quinoa) by milling fractio-
nation and solvent extraction (Föste et al., 2015). They reported
protein extraction yield up to 71% on the white quinoa fraction,
while in the bran fraction the yield was lower, ranging between
28.18 and 35.97%. However, the highest values of protein purity
were quantified in the bran fractions.

Another factor affecting protein extraction of the quinoa
flours was the lipid content, since a deffating step was not
performed in the samples. Lipids are known to diminish
protein extraction due to the formation of protein-lipid
emulsions, even when lipids are present in low contents. In
a study conducted by Ruiz et al. (2016), protein isolates were
obtained from deffated quinoa of the sweet cultivar Atlas
harvested in Santiago, Chile. They described protein extrac-
tion yields from 24 to 37% when the procedure was con-
ducted at pH 8 and 11, respectively. Furthermore, the
protein purity values were high (90-93%) at these pH levels.
Nevertheless, changes in the conformational structure need
to be revised, since digestibility can be compromised by
extreme alkaline conditions. Although we employed pH 9
and 4.5 during the key protein extraction steps, the PY%

obtained from BQF and YQF were higher than the reported
in deffated quinoa flours. A different trend of higher extrac-
tion yield of quinoa proteins was reported by Chauhan, Cui,
and Eskin (1999) employing seeds of cultivar D-407 Colorado
Semi-Dwarf, grown in Rossburn, Manitoba. Extraction yields
of proteins to obtain concentrates were in the range of 52%
and 72.1% desaponized proteins. These values were higher
than those found herein for the BQF and YQF.

3.3. Structural characterization of black (BQPI) and
yellow (YQPI) quinoa protein isolates

3.3.1. Electrophoretic profile
In quinoa, albumins and globulins are the major protein
fractions (Jancurová, Minarovicová, & Dandár, 2009). It is well-
known that extraction methods change the chemical charac-
teristics of proteins. To characterize the proteins profile in
non-reducing and reducing conditions, SDS-PAGE electro-
phoresis was performed for BQPI and YQPI (Figure 1). In the
gel, bands with different molecular weights are depicted and
agree with electrophoretic profiles previously published by
different authors for other quinoa varieties (Alonso-
Miravalles & O’Mahony, 2018). According to Avila Ruiz et al.
(2016), one of the protein fractions present in quinoa is 11S
globulin, with a molecular weight of 50 kDa. On the other
hand, Abugoch, Romero, Tapia, Silva, and Rivera (2008)
reported the presence of a 31–33 kDa chenoprotein and
a 55 kDa protein, which correspond to globulins. Elsohaimy
et al. (2015) reported that the protein bands smaller than
20 kDa belong to albumin components. These bands were
slightly more intense in the BQPI than in YQPI obtained under
reducing conditions.

In this study, it was observed that BQPI and YQPI exhib-
ited different protein patterns in non-reducing and reducing
conditions, as previously described by other authors
(Mäkinen, Zannini, Koehler, & Arendt, 2016; Valenzuela,
Abugoch, Tapia, & Gamboa, 2013). It is evident that there
is a lot of information about the study of quinoa proteins of
different varieties; however, both in black and yellow vari-
eties there are scarce data on their electrophoretic profile, so
it is advisable to characterize these proteins in more detail
with the aim of seeking the promotion of their use as func-
tional ingredients.

Toapanta et al. (2016), obtained protein isolates from qui-
noa first using alkaline pH followed by precipitation at differ-
ent pH levels and analyzed resulting protein isolates with
electrophoresis. They reported bands of molecular weights
of 33–36 kDa, and 20–22 kDa corresponding to 11S AS and
11S AB globulins, respectively; similar to the profiles obtained
herein for the BQPI and YQPI samples. According to Mäkinen
et al. (2016), chenopodin (an 11S type globulin) is the main
protein contained in quinoa seeds. This protein with ~49 and
57 kDa subunits (AB-11S) is associated with a hexamer by
non-covalent interactions. Each subunit consists of an acidic
A-(Mr ≈28 and 34 kDa) and a basic B-(Mr ≈17 and 19 kDa)
chain, that is linked by a disulfide bond, which agreed with
our SDS-PAGE results.

It is important to highlight that one band at ≈70 kDa was
detected in both protein isolates separated under non-
reducing conditions. However, in the BQPI and YQPI
obtained by reducing conditions this band was not observed
likely to the composition and degree of the unfolding of

Table 2. Analysis of protein extraction from yellow and black quinoa flours.

Tabla 2. Análisis de extracción proteica de harinas de quinoa amarilla y negra.

Raw material1
Final protein extraction

yield, PY (%)
Solid yield,
SY (%)

Black quinoa 45.91 ± 0.52a 11.63 ± 0.39b

Yellow quinoa 44.32 ± 0.42a 13.42 ± 0.21a

1 All values are means of triplicate determinations ± standard deviation.
Different superscripts in the same column indicate statistical differences
(p < 0.05).

1 Todos los valores son el promedio de determinaciones realizadas por
triplicado ± desviación estándar. Diferentes superíndices en la misma
columna indican diferencia estadística significativa (p < 0.05).
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protein isolates, which were regulated by specific or selected
different combinations of extraction and pH precipitation.

Berti et al. (2004) assessed the content of gliadin-like
proteins in quinoa flours by immunochemical approaches
to investigate if this pseudocereal was suitable to produce
gluten-free foods. These authors evaluated protein fractions
of Bolivian quinoa (Chenopodium quinoa Willd) and also
fractionated proteins by sequential flour extraction. A SDS-
PAGE under reducing conditions and fixed porosity (12%
gel) along with immunoblotting was performed. Results
indicated that there were non-covalently bound protein
aggregates present in quinoa flours. Bands corresponding
to 50 kDa 11S globulin, 31–33 kDa (chenoprotein) and
a 55 kDa protein (under non-reducing conditions) were
reported and were similar to the ones obtained in either
BQPI and YQPI samples under reducing conditions. With
these results, the authors concluded that quinoa flours and
protein isolates could be a safe choice for the production of
gluten-free products, at least from an immunological
approach, since their immune reactivity was very low.

3.3.2. Analysis of secondary structures of quinoa protein
isolates by FTIR
FTIR is used to characterize functional groups of molecules
and, in the case of proteins, widely employed to determine
their secondary structure. The repeating units in the protein
usually produce nine characteristic IR absorption bands
which are called A, B and I–VI, with the Amide I band
(1700–1600 cm−1) being the more sensitive and used. This
Amide I band is highly associated with the secondary struc-
ture of the proteins accounting for about 80% of the peptide
linkages, i.e. C = O stretch (Vanga et al., 2015). Only a few
reports are known to describe the secondary structure of
quinoa proteins but apparently is very similar to amaranth
counterpart, since both pseudo-cereals belong to the

Caryophyllales order (Drzewiecki et al., 2003). Table 3 shows
the proportion of secondary structures present in BQPI and
YQPI, obtained from the Amide I region. In general, results
showed that α-helix and β-sheets (antiparallel) were the
major structures in the two isolates, accounting for approxi-
mately 54-58%. The highest proportions in both isolates
were associated with α-helix structures, indicating that
there were no differences in the conformation of this parti-
cular structure. According to D’Amico, Schoenlechner,
Tömösköszi, and Langó (2017), there is a predominance of α-
helix and low share of β-sheets due to low intensities of
Amide III bands.

The β-sheets (antiparallel) structures give information
about the backbone conformation independent of the
amino acid sequence, its hydrophilic or hydrophobic proper-
ties, and charge of the quinoa protein isolates (Krimm &
Bandekar, 1986). Apparently, the presence of parallel β-
sheet structures is not usual in synthetic polypeptides and
it was identified in both BQPI and YQPI (Table 3).
Unfortunately, there is no current information to compare
our results with other investigations. Therefore, further ana-
lyses should be performed.

Contrary to our results, D’Amico et al. (2017), found by
using circular dichroism spectroscopy, β-sheets as prevalent
structures, while the α-helix were in low percentages. The
proportion of β-sheet structures was similar in the BQPI and
YQPI, and according to Vanga et al. (2015), a high proportion
of β-sheets enhances protein digestibility, which agrees with
data reported in Table 3, where protein digestibility values in
both quinoa isolates were similar and high.

The presence of loops (310-helix) was not found in BQPI
nor YQPI. This structure differs from the α-helix in that the
internal hydrogen bonding occurs between residues i and
i + 3 instead of i and i + 4 in α-helices. It has been reported
that quinoa polypeptides are rather randomly organized,

Figure 1. Electrophoresis (SDS-PAGE, 12.5%, Coomassie blue stained) of black and yellow quinoa protein under non-reducing (YQ and BQ) and reducing
conditions (YQ-R and BQ-R). In reducing conditions for both isolates, bands with different molecular weights are appreciated, that show the existence of
globulins in the range 20–23 and 51 kDa, chenoproteins (30–35 kDa) and albumins (10 kDa). STD. Molecular weight standard.

Figura 1. Gel de electroforesis (SDS-PAGE, 12.5%, teñido con azul de Coomassie) de proteína de quinoa negra y amarilla bajo condiciones no reductoras (YQ
y BQ) y reductoras (YQ-R y BQ-R). En condiciones reductoras, para ambos aislados se observan bandas con diferente peso molecular que muestran la presencia
de globulinas en el rango de 20 a 23 y 51 kDa, de chenoproteinas (30 a 35 kDa), y albúminas (10 kDa). STD es el estándar de peso molecular.
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and this agrees with the relatively high proportion of unor-
dered structures in the BQPI and YQPI. For the aggregate
structures, apparently there is a two-fold proportion in the
BQPI, but this difference must be studied deeper before
conclusions are made.

There are no data reported in the literature related to the
profile of the secondary structure and digestibility of quinoa
protein isolates. It could be assumed that the use of the BQPI
and YQPI as ingredients in some foods may have a positive
nutritional impact because isolates showed higher protein
digestibility rates compared with other alternatives.

3.4. Functional properties of black and yellow quinoa
protein isolates (BQPI and YQPI)

The functional properties of food biopolymers are important
in product formulation and manufacture (Abugoch et al.,
2008). Among the functional properties related to hydration
or protein-water interaction, the WSI, WAI, and NSI were
evaluated in BQPI and YQPI.

WSI is the number of solids that are recovered from the
supernatant by putting the evaluated material in contact
with a certain amount of water. This index is expressed as
a percentage concerning the initial weight of the sample.
The WSI of BQPI was statistically lower than YQPI (Table 4).
Our results were lower compared with those reported for
quinoa isolates obtained at pH 4 (25.59%) (Elsohaimy et al.,
2015). It is likely that the observed difference is due to the
fact that the quinoa used was not previously washed, thus,
the saponins and lipids contained in the BQF and YQF
affected this parameter.

According to Chauhan et al. (1999), saponins affect the
surface properties of quinoa proteins, thereby decreasing
solubility. The pH as well as the thermal treatment used
during extraction have important effects on solubility of
quinoa proteins. Ogungbenle (2003) reported solubility
values between 15 and 52% on protein isolates obtained
at pH 6 and pH 8, respectively, suggesting that proteins
isolated at moderately acidic pH regions may be useful in
the formulation of carbonated beverages; however, the
values obtained in the BQPI and YQPI were comparatively
lower and other potential applications should be studied.
Similar low solubility values (around 5% at pH 4–5) were
reported for quinoa protein concentrates obtained by an
alkaline extraction method (Aluko & Monu, 2003).

WAI is an important parameter related to the content
and type of proteins in foods, as well as to various factors
such as particle size and the presence of fiber (Moure,
Sineiro, Domínguez, & Parajó, 2006). WAI values did not
show significant differences between BQPI and YQPI
(Table 4). Similar values (3.0 g/g) were reported for quinoa
isolates but were lower than desaponized protein isolates
(5.7 g/g) (Chauhan et al., 1999).

Thus, BQPI and YQPI showed a water absorption behavior
similar to the observed in quinoa and amaranth flours with
values of 2.85 and 2.63 g/g, respectively. These low values are
similar to chickpeas, lentils, soy, canola, and bean flours. WAI
and water retention capacity in these materials (whole flours)
depend on the content and distribution of macromolecules in
the matrix, mainly starch, that traps water and gelatinizes, as
well as water absorption by the fiber and dissociation of
proteins. In protein isolates, this gives way to higher exposure
of the polar groups in the peptide chains, thus, increasing the
retention of the water molecules (García-Salcedo et al., 2018).

NSI is related to the hygroscopic property of proteins
when dispersed in a NaCl solution and is used to provide
a more concrete approach to the performance of proteins
when added to foods. In Table 4, the NSI of BQPI and YQPI
indicate that there were no statistical differences between
the two protein isolates and the data was higher compared
to values reported by Chauhan et al. (1999) (10%) for pro-
teins at pH 4.5. Another study conducted by Soria-
Hernández, Serna-Saldívar, and Chuck-Hernández (2015)
reported similar NSI values of 27.61% for a soy-maize protein
concentrate, but when the protein concentrate was hydro-
lyzed, the NSI values significantly increased. In this case, if
BQPI and YQPI are required to have more solubility in
a specific food matrix, a higher degree of hydrolysis in the
isolates can be achieved.

It has been reported that vegetal proteins generally exhi-
bit this pattern of low values of NSI at pH<4, and when pH is
raised, it enhances solubility reaching the highest value at
pH 10. This is due to conformational changes. Our results

Table 3. Proportion of secondary structures on the Amide I region present in black (BQPI) and yellow (YQPI) quinoa protein isolates.

Tabla 3. Porcentaje de estructuras secundarias en la región de Amida I presentes en aislados proteicos de quinoa negra (BQPI) y amarilla (YQPI).

% of secondary structures1

Sample β-sheets (antiparallel) β-sheets Loops (310- helix) α-helix Unordered Aggregated strands

BQPI 23.8 ± 13.5 14.3 ± 20.2 0.0 ± 0.0 31.0 ± 3.4 15.5 ± 1.7 15.5 ± 1.7
YQPI 24.3 ± 6.1 17.1 ± 4.0 0.0 ± 0.0 34.3 ± 8.1 17.1 ± 4.0 7.1 ± 10.1

1All values are means of triplicate determinations ± standard deviation.
1Todos los valores son el promedio de determinaciones por triplicado ± desviación estándar.

Table 4. Functional evaluation and in-vitro digestibility of quinoa protein
isolates.

Tabla 4. Evaluación funcional y digestibilidad in-vitro de aislados proteicos de
quinoa.

Parameter
Black quinoa protein

isolate, BQPI
Yellow quinoa protein

isolate, YQPI

Water solubility index
(WSI) (%)

4.26 ± 0.17b 4.94 ± 0.27a

Water absorption index
(WAI) (g/g)

2.99 ± 0.09a 3.14 ± 0.03a

Nitrogen solubility
index (NSI) (%)

28.00 ± 1.74a 29.67 ± 1.11a

Fat absorption index
(FAI) (mL/g)

2.66 ± 0.03b 3.48 ± 0.06a

Emulsifying activity (EA)
(%)

83.98 ± 1.62a 85.45 ± 0.37a

In vitro digestibility (%) 95.71 ± 0.18a 95.80 ± 0.45a

All values are means of triplicate determinations ± standard deviation. Different
superscripts between rows indicate statistical differences (p< 0.05).

Todos los valores son el promedio de determinaciones por triplicado ± desviación
estándar. Diferentes superíndices entre renglones indican diferencia estadística
significativa (p < 0.05).
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were similar with those reported in defatted chia (Salvia
hispanica L.) rich protein fractions, where at pH 8, NSI values
averaged 32.78% (Vázquez-Ovando, Betancur-Ancona, &
Chel-Guerrero, 2013).

The functional hydration properties of BQPI and YQPI by
extraction conditions and thermal treatments produced the
aggregation of quinoa proteins and changed their surface
hydrophobicity (López et al., 2018). These changes improved
their functional properties and possible applications in dif-
ferent food products.

Fat absorption index (FAI) of a protein is expressed as the
milliliters of oil that are retained for each gram of tested
isolate. Table 4 shows that the YQPI presented a higher FAI
value. Both isolates were higher than 1.88 mL/g reported for
protein isolates from four quinoa varieties by Elsohaimy et al.
(2015), and similar to Nasir Adnan, Pasha, Sadiq Butt, and
Nawaz (2015). These authors assayed FAI between 2.86 and
3.03 and attributed the differences mainly to the unique
globular structure and particle size in the quinoa varieties
and protein isolates, which was also related to the foaming
capacity.

In soybean proteins, it has been reported that the fat
binding capacity is enhanced by protein denaturation due
to the exposure of non-polar amino acids. In protein iso-
lates of Tepary beans, albumin has a FAI of 4.07 mL/g
higher than the globulin (1.26 mL/g) counterpart. This find-
ing is because the albumin fraction was structurally more
lipophilic due to the presence of a large number of non-
polar side chains and thus adsorbed more oil (Zayas, 1997).
However, globulins and albumins constitute almost 75% of
the overall protein associated to the quinoa isolates, which
resulted in relatively low FAI values (Avila Ruiz et al., 2016).

This makes us conclude that FAI depends on the protein
source and their fractions, so further analyses must be car-
ried out in the BQPI and YQPI fractions to better understand
their technological applications.

The emulsifying activity (EA) is the ability of a protein
to bind two immiscible liquids, in which one of them is
dispersed in the other to form and stabilize an emulsion
(Lam & Nickerson, 2013; Soria-Hernández et al., 2015). The
EA of BQPI and YQPI did not show significant differences
(Table 4), indicating that these materials had acceptable
stability 24 h after the mixture of oil, water, and protein
was done.

According to L’hocine, Boye, and Arcand (2006), higher
EA values indicate the presence of more native proteins in
the isolates. They evaluated the effect of different solvents
and extraction processes for the extraction of proteins
obtained from whole and defatted soybean flours. They
also concluded that the modification of extraction processes
(heat precipitation, acidic pretreatment and re-solubilization
at pH 5–6) have a more significant effect on the EA com-
pared to the different solvents used.

The EA of the BQPI and YQPI was higher in comparison
to the 79% reported with similar materials (Chauhan et al.,
1999). However, they showed low water solubility (4.26
and 4.94%, respectively) that limited their emulsifying
capacity. Notwithstanding, EA in the isolates studied
herein were quite high when compared with chickpea
protein isolates (72.9–63.7%), soybean isolates (50.3%)
and wheat proteins (40.8–43.8%), but similar to rice pro-
teins isolates (74-85%) (Zayas, 1997).

3.5. In vitro protein digestibility of yellow and black
quinoa isolates

Protein digestibility is defined as the ability of the organism to
hydrolyze, absorb, and use amino acids that are linked by
peptide bonds (de Jongh & Broersen, 2012). The digestibility
of quinoa proteins isolates could be the limiting factor in
protein utilization as a food ingredient. For BQPI and YQPI,
the digestibilities were 95.71 and 95.80% (Table 4), respectively.
These values were higher than the 78.37% reported for the
same material (Elsohaimy et al., 2015), and higher than other
grains such as wheat and rice. Similar results were found by
Ruales and Nair (1994) in proteins extracted from quinoa vari-
ety 40057, grown in Quito, Ecuador. In vitro digestibility rates of
77.7 and 83.3% were reported for raw and washed quinoa,
respectively, but protein digestibility values up to 86.1% were
reached for quinoa extruded at 120-150°C.

Lipids or fats contained in quinoa affect protein extrac-
tion and protein digestibility. Even when the flours used in
this work were not defatted, the in vitro digestibility values
in BQPI and YQPI were 20-22% higher than those obtained
from protein samples of whole quinoa, and 27-21% higher
compared to protein samples of defatted quinoa. Some
authors attribute the low digestibility of vegetal proteins to
antinutritional factors, such as trypsin inhibitors and phytic
acid (Avilés-Gaxiola, Chuck-Hernández, & Serna Saldívar,
2018; Sant’Ana, Mendes, Pires, & Oliveira, 2011).

In vitro gastric protein digestibility was evaluated in
protein isolates obtained from quinoa at different heat-
treatments and various pH levels (8, 9, 10, and 11). The
digestibility decreased with increasing pH extraction,
which could be ascribed to protein aggregation/protein
crosslinking. Protein digestibility of the quinoa protein
isolates was higher compared to wholemeal quinoa flour.
This indicates how the nutritional value of quinoa protein
isolates could be influenced by heat processing, protein
extraction conditions, and other grain components, such
as lipids and carbohydrates (Ruiz et al., 2016).

Similar findings were reported by Vilcacundo et al.
(2017) for in vitro gastrointestinal digestion of quinoa
protein concentrates. They indicated that at pH levels of
4.5 and 5.5, pepsin decreased significantly its activity; and
after subsequent incubation with pancreatic enzymes, qui-
noa proteins were totally hydrolyzed. This indicates the
high digestibility of these isolates under conditions simu-
lating physiological digestion. The high protein digestibil-
ity obtained under reducing conditions of both BQPI and
YQ makes these sources an excellent option to improve
human health and be used as novel ingredients for the
food industry.

The effect of saponins content on the in vitro digest-
ibility of quinoa proteins (variety 40057, Quito, Ecuador)
was evaluated by Ruales and Nair (1994). Saponins could
have negative effects during the digestibility of quinoa
seeds. They reported digestibility rates of 83.3% for
washed quinoa aimed to remove saponins and 77.7% for
raw quinoa. These values were lower when compared with
those for BQPI and YQPI samples. Therefore, it is assumed
that leftover saponins present in the isolates did not
interfere with the protein digestibility.

In this context, the quinoa cultivars used herein had higher
in vitro digestibility rates than protein isolates extracted from
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four genotypes of grains (V7, V2, V9, and V1) grown in
Faisalabad, Pakistan and analyzed by Nasir Adnan et al.
(2015). These cultivars had protein digestibilities between
75.95 and 78.11%. The extraction of proteins to produce iso-
lates removed fiber components and inhibitors that negatively
interfered with digestive enzymes. Therefore, the high in vitro
protein digestibility rates of BQPI and YQPI are similar or even
better than animal proteins like meat, casein, eggs and fish.

4. Conclusions

The black and yellow quinoa flours showed a high protein
percentage when compared with other pseudocereals. There
is no sufficient information about structural characterization
by FTIR on quinoa protein isolates, and further analysis must
be considered. Functional properties of the BQPI and YQPI
isolates are considered adequate as additives for the food
industry (i.e. production of gluten-free foods) and to improve
their nutritional quality. Both isolates presented an excellent
in vitro digestibility (>95%). Black quinoa protein isolates are
a promising source of functional proteins and the evaluation
of their nutritional quality as amino acid profile, saponin
concentration and in vivo digestibility is desirable for the
following stages of research.
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