ISSN 2308-4057 (Print)
ISSN 2310-9599 (Online)

Research Article @
Open Access

Foods and Raw Materials. 2025;13(2)

Available online at http://jfrm.ru/en
https://doi.org/10.21603/2308-4057-2025-2-637
https://elibrary.ru/LUEVXV

Multi-objective development of novel egg free cakes using
quinoa protein and its quality attributes

Rasha K. Mohamed>, Zahra S. Ahmed*{, Safaa S. Abozed
National Research CentreRb:R, Cairo, Egypt
* e-mail: Zahra3010@hotmail.com

Received 08.08.2023; Revised 15.10.2023; Accepted 07.11.2023; Published online 23.10.2024

Abstract:

This study explores the potential of utilizing quinoa protein as an egg substitute in bakery products for customers with health,
culture/religion, or dietary restrictions.

Quinoa protein was prepared from quinoa seed by alkaline solubilization followed by isoelectric precipitation and drying.
Four different formulations of egg-free cakes were prepared by incorporating quinoa protein in egg equivalents of 50 g
(Formulation 1), 75 g (Formulation 2), 100 g (Formulation 3), and 150 g (Formulation 4). The research involved Fourier-transform
infrared spectroscopy and revealed such functional properties as proximate composition, physical properties, color, texture,
microstructure, and sensory characteristics for the batters and the cakes.

The incorporation of different quinoa protein concentrations significantly (p < 0.05) affected all the functional properties of the
batters and the cakes. Such variables as crude protein and ash increased while moisture and fat contents decreased. The baking
loss went down as the share of quinoa protein went up. The structural analysis showed an increase in gumminess and chewiness
accompanied by a decrease in cohesiveness and elasticity. The analysis also revealed hardness and non-uniform changes. The
lightness (L*) and yellowness (b*) of the cake surface and crumb decreased while the redness (a*) increased.

The cakes prepared according to Formulation 4 with the greatest share of quinoa protein had a high nutritional value with
reasonable concentrations of essential amino acids in general and a high level of lysine in particular. The same sample also
received the highest score for overall sensory properties. The sensory assessment proved that quinoa protein could meet
consumer expectations of egg-free cakes.

Keywords: Quinoa protein isolate, functional cake, egg-free products, microstructure, functional and physicochemical
attributes, amino acid composition

Please cite this article in press as: Mohamed RK, Ahmed ZS, Abozed SS. Multi-objective development of novel egg free cakes
using quinoa protein and its quality attributes. 2025;13(2):276-286. https://doi.org/10.21603/2308-4057-2025-2-638

INTRODUCTION Eggs are an indispensable part of cake formulation

Quinoa (Chenopodium quinoa Willd.) and its pro-
ducts have been gaining more and more scientific atten-
tion since 2013, which was proclaimed the international
year of quinoa by the Food and Agriculture Organiza-
tion. As a result, production and consumption of quinoa
increased exponentially worldwide [1]. This pseudoce-
real grows on marginal soils, tolerates salinity as well
as drought, and adapts well to extreme or changeable
weather conditions [2]. Quinoa is richer in protein than
other cereals and boasts a better distribution of essential
amino acids. In addition, quinoa protein contains more
lysine (5.1-6.4%) than cereals and more methionine
(0.4-1.0%) than legumes [2, 3]. Quinoa protein has a ba-
lanced amino acid profile and can be used as an alterna-
tive to milk or egg proteins in bakery products [4].

and affect the quality of the final product. Eggs give
the cake its soft texture while their foaming and emulsi-
fying properties provide moistness. Egg proteins assist
in entrapping air during mixing, thus improving aera-
tion [5]. The gelling properties of egg protein are respon-
sible for the cake volume while egg lipoproteins provide
good emulsification [6]. In addition, eggs contribute to
the color and aroma [7]. For customers who suffer from
egg allergy, the availability of egg-free products can be
quite a challenge. Vegetarianism, religious reasons, or
personal lifestyle have also increased the demand for
egg-free cakes [4]. Quinoa proteins with their diverse
bioactive components, good functional properties, and
low anti-nutritional content may offer a solution to the
abovementioned problems [2].

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

276


http://jfrm.ru/en
https://doi.org/10.21603/2308-4057-2023-1-547
https://elibrary.ru/LUEVXV
https://orcid.org/0000-0002-7290-5533
https://orcid.org/0000-0002-6543-0584
https://orcid.org/0000-0002-8992-364X
https://ror.org/02n85j827
mailto:Zahra3010@hotmail.com
https://doi.org/10.21603/2308-4057-2025-2-638
http://crossmark.crossref.org/dialog/?doi=10.21603/2308-4057-2025-2-637&domain=pdf

Mohamed R.K. et al. Foods and Raw Materials. 2025;13(2):276-286

A lot of studies introduce proteins of whey, soya, pea,
and lupine as an egg substitute [7-10]. Other baking ad-
ditives include xanthan gum, soya lecithin baking pow-
der, mono- and di-glycerides, or combinations of two
protein concentrates, e.g., lupine and whey [10, 11]. Unfor-
tunately, the quality of egg-free cakes is almost always
inferior to traditional samples. For example, the replace-
ment may result in such undesirable changes as low cake
volume, coarse structure, or poor foaming stability [12].

Quinoa protein concentrate in bakery and cakes rep-
resents a novel hypoallergenic egg substitute and creates
niche products with unique sensory characteristics that
meet contemporary consumer expectations and needs.
Our study responds to the growing demand of egg-free
products by exploring quinoa proteins as an egg substi-
tute in egg-free cakes with a conventional sensory pro-
file. This work explored the potential benefits of utilizing
quinoa protein as part of formulation of egg-free cakes.
This multi-objective formulation was developed so as to
improve nutritional quality, preserve sensory properties,
and respond to the growing demand for allergen-free
bakery products. In addition, quinoa proteins could con-
tribute to a more environmentally friendly and sustai-
nable food industry.

STUDY OBJECTS AND METHODS

Materials. Cake ingredients involved all-purpose
wheat flour, eggs, milk, oil, sugar, vanilla, and ba-
king powder, all purchased from a local market. The
quinoa seeds were obtained from the Desert Research
Center (Egypt). Other reagent-grade chemicals came
from the Network of Central Laboratories and Centers
of Excellence.

Methods. Preparing quinoa flour. The flour was
defatted by shaking for 12 h with hexane to the ratio of
1:4 (w/v), filtered, and air-dried at 40°C for 8 h. The de-
fatted flour was stored in a polyethylene film bag at 4°C
until further use.

Preparing quinoa protein concentrate. The qui-
noa protein concentrate was prepared according to the
method described in [13]. The defatted quinoa flour
was suspended in water 1:20 (w/v). We adjusted its pH
to 11 using 2N NaOH, stirred it for 150 min, and centri-
fuged at 4500 g at 36°C for 30 min. After bringing the
pH down to 4.0 with 1IN HCI, we centrifuged the mix at
4500 g for 20 min to precipitate the protein. The precipi-
tates were resuspended in water, neutralized to pH 7.0,
dried, and stored at —20°C until further use. The pro-
tein concentration was measured by the micro-Kjeldahl
method in line with method 920.152 developed by the
American Association of Cereal Chemists (%, Nx6.25).

Determining functional properties of quinoa pro-
tein. The functional properties of quinoa protein to be
tested included protein swelling capacity, bulk density,
water-holding capacity, oil-holding capacity, emulsifying
capacity, whippability, and foaming stability.

The protein swelling capacity was determined ac-
cording to the method described by Robertson et al. and
reflected the ease with which quinoa proteins increased
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in volume under water excess [14]. This variable was
calculated as X mL of water retained per 1 g of dry sam-
ple for 18 h.

We measured the bulk density in line with the me-
thod suggested by Wani ef al. [15]. We put a sample of
50 g in a 100-mL graduated cylinder and tapped 20—
30 times. To calculate the bulk density, we divided the
weight of the sample by its volume (g/mL).

The water-holding capacity and the oil-holding ca-
pacity were determined based on the procedure pro-
posed by Fallah-Delavar & Farmani and calculated as
the difference between the weight of the sample before
and after we added water/oil by gram [16].

To determine the emulsifying capacity, we turned to
the methodology described by Shahidi et al., who ex-
pressed it as the volume of the emulsified layer vs. the
total volume [17].

The procedure for foam stability followed the pro-
tocols described by Shao & Kao, who expressed it as
the difference between the initial and the final foam vo-
lumes measured after settling for 30 min [18].

The whippability was calculated as the percent in-
crease in volume [18]. For each test, the measurements
were conducted in triplicates.

Fourier-transform infrared spectroscopy (FTIR).
The study involved a Fourier-transform infrared spectro-
meter coupled to an attenuated total reflectance (ATR)
accessory (FTIR-ATR Bruker Vertex 80v). We placed
the powdered samples on the surface of the ATR crys-
tal and pressed with a flat-tip plunger. An average of 32
scans were performed between 4000 and 400 cm™ at a
resolution of 4 cm™. The analysis was carried out at
room temperature.

Preparing batter and cake. The cake batter samples
were made according to the formulations represented in
Table 1. They included wheat flour (100 g), sugar (100 g),
oil (40 mL), milk (90 mL), whey protein (6.6 g), and
baking powder (1.1 g). The control contained a liquid
whole egg (50 g) while the test samples included 2.87,
4.30, 5.74, and 8.61 g of quinoa protein. These ratios
were derived from a set of preliminary experiments
conducted in our lab. After mixing wheat flour, sucrose,
and baking powder with eggs/quinoa protein, milk, and
oil, we whipped the ingredients to avoid lumps. The ob-
tained smooth and uniform batter was poured in alumi-
num cake molds and baked at 200°C for 20 min. After
baking, the cakes were removed from molds, allowed
them to cool at room temperature for 30 min, and
wrapped in polyethylene bags for further analysis.

Determining physical properties of batter. The
batter density in the finished cakes was tested in line
with the method proposed by Ozhamamci et al., who
divided certain weight of batter by volume [19]. The
specific gravity was measured and calculated by divi-
ding the weight of a certain batter volume by the weight
of the same volume of distilled water. The viscosity of
each batter sample was measured at room temperature
using a Brookfield digital viscometer (USA) equipped
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Table 1 Batter formulations: control vs. egg-free cakes

Ingredients Batter composition, %
Control ~ Formulation 1 Formulation 2 Formulation 3 Formulation 4

(50 g quinoa protein (75g quinoa protein (100 g quinoa protein (150 g quinoa protein
in egg equivalent) in egg equivalent) in egg equivalent) in egg equivalent)

Wheat flour 100 100 100 100 100

Liquid whole egg 50 - - - -

Quinoa protein — 2.87 4.30 5.74 8.61

Whey protein — 6.6 6.6 6.6 6.6

Sugar 100 100 100 100 100

Milk 90 90 90 90 90

Oil 40 40 40 40 40

Emulsifier — 1.75 1.75 1.75 1.75

Vanilla 0.1 0.1 0.1 0.1 0.1

Baking powder 1.1 1.1 1.1 1.1 1.1

with a So4 spindle. The samples were subjected to
shear rates of 0-30 s7'[19].

Determining physical properties of cake. The weight
loss was represented as the difference between the weight
of cake batter in each cake mold and the weight of fini-
shed cake after 4 h of cooling at room temperature. The
weight loss, %, was calculated using the following Eq. (1):

Weight loss =

= (weight, ——weight_, )/weight x 100 (1)

atter batter

The density, g/cm?®, was calculated as cake weight
divided by cake volume:

Density = Weight Cake/volume cake (2)

The specific volume, cm?®/g, of cake samples made
according to different formulations was evaluated by
the seed replacement method and calculated using the
following Eq. (3):

Specific volume = volume _, /weight 3)

To measure the cake volume index (B+C), we cut
it into equal halves and made cross-sectional tracings.
The symmetry index (2C — B — D) and uniformity in-
dex (B-D) were calculated from the height at the cen-
ter and at the distance between the center and each edge
according to method 10-91 described by the American
Association of Cereal Chemists (2000) [20].

Proximate analyses. The proximate composition
analyses of cakes formulations were carried out accord-
ing to the method described by the American Associa-
tion of Cereal Chemists (2010) [21]. We also determined
such variables as moisture content, crude protein, ash,
and crude fiber. The carbohydrate amount was repre-
sented as the difference between 100 and the sum of
protein, lipids, ash, fiber, and moisture content.

Color assessment. We used the HunterLab scan XE
and the CIELAB color scale to define the color of the
four samples [22]. The white and black tiles of HunterLL
ab color standards served as equipment standardization,
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after which we evaluated the lightness (L*), redness (a*),
and yellowness (b*) of every sample. The total color dif-
ference (AE) was calculated according to the following
Eq. (4):

AE=[(AL)+ ( Aay+ ( Aby"™ &)
where AL = L. - L s Aa = a —a_;and
sample control sample control
Ab = bsample ~ Ycontrol”

Texture profile analysis of cake crumb. We used
a TA-CT3 Brookfield texture analyzer (USA) to deter-
mine the texture parameters, i.e., hardness, springiness,
cohesiveness, gumminess, and chewiness of cake sam-
ples according to method 74-09 developed by the Ameri-
can Association of Cereal Chemists (2000) [20]. The
samples were cut into 25-mm cubic pieces of cake
crumbs. All the experiments were performed in tripli-
cates; the results were expressed as mean = SD values.

Microstructural analysis. After cutting the cake
samples into 0.5x0.5 cm cubes, we froze them in li-
quid nitrogen and freeze-dried. After drying, the sur-
face of the sample was sputter-coated with a thin layer
of gold palladium. The microstructure of the sample
was scanned with a QUANTA FEG250 Scanning Elec-
tron Microscope.

Sensory properties. The sensory profile includ-
ed taste, color, softness, flavor, cell size uniformity,
and overall acceptability. The panelists evaluated the
samples in 6 h after baking using the nine-point hedo-
nic test, i.e., from 1 (most disliked) to 9 (most liked).
The panel consisted of seven men and eight women,
who were selected randomly. The samples were served
in white plastic containers in random order. The pane-
lists were provided with drinking water to wash their
mouths between samples. Each panelist signed a con-
sent approved by the National Research Council ethical
committee in 2022.

Statistical analysis. We used the Duncan test to
identify significant differences between the control and
the egg-free samples. The experiment involved a one-
way analysis of variance (ANOVA) and a SPSS Statis-
tics 20.0 package for Windows (SPSS Inc., USA). The
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alpha level was 0.05 (p <0.05). All the experiments
were performed in triplicates, except for the sensory
evaluation. The results were presented as mean + stan-
dard deviation (SD). Statistically significant differences
were indicated by superscripts.

RESULTS AND DISCUSSION

Proximate analysis and functional properties of
quinoa protein. Table 2 shows the approximate compo-
sition of quinoa protein prepared using the alkaline pre-
cipitation technique. The protein content was 72.21%,
which confirmed the data published in [5-7]. Quinoa
protein showed water holding capacity of 2.9 g/g and
oil holding capacity of 2.05 g/g. Foaming capacity was
71.12%. Foaming stability reached 94.61% after 30 min
whereas whippability was 63.33%. These results reflec-
ted the functional properties of quinoa protein that are
linked to its physicochemical properties, i.e., those that
govern the behavior of protein in foods and affect the
choice of protein to be used in an industrial process.
Emulsifying capacity and emulsion stability are two
important functional properties of proteins that affect
the structure of adhesives [23]. Emulsion capacity and
stability can affect tension in the water-and-oil interface
and help prevent coalescence [24]. Proteins stabilize
emulsions due to the membrane matrix that surrounds
the oil drop and prevents coalescence [25].

Quinoa protein showed good foaming properties that
suggested it could be used as an egg replacer in food
processing. In other publications, the foaming capacity
of egg albumin ranged between 156 and 200% while
the foaming stability was 33—54%, which makes it an
excellent foaming agent [26]. Consequently, quinoa pro-

Table 3 Amino acid content in quinoa protein

tein demonstrated poorer foaming properties compared
to egg albumin but exhibited a good foaming stability.
Dakhili et al. compared the foaming stability of quinoa
protein to soybean protein and egg white protein: it was
similar or significantly higher in foaming stability than
soybean protein but lower than egg white protein [27].
Such results support its use in bakery products [28].
Amino acid profile of quinoa protein. The amino
acid profile of quinoa protein (Table 3) confirmed previ-
ous results where quinoa protein proved to be a complete
protein. Unlike some other plant proteins, quinoa pro-
tein contained all nine essential amino acids that human
body cannot synthesize on their own. From highest to
lowest mean content, the most abundant essential amino
acids (n = 8) were lysine, isoleucine, tryptophan, leucine,
histidine, methionine valine, and phenylalanine (Table 3).
The most abundant non-essential amino acids (n = 8),
from highest to lowest, were alanine, aspartic acid, gluta-
mic acid, tyrosine, serine, proline, arginine, and glycine.
The mean values for such amino acids as histidine,
isoleucine, lysine, sulfur amino acids, aromatic amino

Table 2 Functional properties of quinoa protein

Properties Value

Bulk density, g/mL 0.77+0.01
Swelling capacity, mL/g 1.31 £0.08
Water holding capacity, g/g 2.90 £0.13
Oil holding capacity, g/g 2.05+0.05
Emulsifying capacity, % 71.12 £1.02
Foaming stability after 30 min, % 94.61 +£1.47
Whippability, % 63.33 £2.08
Protein content, % 7221 +£1.78

Amino acids

g/100 g dry weight %

Amino acid requirements for adults, mg/kg of body

weight/day (WHO/FAO)
Essential amino acids

Histidine 3.17 4.96
Isoleucine 6.39 9.97 9.5
Leucine 3.82 5.97 12.5
Lysine 7.40 11.55 9.4
Methionine 3.15 491 12.1 (methionine + cysteine)
Phenylalanine 2.93 4.57 12.1 (phenylalanine + tyrosine)
Tryptophan 3.97 6.21 2.9
Valine 2.97 4.63 10.7

Non-essential amino acids
Alanine 7.81 12.19
Aspartic 4.09 6.38
Arginine 2.94 4.59
Glycine 2.92 4.55
Glutamic 3.16 4.94
Proline 2.95 4.61
Serine 3.10 4.84
Tyrosine 3.23 5.05
Total essential amino acids 33.84 52.81
Total non-essential amino acids 30.23 47.18
Total amino acids 64.07
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acids, threonine, tryptophan, and valine met the daily
requirements set by the World Health Organization or
the Food and Agriculture Organization (mg/kg of body
weight/day). Quinoa protein isolates were reported as
similar to casein and other milk proteins [29]. Quinoa
protein is high in lysine, methionine, and threonine,
which are the limiting amino acids in wheat and maize.
Our results confirmed that quinoa protein has a good
amino acid profile and can be used as a reliable source of
protein [30, 31].

Fourier-transform infrared spectroscopy (FTIR).
Fourier-transform infrared spectroscopy is a useful
method that defines the secondary structure of certain
proteins via the unique vibrations of their structural
units. The infrared region showed three distinct absorp-
tion bands: amide I band, amide II band, and amide III
band (Fig. 1). The secondary structure of proteins and
peptides mainly contains three absorption bands in the
infrared region, i.e., amide I band, amide II band, and
amide III band. Amid I accounts for = 80% of pep-
tide links, i.e., C=0 stretch [29]. Amid I band (1700—
1600 cm™) is also considered the most sensitive spec-
tral region of protein secondary structural components.

This band appeared at 1630 cm™ with C=0 vibrations
predominating, followed by C-N. The Fourier-transform
infrared spectra of quinoa protein also showed some
in-plane N-H bending contributed to amide I. Amide II
band exhibited less sensitivity than amide I band and
appeared at 1534 cm™'. Amide III band was coupled
with C-N stretching, as well as C-H and N-H deforma-
tion vibrations. It appeared at = 1234 cm™ and was as-
sociated with the N-H plane. Amide A band appeared
at 3276 cm™' and arose from N-H stretching. We also
observed the presence of residual carbohydrates in the
spectrum between 1158 and 1023-900 cm ™.

Physical properties of control vs. quinoa protein
cake batter. The list of physical properties to be tested
included density, specific gravity, and viscosity. The in-
creasing ratios of quinoa protein affected the physical
profile of batter as presented in Table 4. The density of
cake batter ranged between 0.8209 + 0.0100 and 1.0856 +
0.0000. Quinoa protein significantly decreased the den-
sity of the batter (p <0.05). The density of cake batter
usually depends on the air content. As a result, a lower
density can be associated with a decrease in the air vo-
lume incorporated into the batter [26].
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Figure 1 Fourier-transform infrared spectroscopy spectra of quinoa protein
Table 4 Physical properties of cake batter samples with different shares of quinoa protein
Sample Batter density, g/cm® Specific gravity Viscosity, CPs
5 6 10 20 30
Control 1.0856 + 0.0000? 1.1428 £ 0.0100° 29.000 19.500 15.300 11.640 10.570
Formulation 1 (50 g quinoa protein) 0.8209 + 0.0100° 1.5006 + 0.3400* 93.000 70.800 46.800 33.900 28.400
Formulation 2 (75 g quinoa protein) 0.9076 +0.0100¢ 1.2341 £ 0.0200% 158.000 100.800 84.700 72.000 65.200
Formulation 3 (100 g quinoa protein)  0.9315 + 0.0200¢ 1.2783 + 0.0400® 172.400 139.700 113.700 86.900 76.800
Formulation 4 (150 g quinoa protein)  0.9730 + 0.0100° 0.9878 + 0.0100¢ 385.300 227.700 143.600 114.00 97.200

Values with different superscripts in the same line are significantly different at p <0.05
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The specific gravity in the control batter (1.14) was
significantly lower than in the egg-free samples, except
for Formulation 4, which contained the highest share of
quinoa protein. We discovered the same trend for batter
density. By incorporating quinoa protein into the control
cakes, we obtained the highest specific gravity value of
1.50, which suggested heavier batter without proper aera-
tion. As the quantity of quinoa protein kept increasing
in Formulations 2, 3, and 4, the specific gravity of the
egg-free cake batter went down as 1.23, 1.28, and 0.99,
respectively. The specific gravity measures revealed the
total air holding capacity. It was inversely proportion-
al to the air holding capacity, i.e., high values indicated
less air incorporated into the batter and vice versa. How-
ever, if the batter entraps a lot of air bubbles, it provides
a better cake structure.

Figure 2 shows that viscosity and the flow properties
of the control and the experimental samples remained
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L 2
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Formulation 2 (7%) -# Formulation 1 (5%) —— Control

Figure 2 Rheological properties of cake batters; flow ramp
curves of control and egg-free batter samples (curves are
represented as a mean of at least two replicates)

Table 5 Proximate compositions: quinoa protein samples vs. control

within the 0.01-100 s! shear rate. When quinoa protein
was incorporated, it resulted in an inverse relationship,
where a greater quinoa protein share corresponded to
a lower viscosity value. This effect can be explained
by the fact that the incorporation of quinoa protein de-
creased the batter density whereas the high viscosity
obstructed air incorporation during mixing [27]. The
increase in the viscosity of the batter could be related to
the quantity of available water in the system absorbed
by the flour, which is known to depend on the quantity
of proteins [26]. For instance, Mu ef al. recommended
to keep high viscosity as a favorable factor for batter
stability and quality of the final product [28].

Proximate compositions of control and quinoa
protein cake samples. Proximate compositions for ca-
kes include moisture, ash, crude protein, crude fat, and
crude fiber. We determined these variables according
to the recommendations given by the American Asso-
ciation of Cereal Chemists (2010). The total carbohyd-
rates content was estimated as the following difference:
total carbohydrate = 100 — (moisture + ash + crude
protein + crude fat). The moisture contents of the egg-
free samples decreased as the share of quinoa protein
increased (Table 5). Harisha et al. reported the same
trend: when they incorporated pea protein isolate, the
moisture content went down [30]. We also detected a
significant incremental increase in the crude protein
(6.45-7.90%) and ash (0.46—0.96%) in the egg-free sam-
ples. When the concentration of quinoa protein in the
cake formulations increased, the crude fat decreased
from 13.01 to 9.56% whereas the crude fiber content sho-
wed no significant differences. The total carbohydrate cal-
culated by differences increased together with the share
of quinoa protein.

Physical property of cakes. Table 6 illustrates the
impact of quinoa protein on the physical properties of
cake, i.e., baking loss, density, specific volume, volume
index, symmetric index, and uniformity index. The ba-
king loss of the control cake (15.61%) was quite higher
than that of the egg-free samples. As the percentage
of quinoa protein increased, the weight loss increased

Sample *Parameters

Moisture, %  Ash, % Fat, % Fiber, % Protein, %  **Total ***Energy,

carbohydrates, % kcal/100 g

Control 24.39+0.27° 046+0.01° 13.01 £0.52* 3.46+0.43* 6.45+0.07¢ 52.22 365.81
Formulation 1 17.53 £0.30° 0.90 £0.05* 11.22+0.27> 3.05+0.12* 6.05+£0.01° 61.25 383.18
(50 g quinoa protein)
Formulation 2 17.61£0.18° 0.98 £0.04* 10.61 +0.54° 3.34+0.18" 6.60 +0.02¢ 60.85 378.65
(75 g quinoa protein)
Formulation 3 18.10 £0.43¢ 0.97 +0.59* 9.59+0.33° 3.16+0.14* 6.82+0.06" 61.36 37491
(100 g quinoa protein)
Formulation 4 18.60 £0.49* 0.96 +0.06° 9.56 +0.42° 3.50+0.24* 7.90+0.07* 59.47 369.88
(150 g quinoa protein)

*The values are mean + SD; values marked by different superscripts in the same column are significantly different (p < 0.05);

**By difference; ***Calculated
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Table 6 Physical properties of cakes with different shares of quinoa protein

Samples Baking Density, Specific Volume Symmetric Uniformity

loss, % g/em® volume, index, mm index, mm index, mm
cm’/g

Control 15.61 +£0.14* 0.338 +0.000° 2.96+0.02° 3.04+0.78° 17598 +0.21° 0.857 +0.180"

Formulation 1 (50 g quinoa protein) 13.02 +0.32° 0.323 +0.000° 3.10+0.02° 4.05+0.40*° 184.45+0.37° 0.053 +0.070¢

Formulation 2 (75 g quinoa protein)  13.92+0.15° 0.343 £0.000* 2.92+0.01° 2.58 £0.43> 176.73+0.51¢ 0.403+£0.010°

Formulation 3 (100 g quinoa protein) 12.86 +0.14° 0.321 +0.000° 3.11+0.02° 3.80+0.33*  190.88 +0.35° 0.357 + 0.040°

Formulation 4 (150 g quinoa protein) 12.94 £0.17¢ 0.313 £0.000 3.20 +0.03* 2.60+0.58> 194.42+0.24*° 0.347 + 0.030°

Table 7 Texture analysis of cakes with different shares of quinoa protein

Sample Hardness, g Cohesiveness Resilience, mm  Gumminess, g  Chewiness, g

Control 657.00 +0.00°  0.60 +0.02° 8.75+0.07* 369.62 +0.22¢  3,283.16 £2.70°
Formulation 1 (50 g quinoa protein) 716.00 £4.24*  0.61 +£0.03° 8.30 £ 0.14%® 443.06 +3.87*  3,451.68 £2.61°
Formulation 2 (75 g quinoa protein) 636.00 = 4.24°  0.82+0.06* 8.20 +0.42%® 40291 +£5.82> 3,417.35+3.13"
Formulation 3 (100 g quinoa protein) ~ 605.00 £ 1.41¢  0.56 + 0.06" 8.20+£0.14® 351.14 +0.49¢  2,888.23 +8.62¢
Formulation 4 (150 g quinoa protein) ~ 512.50 +£0.71°  0.58 £0.01° 8.10£0.14° 283.06 £3.92¢  2,286.41 +4.45¢

Means with different superscripts in the same column are significantly different at p < 0.05

accordingly. The foaming capacity and the stability of
quinoa protein can explain the reducing baking loss in
the egg-free samples. The density decreased as the share
of quinoa protein grew; the lowest value was reported for
Formulation 4 with the highest quinoa protein concen-
tration. However, Formulation 3 had a higher density va-
lue than the control. The specific volume significantly
improved as the proportion of quinoa protein grew larger.

Specific volume affects consumer preference, which
makes it one of the most important quality parameters
for baked products. Table 6 shows that the control sample
without quinoa protein exhibited the lowest specific vo-
lume, whereas the sample baked according to Formula-
tion 4 had the highest specific volume. Samples with more
quinoa protein had a greater specific volume (p <0.05),
which could be explained by the higher protein content.
Thus, proteins increase the volume of cakes by increa-
sing the viscoelasticity of batter and the time it takes
the batter to become semisolid. This phenomenon is, in
turn, related to the protein-starch interaction and tran-
sition [31]. Therefore, the cake volume depended not on
the initial air quantity but on the capacity of retaining air
during baking [32].

Texture analysis. Table 7 compares the texture qua-
lity of the control sample cake and the egg-free cakes
with different shares of quinoa protein. The incorpora-
tion affected the hardness of the cake, its lowest value
corresponding to Formulation 4 with the highest quinoa
protein content (150 g). So, the degree of hardness depen-
ded on the protein content. Our findings contradict
those reported in some previous publications, where, for
instance, chickpea flour raised the initial firmness in
cake [33]. Probably, the water binding capacity of qui-
noa protein made the cake softer and affected the crumb
firmness as well. Regarding the cohesiveness values,
we detected no significant difference between the con-
trol cake and the cake prepared with quinoa protein,
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the only exception being Formulation 2 (75 g quinoa
protein), which exhibited the maximal value (0.61).
Meanwhile, Formulation 4 showed significantly higher
resilience compared to the other test samples and the
control. In general, hardness and firmness had an im-
pact on the cake structure and its compression resis-
tance. These qualities are mirrored by the development
of internal bonding in a three-dimensional protein net-
work and affect consumer acceptance.

The egg-free samples demonstrated greater gum-
miness and chewiness that the control. Formulations 3
and 4 showed a more distinguish pattern where greater
quinoa protein shares increased the gumminess and che-
winess. Both values followed the same pattern as the
one that was reported for hardness.

Color. The type of ingredients and interactions
between them affect the final color of baked products.
Color attributes include lightness (L*), redness (¢*), and
yellowness (b*) of the surface and crumb (Table 8). By
incorporating quinoa protein in different proportions,
we changed the color of both crust and crumb. The light-
ness (L*) and yellowness (b*) decreased whereas the
redness (¢*) increased. The minimal lightness and yel-
lowness were registered for the cake baked according
to Formulation 4 with the highest quinoa protein con-
centration. The redness grew together with the ratio of
quinoa protein. As a rule, the increase in the redness
in cake crust is associated with caramelization and the
Maillard reaction. The larger amount of quinoa protein
increased the protein content in the cakes and consequ-
ently stimulated the Maillard reaction, thus producing
dark-brown components. Gallego et al. reported that pro-
tein increased the redness in muffin crust [34]. Our fin-
dings confirm those observed by Blanco Canalis et al.,
who also reported an increase in redness (a¢*) and signi-
ficant reduction in lightness (L*) as a result of incre-
asing protein level in cake [35].
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Table 8 Color parameters of cakes with different shares of quinoa protein

Crust

Crumb

L*

a*

b*

Total color
difference

L*

a*

b*

Total color
difference

Control

47.10 = 0.56¢

8.61 £0.05¢

22.16 +£0.22°

69.67 £0.01°

0.50£0.01°

20.91 £ 0.02¢

Formulation 1 (50 g
quinoa protein)

51.08 £0.05°

11.80 £ 0.01¢

23.62 +0.02*

18.37 £ 0.06¢

68.47 +0.13°

0.22 +0.02¢

17.95+0.10°

6.78 £ 0.02¢

48.12+0.01°

12.86 £ 0.01*

21.44+0.01°

22.11 £0.01¢

67.34 £0.05°

0.29 +£0.07¢

19.90 £0.11°

6.54 +0.03¢

Formulation 2 (75 g
quinoa protein)

Formulation 3 (100 g 43.10+0.27¢ 10.50 +0.05¢ 20.00 £ 0.11¢

quinoa protein)

27.00 +0.03°

63.42+0.03¢ 0.78+0.01* 18.43+0.02¢ 10.61 +0.02°

Formulation 4 (150 g 42.51+0.17¢ 12.34+0.01° 20.34 +0.08¢

quinoa protein)

27.52+0.19°

62.44+0.04° 0.94+0.01* 18.97+0.01¢ 11.30+0.03¢

Values are represented as mean + SD. Values with different superscripts in the same column are significantly different at p < 0.05

Figure 3 Scanning electron microscopy images (200%): a — control; b — Formulation 1 (50 g quinoa protein); ¢ — Formulation 2
(75 g quinoa protein); d — Formulation 3 (100 g quinoa protein); e — Formulation 4 (150 g quinoa protein)

Table 9 Sensory scores of cakes with different shares of quinoa protein

Treatment Taste Color Softness Flavor Cells size Overall
uniformity  acceptability
Control 8.30£0.95® 8.20+0.92* 8.80+1.16° 8.00+0.94® 8.70+0.82® 8.100 + 0.744°
Formulation 1 (50 g quinoa protein) 7.40 £0.84>* 8.20+0.92* 8.20+0.63" 7.90+0.99® 8.20+0.63>* 7.70+0.67°
Formulation 2 (75 g quinoa protein) 7.90 £0.99% 9.00 +0.94* 7.60+1.43°* 740+ 1.17*° 7.90+0.74° 7.70 +0.95°
Formulation 3 (100 g quinoa protein) ~ 7.00 £ 1.41¢ 720+ 1.14* 790+ 1.52® 6.80+1.40° 7.80+£0.92° 7.35+1.38"
Formulation 4 (150 g quinoa protein) ~ 8.80 = 1.135* 6.70 £ 1.16°* 9.00+0.94* 8.70+1.34* 9.00+0.94* 9.00 + 0.96°

Values with different superscripts in the same line are significantly different at p < 0.05

Microstructure analysis. We appealed to scanning
electron microscopy to study the microstructure of the
control cake and the samples with different shares of
quinoa protein (Fig. 3). The impact of the quinoa protein
on the batter microstructure was determined in order
to investigate the network or structure-forming poten-
tial of quinoa protein as a safe ingredient. The scanning
electron microscopy revealed the preliminary structu-
ral properties of the egg-free cakes, which showed alte-
rations in the microstructure. The experimental samples
exhibited a distinct protein matrix with embedded starch
granules. However, the size distribution of the micro-
particles was wide. This appearance was similar to that

283

of the dough described in [36]. During mixing, the di-
verse bonds in the proteins started to interact with each
other via hydrogen, ionic, hydrophobic, and covalent
bonds, thus developing a cross-linked network [37].
Romano et al. reported gelatinized starch granules surro-
unded by a continuous protein matrix in a scanning elec-
tron microscopy image of cakes with quinoa protein [38].

Sensory properties. A descriptive sensory test made
it possible to define and evaluate the sensory properties.
Table 9 shows the sensory assessment of color, softness,
flavor, cell size uniformity, and overall acceptance. The
cakes with quinoa protein were significantly (p < 0.05)
different from the control in all sensory aspects. The
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color sensory score decreased as the share of quinoa pro-
tein grew. Formula 4 with the greatest quinoa protein
content received the highest score for overall accepta-
bility sensory.

CONCLUSION

Quinoa is a non-conventional source of protein rich
in essential amino acids and with an excellent nutritional
value. This study featured cakes with different shares of
quinoa protein with improved nutritional properties and
microstructure. Our results underscored the unique fea-
tures of egg-free cakes, e.g., a higher protein value. The
balanced amino acid profile could make quinoa protein
a potential egg replacer in bakery products designed
for people with allergy to eggs. The new product also
demonstrated an acceptable overall sensory profile.

Quinoa protein proved to be a prospective nutritive
source, a food supplement, and a functional food ingre-
dient. With the rapidly developing processing technology
and ingredient functionality, the mass production of

quinoa protein can overcome the challenge of cost effec-
tiveness as a competitive egg replacer and may become
available in the near future. Yet, advanced research is
needed to prove and improve its functional properties
and versatility as a food ingredient. In addition, more
work is required to better understand quinoa protein and
its potential for the food industry in general, functional
foods, and special dietary foods.
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