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A B S T R A C T   

The impact of microwave (MW) treatments on the structure, solubility, and techno-functional properties of the 
proteins in starchy matrices is still poorly understood. This study aimed to investigate the effects of MW intensity 
by applying 1, 2, and 6 min of radiation on two tef flour varieties moistened at 15 % and 25 %. The fractionation 
method recovered ~83 % of the total protein content in untreated flours. The interaction between treatment time 
and moisture content (MC) significantly influenced the extraction of protein fractions. Samples treated at 25 % 
MC showed significant reductions in albumins (up to − 74 %), globulins (up to − 79 %), and prolamins (up to 
− 32 %). The SDS-extractable proteins of both tef flours presented similar molecular weights (12–100 kDa). SDS- 
PAGE analysis revealed decreased band intensity in MW-treated samples compared to untreated flours, and 
confocal analysis showed changes in the native state of proteins in treated samples. Shorter treatments at low MC 
significantly improved the emulsifying stability of tef flours, particularly in brown tef flour, with an enhancement 
of up to 203 %. The hydration properties significantly increased in flours treated at 25 %MC for 6 min. Pearson 
correlation analysis demonstrated the influence of treatment time and MC on protein recovery and functional 
properties of tef flours.   

1. Introduction 

Cereal grains and derived products have historically been a signifi-
cant source of dietary energy and nutrients of mankind, in both devel-
oped and developing countries [1,2]. However, celiac gluten-sensitive 
individuals and those with wheat allergies must adhere to a gluten-free 
diet [3]. In this context, tef [Eragrostis tef (Zucc.) Trotter], an ancient 
Ethiopian gluten-free staple grain, has gained interest due to its valuable 
nutritional value, which sets it apart from other gluten-free alternatives 
[4,5]. The grains are characterized by their oval shape, measuring from 
0.9 to 1.7 mm in length and 0.7 to 1.0 mm in diameter [6]. Commer-
cially, tef grains are classified into different cultivars, which exhibit a 
range of colors from ivory white to dark brown [7]. From a nutritional 
point of view, tef has a higher protein and soluble fiber content than 
sorghum, corn, and rice [4,8]. This cereal also offers a complete profile 
of essential amino acids and a high lysine content when compared to 
pearl millet and sorghum [6]. Additionally, tef contains higher levels of 
minerals such as iron, calcium, and zinc when compared to other cereal 

grains like wheat, barley, and sorghum [9]. Regarding functionality, tef 
demonstrates a lower water absorption capacity and a higher foaming 
capacity when compared to other gluten-free flours such as rice, oat, 
maize, chickpea, quinoa, and buckwheat [10]. 

According to the literature, gluten-free products show some deficits 
in technological (negative impact on viscosity and elasticity of the bread 
doughs), nutritional (lack of proteins and dietary fiber), and sensory 
(inadequate/poor taste and texture, with detection of particles in the 
mouth and dry mouth feeling) aspects when compared to traditional 
cereal-based goods [11,12]. In recent years, the PROCEREALtech 
research group has focused on enhancing the quality of gluten-free in-
gredients and their derived products by employing microwave (MW) 
treatments [13–16]. During the MW treatment, heat is generated 
through the interaction of microwaves (frequency range of 
300–300,000 MHz) with charged and polar molecules (e.g., water and 
mineral salts), which are present in the food matrices [17]. This inter-
action allows MW energy to uniformly distribute heat throughout the 
food, resulting in volumetrically distributed heat sources [18]. In 
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contrast to conventional heating techniques, MW heating achieves faster 
heating rates and shorter processing times. MW heating induces more 
pronounced surface evaporation in comparison to traditional methods, 
due to the heightened movement of moisture from the interior of the 
food [19]. Consequently, specific non-covalent bonds in proteins, such 
as disulfide and hydrogen bonds, may break during heating, promoting 
the unfolding of protein structures [20]. These changes in the protein’s 
native state due to heating may result in modifications in hydropho-
bicity properties and susceptibility to the activity of proteolytic enzymes 
[17]. These modifications, in turn, impact the extractability of proteins 
and their ability to form emulsions and foams, significantly impacting 
the potential applications of proteins within food systems [21,22]. 

Recently, there has been a remarkable industrial interest in food 
processing using MW treatments because this technology is simple, fast, 
and cheap, maintains the high nutritional value of the treated samples, 
has greater penetration depth, prevents Maillard browning reactions, 
and is an energy-saving treatment [17]. Some studies have investigated 
the effect of MW treatment on the chemical, physical and functional 
properties of cereal and legumes starches [15,16,23,24]. However, there 
is a relative scarcity of studies that specifically address the effects of MW 
treatment on the proteins present in gluten-free flours. To the best of our 
knowledge, there are currently no available studies that evaluate the 
effect of MW radiation on the protein fractions of tef flours, considering 
the intensity of the treatment, and its consequent impact on the techno- 
functional properties of the flours. Therefore, the aim of this study was 
to evaluate the effect of MW treatment depending on the treatment time 
(1, 2, and 6 min) and the maximum temperature reached by the flour 
during the treatment (62, 75, 110 ◦C), on Osborne protein fractions and 
techno-functional properties of two tef flour varieties moistened at 15 % 
and 25 %. Confocal microscope and electrophoretic analysis (SDS- 
PAGE) were employed to investigate the changes in the polymeric 
protein distribution in the treated flours. The findings from this research 
will contribute valuable insights into the modulation of protein content 
and functionality through hydrothermal treatment assisted by MW. 
Furthermore, the results obtained from this study are expected to 
contribute to a better understanding of the relationship between the 
structural and functional properties of MW-treated flours. 

2. Materials and methods 

2.1. Flour preparation and characterization 

Two tef (Eragrostis tef Zucc.) flour varieties, Boset white (DZ-CR-409) 
and Felagot brown (DZ-CR-442), were kindly provided by the Ethiopian 
Institute of Agricultural Research (EIAR). To obtain the flours, the tef 
grains were manually cleaned by winnowing, sifting, and sorting to 
remove all chaff, dust, and other impurities. Then, the grains were 
ground using a laboratory mill (Perten Instruments, Stockholm, Sweden) 
fitted with a 0.5 mm screen size. The flour samples were stored in 
impermeable plastic bags at 4 ◦C until further analysis and MW 
treatment. 

The moisture (method 44–19), crude fat (method 30–25, using 
hexane as solvent), and ash (method 8–01) content were determined 
according to methodologies recommended by AACC [25]. Total nitro-
gen (N) was quantified using an automated combustion method 
employing a carbon, nitrogen, and sulfur analyzer (LECO CNS 928, UK). 
The total protein content was calculated using a conversion factor of 
6.25 (N x 6.25). Total starch content and amylose content were deter-
mined using the K-AMYL assay kit from Megazyme (Megazyme Bray, 
Ireland). All analyses were performed in triplicate. 

2.2. Microwave treatment 

Before MW treatment, the moisture content (MC) of tef flours was 
adjusted to 15 % and 25 % by adding distilled water. Subsequently, the 
moistened samples were placed in a hermetically sealed polyethylene 

bag and stored for 24 h at 4 ± 2 ◦C to achieve moisture equilibrium. 
Following this, 50 g of the moisturized tef flours were accurately 
weighed and introduced into a 1000-mL hermetically sealed cylindrical 
Teflon® container and treated (900 W, 2450 MHz) in an adapted com-
mercial MW oven SHARP R-342 (Osaka, Japan) for 1, 2, and 6 min of 
irradiation in cycles of 10 s of radiation and 50 s of rest. To ensure 
uniform radiation distribution, the containers underwent constant lon-
gitudinal rotation at a rate of 60–70 rpm. During each treatment, tem-
perature control was carried out using Testoterm® temperature strips 
from TESTO (Madrid, Spain). Any agglomerates formed during treat-
ment were manually disintegrated using a laboratory mortar and sub-
sequently sieved to a particle size of <500 μm. Finally, the flours were 
dried at 35 ◦C in an incubation chamber (Memmert ICP260, Schwabach, 
Germany) until they returned to the initial moisture content of the two 
native (untreated) tef flours. Untreated tef flours were used as control. 
The selection of time intervals was based on preliminary testing to 
effectively cover the temperature range to be studied (62, 75, and 
110 ◦C). Table 1 presents the treatment conditions used in this study, 
along with the corresponding maximum temperatures achieved in each 
condition and the identification of the samples referenced throughout 
the text. 

2.3. Protein fractionation and quantification 

First, the untreated and treated flours were defatted with hexane 
(1:8 w/v) for 21 h in a shaker operating at 30 ◦C and 270 rpm. The 
mixture was centrifuged (1500 ×g for 15 min) and the flour was kept in a 
fume hood for 24 h to ensure a complete evaporation of the hexane. The 
protein fractionation of the defatted flours was carried out in duplicate, 
following the method of Osborne [26], with some modifications 
described by Ronda, et al. [27]. Briefly, 75 mg of each flour and 1.5 mL 
of distilled water were placed into an Eppendorf tube and vortexed 
vigorously. The water-soluble albumins fractions were extracted twice 
by shaking (270 rpm and 30 ◦C) for 3 h each time. The extracts were 
centrifuged at 21100 ×g for 5 min at 20 ◦C to obtain a clear supernatant, 
and all supernatants were combined as albumins fraction. After albu-
mins extraction, the residue was used to extract globulins using 1.5 mL 
of 50 mM Tris HCl (pH 7.8) in a similar procedure for albumins. Simi-
larly, prolamins and glutelins were successively extracted using 50 % 
aqueous 1-propanol and 50 % aqueous 1-propanol containing 1 % of 
DTT (Dithiothreitol), respectively. After each fraction extraction, the 

Table 1 
Microwave treatment conditions and identification of samples used in the study.  

Sample Moisture content 
(%) 

Treatment time 
(min) 

Treatment temperature 
(◦C) 

WT-C – – – 
BT-C – – – 
WT15- 

1 
15 1 62 ± 3 

WT15- 
2 

15 2 75 ± 5 

WT15- 
6 

15 6 110 ± 10 

WT25- 
1 

25 1 62 ± 3 

WT25- 
2 

25 2 75 ± 5 

WT25- 
6 

25 6 110 ± 10 

BT15-1 15 1 62 ± 3 
BT15-2 15 2 75 ± 5 
BT15-6 15 6 110 ± 10 
BT25-1 25 1 62 ± 3 
BT25-2 25 2 75 ± 5 
BT25-6 25 6 110 ± 10 

Where WT and BT refer to white and brown tef flours, respectively. Control 
samples (represented by the letter C) refer to untreated samples. 
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residue was washed with the respective extraction solvent to prevent 
cross-contamination between fractions. Each extracted fraction was 
quantified in triplicate according to the Bradford [28] method. Albu-
mins and globulins fractions were quantified using an external calibra-
tion curve obtained with bovine serum albumin (BSA) standard 
dissolved in distilled water, which concentration ranged from 43 to 426 
μg / mL (R2 = 0.992). Prolamins and glutelins fractions were quantified 
using an external calibration curve obtained with wheat gliadins stan-
dard dissolved in 50 % aqueous 1-propanol, covering concentrations 
from 102 to 810 μg/mL (R2 = 0.997). The protein content of each 
fraction extracted from the tef flours was expressed as milligrams (mg) 
of the protein fraction per gram (g) of tef flour. 

2.4. Protein molecular weight (MW) distribution by SDS-PAGE 

All flours were analyzed by SDS-PAGE according to Laemmli [29], 
with some modifications. The protein fractions were run in 12 % sepa-
rating gel and 5 % stacking gel. The samples were analyzed under a 
reducing medium. The same amount of protein (~45 μg) was dispersed 
in 1 mL of loading buffer ((Tris-HCl, 0.3 M, pH 6.5), glycerol (50 %, v/v), 
β-mercaptoethanol (25 %, w/v), SDS (10 %, w/v) and bromophenol blue 
(2 %, w/v)). The mixture was kept under continuous stirring (6 ◦C and 
67 rpm) overnight to extract the protein fractions. After that, the sam-
ples were boiled at 100 ◦C for 5 min, and the blended slurry was 
centrifuged at 20000 ×g for 5 min. Then, 15 μL of the supernatant 
fraction was loaded into each well and run using a Mini-Protean Cell 
system (Bio-Rad Laboratories, USA) at a constant amperage of 25 mA/ 
gel for 70 min. Protein bands were then visualized after staining with 
0.1 % (w/v) Coomassie Blue R-250 (Sigma Aldrich, Germany) in a 
methanol/acetic acid/water (40:10:50, volume) (Merck) and distaining 
in the solvent mixture. The molecular weight of prominent bands was 
estimated by comparing them with NZYBlue Protein Marker (NZytech, 
Lisbon, Portugal), which consists of a mixture of 11 highly purified pre- 
stained proteins ranging from 10 kDa to 180 kDa. SDS-PAGE electro-
pherograms were generated using a Gel Doc™ EZ Imager (Bio-Rad, 
Mississauga, ON, Canada) that was operated by Image Lab (version 4.1, 
Bio-Rad). 

2.5. Confocal laser scanning microscopy 

A double-labeling technique was used to stain and monitor the car-
bohydrates and protein phases in tef flours. Carbohydrates were labeled 
using periodic acid-Schiff (PAS) and proteins were labeled using fluo-
rescamine dye, following the protocol described by Ozturk, et al. [30]. 
0.1–0.2 mL 75 % (v/v) glycerol solution was added to the microtubes to 
keep the labeling stable until confocal analysis. After samples staining 
and before the analysis, 10 μL aliquots were dispersed onto microscope 
slides and coverslips were adhered using nail varnish. The samples were 
imaged with a confocal Leica laser scanning microscope TCS SP5X (Leica 
TCS SP5X, Mannheim, Germany). The images were taken using HCX PL 
Apo CS 63 × 1.40 NA oil immersion objective lens, using a 405 nm blue 
diode laser for excitation of fluorescamine-labeled proteins and detected 
between 440 and 520 nm, and an Argon laser at 488 nm excitation and 
580–680 nm detection for PAS-labeled starches. 3-D images were ob-
tained by collecting around 20 laser-generated optical planes separated 
~1–2 μm that were presented as z maximum projections. Leica Appli-
cation Suite Advanced Fluorescence software was used for the capture, 
and ImageJ was used for image presentation. 

2.6. Techno-functional properties 

Water absorption capacity (WAC), water solubility index (WSI), 
water absorption index (WAI), swelling power (SP), emulsifying activity 
(EA), emulsification stability (ES), foaming capacity (FC) and foam 
stability (FS) were determined according to the methodology proposed 
by Abebe, et al. [31]. For WAC determination, 2 g (dry matter, d.m.) of 

the sample was stirred into 20 mL of distilled water for 30 s, undergoing 
three stirring cycles with a 10-min interval between each. The samples 
were then centrifuged at 3000 ×g for 30 min at 25 ◦C, and the released 
water was drained. WAC was quantified as g of retained water/g of flour 
d.m. For WAI, WSI, and SP, aqueous dispersions (1 g/100 mL dispersion) 
of the flour were vortexed for 30 s and then boiled for 15 min. After 
cooling to room temperature, the dispersions were centrifuged at 3000 
×g for 10 min. The supernatant was collected and brought to dryness for 
WSI determination (expressed as g of dissolved solids in supernatant/ 
100 g of flour d.m.), while the sediment was weighed to determine WAI 
(g of sediment/g of flour d.m) and SP (g of sediment/g of insoluble solids 
in flour d.m.). For FC determination, aqueous dispersions (5 g/100 mL 
dispersions) of the flours were manually stirred for 5 min to produce 
foam. FC was calculated as the increment in volume of the flour 
dispersion, expressed in milliliters (mL). The FS was determined by 
measuring the foam volume after 60 min and expressed as a percentage 
of the initial foam volume. For EA and ES measurements, a mixture of 
flours (7 g), distilled water (100 mL), and corn oil (100 mL) was ho-
mogenized using an Ultra-Turrax T25 homogenizer (IKA, Staufen, Ger-
many) at 1000 rpm for 1 min, followed by centrifugation at 1300 ×g for 
5 min. EA was determined as the ratio of the emulsion volume to the 
initial total volume, expressed as a percentage. ES was determined after 
subjecting the emulsion to 80 ◦C for 30 min in a water bath, cooling to 
room temperature, and centrifuging at 1300 × g for 5 min. ES was 
expressed as the ratio of the emulsified layer to the total initial volume 
and expressed as percentage. All functional properties were performed 
in triplicate. 

2.7. Statistical analysis 

All measurements were carried out with a minimum of two repli-
cates. ANOVA analyses were conducted using the Statgraphics Centu-
rion v. 16 software (Bitstream, Cambridge, MN, USA). To determine 
significant differences (p < 0.05) among samples, the Fisher’s least 
significant difference (LSD) test was applied. Pearson correlation co-
efficients (r) were also calculated to describe the relationship between 
the MW treatment parameters and both the total protein recovery and 
functional properties. 

3. Results and discussion 

3.1. Proximal composition of tef flours 

The proximal composition of the studied flours (Table 2) revealed 
significant (p < 0.05) differences between the white and brown tef va-
rieties. The brown tef presented more proteins, lipids an ash content 
than white tef. The amylose and total starch content did not show any 
statistical difference among the studied varieties. The values found in 
this study were in close agreement with those reported in literature for 
different tef varieties ranging from 10.3 % to 11 % for moisture, 8.9 % to 
13.33 % for proteins, 2.0 % to 3.3 % for lipids, 21.1 % to 30 % for 
amylose content, and 66 % to 76 % for total starch [9,32–34]. Only the 

Table 2 
Proximal composition of tef flours expressed as g/100 g.  

Flours Moisture Proteins* Lipids* Ash* AC** Total 
starch* 

White 
Tef 

11.05 ±
0.02a 

9.56 ±
0.30a 

2.68 ±
0.03a 

2.60 
±

0.04a 

20.28 
± 1.92a 

68.60 ±
0.43a 

Brown 
Tef 

10.49 ±
0.05b 

12.06 ±
0.31b 

3.27 ±
0.05b 

4.05 
±

0.01b 

20.48 
± 0.57a 

66.06 ±
3.54a  

* Results are referred as g/100 g flour on a dry matter. 
** AC: Amylose content, referred to the total starch content. Values within a 

column with different letters are significantly different (p < 0.05). 
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ash content of brown tef was higher than the values reported by Alem-
neh, et al. [33] and Abebe and Ronda [9] (1.7–3.5 %). Minor variations 
to this work might be attributed to the harvesting time, variety, climate 
and soil conditions, sun exposure, post-harvest management and partly 
to analysis method differences. 

3.2. Protein fractions quantification 

The total protein content (Table 2) showed significant (p < 0.05) 
differences between the white (9.56 g/100 g dry matter, d.m.) and 
brown (12.06 g/100 g flour d.m.) tef varieties. This contributed to a 
higher amount of total protein extracted from brown tef (10.1 %) 
compared to white tef (7.9 %) after Osborne fractionation. As shown in 
Table 3, the Osborne fractionation method performed in this study can 
be considered satisfactory, since >83 % of total protein content was 
recovered from the two untreated flours. A smaller amount (18–25 %) 
was recovered by Shumoy, et al. [5] from seven tef varieties, while 
Adebowale, et al. [35] recovered >90 % of the total protein content of 
three tef varieties. From the extracted fractions, albumins accounted for 
12.5 %, globulins 5 %, prolamins 28 % and glutelins 54.6 % of the total 
protein content of native (untreated) white tef flour, while for untreated 
brown tef, albumins accounted for 11.9 %, globulins 3.7 %, prolamins 
24.4 % and glutelins 60 % of the total protein content. Commonly, 
prolamins and glutelins families account for most of the protein content 
in most cereals, with the exception of rye, triticale and oats, where al-
bumins and glutelins represent the main protein fractions [36]. In 
agreement to these results, glutelins have been reported to be the major 
storage protein of tef by Assefa [37] and Gebru, et al. [38]. On the other 
hand, Adebowale, et al. [35] reported prolamins (38–43 %) as the major 
protein fraction present in tef while Shumoy, et al. [5] gave the major 
quantitative importance to albumins and globulins (86–90 %). These 
reported inconsistencies about the composition of different tef protein 
fractions have also been observed by other authors for tef and other 
cereals and pseudocereals as a result of differences in the extraction 
conditions especially in the solvent used for the extraction [39–41]. 

Adebowale, et al. [35] used tert-butanol 60 % (v/v) with DTT as 
reducing agent to extract the prolamins fraction while Shumoy, et al. [5] 
used 0.5 M sodium chloride to extract albumins and globulins fractions. 
Here, were used water, 50 mM Tris HCl and only 50 % aqueous 1-prop-
anol to extract albumins, globulins and prolamins, respectively. 

Analysis of variance (Table 3) showed that the time of MW radiation 
and MC of the flour during treatment, as well as their double interaction, 
significantly affected the extraction of all protein fractions (with the 
exception of glutelins) in white tef flour. However, for the brown tef 
variety, the MC did not affect the extraction of globulins and treatment 
time did not affect the extraction of prolamins and glutelins, and the 
double interaction of these factors only affected the extractions of al-
bumins and globulins (see Table 3 and Fig. S1 and Fig. S2). The longest 
treatment time (6 min) led to important changes in the solubility of the 
proteins of the four Osborne fractions. The WT15–6 sample showed a 
reduction in the extracted amount of albumins (47 %) and an increase in 
the amount of globulins (19 %) and glutelins (9 %) while non-significant 
changes were observed in the prolamins fraction. When the same 
treatment time was performed at 25 % MC (WT25–6 sample) a more 
prominent reduction in the content of albumins (72 %), globulins (60 %) 
and prolamins (21 %) with respect to the untreated flour was obtained. 
Similarly, greater reduction in albumins (75 %), globulins (78 %) and 
prolamins (32 %) fractions were observed for the BT25–6 sample. These 
results suggest that 6 min of MW radiation (maximum temperature 
reached 110 ± 10 ◦C) modified the solubility of tef proteins, mainly 
when the treatment was performed at 25 % MC. Short MW treatments of 
1 and 2 min, led to slight changes in proteins solubility, particularly 
when they were performed at 15%MC. 

The slightly increase in the glutelins fraction found in the 
microwaved-treated samples under the mildest conditions (short times 
and low MC) could be related to the decrease in the extraction efficiency 
of albumins, globulins, and prolamins fractions. In other words, the 
treatment may have reduced the solubilization of these fractions in their 
respective solvents, that could be extracted with the reducing agent used 
for the extraction of the glutelins. Additionally, the treatment applied to 

Table 3 
Effect of MW treatment on proteins fractions of tef flours.  

Sample Albumins Globulins Prolamins Glutelins   

Content 
(mg/g) 

Ratio 
(%) 

Content 
(mg/g) 

Ratio 
(%) 

Content 
(mg/g) 

Ratio 
(%) 

Content 
(mg/g) 

Ratio 
(%) 

Total 
(g/100 g) 

Recovery 
(%) 

WT-C 9.8 ± 0.4de 12.5 3.9 ± 0.3b 5.0 22 ± 2bc 28.0 43 ± 2a 54.6 7.9 ± 0.2bc 83 ± 2bc 

WT15–1 10.0 ± 0.8e 12.3 4.8 ± 0.5c 5.9 19 ± 3ab 23.3 48 ± 2bcd 58.5 8.1 ± 0.3cd 85 ± 3cd 

WT15–2 9.2 ± 0.4d 11.1 4.9 ± 0.1c 5.8 20 ± 1ab 23.9 49 ± 1d 59.2 8.4 ± 0.1d 87 ± 1d 

WT15–6 5.2 ± 0.1b 6.7 4.6 ± 0.3c 6.0 20 ± 2ab 26.2 47 ± 2bcd 61.0 7.6 ± 0.3b 80 ± 4b 

WT25–1 6.8 ± 0.3c 8.6 3.8 ± 0.1b 4.8 23 ± 2c 29.7 45 ± 1ab 57.0 7.9 ± 0.3bc 82 ± 3bc 

WT25–2 4.6 ± 0.2b 5.5 3.9 ± 0.4b 4.7 27 ± 1d 32.6 48 ± 3cd 57.2 8.4 ± 0.3d 87 ± 3d 

WT25–6 2.7 ± 0.3a 4.1 1.6 ± 0.2a 2.3 17 ± 1a 25.9 45 ± 2abc 67.7 6.7 ± 0.3a 70 ± 3a  

Analysis of variance and significance (p-values) 
F1: Moisture content *** *** * ns ns ns 
F2: Treatment time ** * * ns *** *** 
(F1) x (F2) *** *** *** ns ** ** 
BT-C 12.1 ± 0.1f 11.9 3.8 ± 0.1c 3.7 25 ± 2cd 24.4 61 ± 3ab 60.0 10.1 ± 0.4c 84 ± 4c 

BT15–1 10.8 ± 0.2e 10.3 3.8 ± 0.1c 3.6 26 ± 2c 24.8 64 ± 3b 61.3 10.5 ± 0.4c 87 ± 4c 

BT15–2 10.4 ± 0.3e 10.0 4.2 ± 0.2d 4.1 25 ± 2cd 23.9 64 ± 1b 62.1 10.3 ± 0.2c 85 ± 2c 

BT15–6 4.1 ± 0.6b 4.5 2.6 ± 0.1b 2.9 22 ± 3bc 24.3 62 ± 1ab 68.3 9.1 ± 0.4b 76 ± 3b 

BT25–1 8.0 ± 0.2d 8.6 4.4 ± 0.3d 4.7 18 ± 2a 19.6 62 ± 3ab 67.1 9.2 ± 0.1b 76 ± 1b 

BT25–2 5.7 ± 0.3c 6.1 4.3 ± 0.5d 4.6 20 ± 2ab 21.8 62 ± 2ab 67.4 9.3 ± 0.2b 77 ± 2b 

BT25–6 3.1 ± 0.7a 3.8 0.8 ± 0.1a 1.0 17 ± 1a 21.1 59 ± 2a 74.0 8.1 ± 0.1a 67 ± 1a  

Analysis of variance and significance (p-values) 
F1: Moisture content * ns *** * ** ** 
F2: Treatment time *** *** ns ns ** ** 
(F1) x (F2) *** *** ns ns ns ns 

Albumins, globulins, prolamins and glutelins contents were expressed as mg of protein fraction per gram of tef flour. The ratio refers to the percentage of the protein 
fraction with respect to total protein extracted. The different letters in the corresponding column within each tef variety indicate statistically significant differences 
between means at p < 0.05. Analysis of variance and significance: ***p < 0.001. **p < 0.01. *p < 0.05. ns: not significant. 
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the white tef flour at 25 % for 6 min negatively affected the total protein 
recovery. The proteins from brown tef flour were shown to be more 
sensitive to MW radiation, since the treatment at 15 % MC for 6 min and 
all treatments performed at 25 % MC negatively affected the recovery of 
the total proteins. This could be attributed to the differences in the 
proximate composition of the studied flours (Section 3.1). Differences in 
moisture, ash and lipids may have an influence on the response of pro-
teins to MW treatment, resulting in variations in their recovery. The 
temperature reached in the longest treatment (Table 1) could promote 
thermal denaturation of tef proteins, which involves firstly a dissocia-
tion of subunits followed by a re-association of only partially unfolded 
molecules, that would result to the formation of either soluble or 
insoluble proteins [42]. Moreover, MW heating may induce the forma-
tion of large polymeric aggregates, which are reported to decrease the 
extractability of the proteins [43,44]. This was confirmed by the 
confocal microscopy images (see 3.4 Section). To date, no publication 
has determined the effects of MW treatments on protein fractions from 
tef, however the results obtained in this study are in agreement to those 
reported by Nugdallah and El Tinay [45] and Sashikala, et al. [42] who 
indicated that the albumins and globulins fractions of cowpea and green 
gram seeds, respectively, decreased as a result of thermal (cooking in 
excess water) processing. For Nugdallah and El Tinay [45], the pro-
lamins fractions slightly increased after heat treatment, while no sig-
nificant difference in these fractions was observed by Sashikala, et al. 
[42] after processing. Both authors also reported that the reduction of 
some protein fractions was accompanied by an increase in the glutelins 
fractions. From a technological point of view, MW treatment employed 
here may be a good tool to produce tef-based gods as it has a positive 
effect on glutelins, a family of proteins known for favors elasticity and 
dough strength properties in bakery products [6]. 

3.3. Protein characterization by SDS-PAGE 

SDS-PAGE was performed to evaluate the changes in protein profiles 
of white and brown tef flours induced by the MW treatments. Fig. 1 
shows the SDS–PAGE protein molecular weight distribution profile of 
the untreated and treated white and brown tef flours under reducing 
conditions. The SDS-extractable proteins of both tef flours appear within 
a similar molecular-weight range in the region from approximately 12 to 
100 kDa, with major bands approximately at 12–15 and 16–22 KDa (low 
molecular weight region (LMW)) and 45–60 (high molecular weight 

region (HMW)); faint signals above 60 kDa were also observed. Simi-
larly, Moroni, et al. [46] and Shumoy, et al. [5] observed most signifi-
cant bands of tef flour in the region of 14.4–66.2 kDa. Moreover, 
according to Moroni, et al. [46], albumins, globulins, prolamins and 
glutelins components appear at 15, 20 and 35 kDa, and glutelin poly-
peptides may be present around 60 and 110 kDa. 

Electrophoresis revealed that brown tef had more intense poly-
peptide bands in the LMW region (15–22 KDa) than white tef. These 
proteins comprise the prolamins named alpha-eragrostins and their 
aggregates (α3.1, α2.3, α4.2, α5.1, α1.1) and delta-eragrostins and their 
aggregates (δ.1.3, δ.1.4 and δ.2), according to the nomenclature re-
ported by Zhang, et al. [47]. Using the same extraction buffer, the 
banding pattern reported by Moroni, et al. [46] showed in tef two main 
components in the LMW region (17–22 kDa) and additional ones in the 
HMW region (40–60 kDa), which were also suggested as prolamin 
proteins. Adebowale, et al. [35] reported two major prolamin bands 
with molecular weights of ~20.3 and ~ 22.8 kDa and found no bands 
above 23 KDa in tef protein extract under reducing conditions. These 
contradictory results could be related to SDS-PAGE experimental con-
ditions and extraction buffers, as well as to the genotype and growing 
conditions of the studied tef varieties. 

As displayed in Fig. 1, only the MW-treated sample for 6 min showed 
fewer visible bands and remarkably decreased band intensity compared 
to the untreated flours. Some soluble polypeptides with LMW (<45 kDa) 
and HMW (>60 kDa) disappeared after 6 min of MW treatment (mainly 
at 25 % MC). This confirms the high reduction in total protein recovery 
from samples with 25 % of MC treated for 6 min in both studied varieties 
(Fig. 1) and suggests that this effect on the proteins solubility could be 
associated with heat-induced denaturation of the proteins and formation 
of large polymeric aggregates or even due to some interaction of the 
proteins with other compounds of tef flours [44]. The disappeared 
fractions could be attributed to albumins and globulins as they were the 
fractions that had the solubility most reduced by the treatment (Section 
3.2); in addition, albumins are reported as the most heat-sensitive pro-
tein fraction [48]. The results obtained in this study show that not only 
of the temperature reached during the treatment (Table 1), but also of 
both the heating time applied and the sample MC can affect the protein 
solubility profile of tef flour [44]. 

(A) (B)
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60KDa

45KDa

35KDa

25KDa

20KDa

15KDa

10KDa

100KDa

1 32 4 5 6 7 8
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60KDa

45KDa

35KDa
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20KDa

15KDa
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100KDa

2 4 5 6 7 831

Fig. 1. S–PAGE profiles of white (A) and brown (B) tef proteins under reducing conditions. Lane 1, molecular weight markers; lane 2, untreated tef flour; lane 3, 
treated flour with 15 % moisture content (MC) for 1 min; lane 4, treated flour with 15 % MC for 2 min; lane 5, treated flour with 15 % MC for 6 min; lane 6, treated 
flour with 25 % MC for 1 min; lane 7, treated flour with 25 % MC for 2 min; lane 8, treated flour with 25 % MC for 6 min. 
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3.4. Confocal microscopy 

To study the effect of MW treatment on the microstructure of tef 
flours, confocal laser scanning microscopy was used. Fig. 2 shows 3D 
confocal micrographs showing the distribution of protein matrix and 
carbohydrates in the untreated and treated tef flours. In the samples 
submitted to the MW treatment, agglomerated protein bodies were 
observed, which suggest that the employed treatment changed the 
native state of tef proteins. According to Adebowale, et al. [35], thermal 
denaturation of tef proteins occurs at 70 ◦C, which accounts for aggre-
gation when tef flours were treated for >2 min (T > 70 ◦C, Table 1). In 
this regard, the present study suggests that MW treatment performed in 
both tef flours for longer than 2 min (for both MC) causes proteinaceous 
material to aggregate due to denaturation. Aggregates are clearly 
distinguishable as spots of higher fluorescence intensity than the back-
ground (black). This partial unfolded state of tef proteins induced by 
MW can affect their solubility and functional properties in different 
ways. For example, Zhao, et al. [49] observed an increase in the solu-
bility and foaming ability of glutelins after thermal treatment as a result 
of the formation of protein aggregates, while Moisio, et al. [50] reported 
that extrusion process decreased protein solubility due to partial dena-
turation of oat globulins. Here, the presence of the agglomerated ma-
terial in the tef flours after the MW treatment could be used to explain 
the low protein recovery in the samples treated for 6 min (Table 3). 
Under these treatment time, the temperature was above 100 ◦C. More-
over, these results also confirm the low solubility of the proteins in the 
electropherograms obtained from the flours treated for 6 min, which 
suggested that the treatment led to the formation of insoluble protein 
aggregates. In addition, a collapse of the proteins was localized in the 
white and brown tef flours treated at 25 % MC for 2 min (T = 78 ◦C). This 
unfolded protein state reinforces that the treatment can promote 
different changes in the native state of proteins depending on the 
employed conditions. 

3.5. Functional properties 

Hydration properties (WAC, WAI, WSI and SP) and surfactant ac-
tivity properties (emulsifying activity and stability –EA, ES–, foaming 
capacity and stability –FC, FS–) of the control (untreated flours) and 
treated flours are presented in Table 4. The WAC values were 0.94 and 
0.95 g/g for WT-C and BT-C, respectively. The interaction between 

treatment time and MC significantly (p < 0.001) affected the WAC of 
both tef flours. The flours treated by short heating times at 15 % MC did 
not show any significant change in WAC, however, WAC increased 
significantly in the white (1.02 g/g at 15 % MC and 1.50 g/g at 25 % MC) 
and brown (0.99 g/g at 15 % MC and 1.56 g/g at 25 % MC) tef flours 
when treated for 6 min. Higher WAC values could be related to the 
extent of starch gelatinization and damaged starch, as well as changes in 
the protein structures [51]. In general, the WAC increases with 
increasing heating time, because generated heat can lead to a rupture of 
the hydrogen bonds between the amorphous and crystalline regions 
followed by slight expansion of the amorphous region, which results in a 
more exposure of the hydrophillic domains [52]. These changes also 
seem to be favored by a higher sample MC during thermal treatment 
[52]. 

The WAI, WSI and SP parameters measured in white and brown tef 
flours treated for short times (1 and 2 min) at 15 % MC did not show any 
statistical difference among then and with respect to their respective 
control samples. However, these same parameters measured for the 
white tef treated at 25 % MC showed a significant increase at all eval-
uated times (except for WSI treated for 1 min) when compared to the 
untreated sample. A similar effect was observed in the WAI and SP 
values of white tef samples treated at 15 % MC for 6 min. The highest 
increases in WAI (29 %), WSI (90 %) and SP (34 %) were observed in the 
white tef flour treated at 25 % for 6 min. WAI and SP are related to 
interaction between starch chains within the amorphous and crystalline 
domains and are affected by amylose and amylopectin content, molec-
ular weight distribution and branching length and degree, phosphate 
groups and starch molecule conformation [13]. The increase in WSI 
parameter observed in the samples treated for the longest time may be a 
result of shrinkage and/or disintegration of the starch granules, which 
leads to a weakening of amylose-amylopectin bonds and increasing 
amylose-water interactions [52]. Surprisingly, no statistical difference 
was observed in WAI values from brown tef flours at all studied treat-
ment conditions. A significant increase in WSI was observed in the BT15- 
6 (increased 86 %) and BT25-6 (increased 176 %), while SP showed a 
significantly increase only in BT25-6, from 5.9 g/g (control flour) to 7.0 
g/g. These findings agreed with Bashir and Aggarwal [53] and Kamble, 
et al. [54], who found a positive effect of increasing the treatment time 
(1–2 min) and temperature (50–90 ◦C) in the WSI and SP parameters 
measured from chickpea flour and durum wheat semolina treated 
samples, respectively. According to these authors, the increase in the 

WT-Control WT15-1 WT15-2 WT15-6 WT25-1 WT25-2 WT25-6

BT-Control BT15-1 BT15-2 BT15-6 BT25-1 BT25-2 BT25-6

Fig. 2. Confocal images of tef flours before and after MW treatments. Red and green colors indicate carbohydrates labeled using periodic acid-Schiff (PAS) and 
proteins labeled using fluorescamine dye, respectively. Scale bar: 25 μm. 
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WSI and SP in the treated flours could be attributed to the formation of 
monomeric unit of proteins and radiation induced depolymerisation of 
the starch (amylopectin branches) and formation of simple sugars that 
have higher tendency for water as compared to untreated samples. 

EA, ES, FC and FS properties are mainly related to the proteins 
fractions and their structure. A positive effect of treatment (p < 0.05) on 
EA and ES was observed for both flours treated for 1 min at 15 % (4 % 
increase in EA and 19 % in ES for white tef flour and 6 % increase in EA 
and 203 % in ES for brown tef flour). Similarly, previous report indicated 
that MW treatment improved the EA and ES of wheat gluten by applying 
short treatment times (<3 min) [55]. These results emphasize that short- 
term treatments performed under low MC are an effective approach to 
enhance the emulsifying capacity of flours, thereby expanding their 
potential as emulsifying agents in food products. However, a significant 
and remarkable reduction on these properties was observed in the 
samples treated for 6 min at 15 % MC and in all samples treated at 25 % 
MC (except for ES in brown tef treated for 1 min). A similar trend was 
found in the FC and FS of tested samples, as a significant reduction on 
these properties was observed in both flours treated for 6 min at 15 % 
and for all evaluated samples treated at 25 %MC. These important losses 
of emulsifying and foaming properties in the samples treated at these 
conditions could be explained by changes in the solubility and structural 
conformation of proteins that occurred during treatment. Moreover, the 
reduction on these properties of the treated tef flours may be attributed 
to a reduction in some polar amino acids, change in their polarity or 
denaturation, and dissociation of the constituent protein [56]. As pre-
sented in Table 1, the increase in the treatment time and the MC of the 
samples promoted an increase in the temperature of the treated flours 
(up to 110 ◦C). This may have altered the native state of the proteins, 
leading to the formation of insoluble aggregates, which increased the 
loss of surface adsorption properties. This results corroborates the 
findings in the Sections 3.2 and 3.3 that indicate a decrease in the 
proteins solubility of flours treated under these conditions. Moreover, 
the confocal analysis (Section 3.4) also showed remarkable differences 
in the protein structure of the samples treated at 25 % MC. From the 
results found in this section, it can be inferred that MW treatment could 

be a useful technology for food processing since, depending on the 
employed conditions, it allows to improve or reduce some functional 
properties required to produce desirable changes in food systems. 

3.6. Correlation analysis 

Pearson correlation coefficient was used to analyze the relationship 
among treatment time, MC, protein recovery and functional properties 
of tef flours treated with MW at different times and MC. All the corre-
lation coefficients are displayed in Table 5. According to the results, the 
treatment time was positively correlated with WAC and WSI in both 
studied tef flours. In addition, the treatment time was significantly (p <
0.05) correlated with the WAI in white tef flour and with the SP and FC 
in brown tef flour. It suggested that the foregoing indicators were 
increased as the treatment time values increased. However, there were 
significant negative correlations between treatment time and protein 
recovery, EA and ES (in both studied tef flours) and FC (in brown tef 
flour). The MC showed a significant positive correlation with WAC and 
WAI only for the treated white tef flours. However, negative correlations 
between MC and protein recovery, EA, ES and FS were observed in both 
treated flours, which were significant (p < 0.05). 

These findings show that treatment time and MC effectively influ-
enced the protein recovery and the functional properties of tef flours 
treated by MW. As mentioned previously (Section 3.5), EA, ES, FC and 
FS properties are mainly related to the proteins fractions and structure, 
which was confirmed by the Pearson correlation analysis. As presented 
in Table 5, the protein recovery was positively correlated with EA and ES 
(p < 0.05) in treated white tef flours and it appeared to be extremely 
significant correlated (p < 0.01) with EA, ES, FC and FS in the treated 
brown tef flours. 

4. Conclusions 

The MW treatment had a significant impact on the fractionation, 
solubility, and native state of tef proteins. Shorter MW treatments (1 and 
2 min) resulted in minor changes in protein recovery, protein solubility 

Table 4 
Effect of microwave treatment on functional properties of tef flours.  

Sample WAC 
(g/g) 

WAI 
(g/g) 

WSI 
(g/100 g) 

SP 
(g/g) 

EA 
(g/100 g) 

ES 
(g/100 g) 

FC 
(mL) 

FS 
(g/100 g) 

WT-C 0.94 ± 0.01ab 5.6 ± 0.4ª 4.2 ± 0.3ª 5.8 ± 0.4ª 42.1 ± 0.3e 12.3 ± 0.2d 8.5 ± 0.1d 47 ± 8b 

WT15-1 0.93 ± 0.01ª 5.7 ± 0.2ab 4.1 ± 0.2ª 5.9 ± 0.2ª 43.9 ± 0.1f 14.6 ± 0.4e 8.0 ± 0.9d 48 ± 7b 

WT15-2 0.95 ± 0.02b 5.9 ± 0.4ab 3.9 ± 0.1ª 6.2 ± 0.4ab 38.0 ± 0.1d 10.7 ± 0.9c 9.0 ± 0.7d 45 ± 11b 

WT15-6 1.02 ± 0.01d 6.3 ± 0.2bc 4.3 ± 0.4ª 6.6 ± 0.3bc 1.1 ± 0.1b 0 ± 0a 4.0 ± 0.7bc 0 ± 0a 

WT25-1 0.96 ± 0.02c 6.3 ± 0.6bc 4.1 ± 0.5ª 6.9 ± 0.3c 4.4 ± 0.1c 4.3 ± 0.3b 5.3 ± 0.4c 0 ± 0a 

WT25-2 1.03 ± 0.01d 6.8 ± 0.5cd 6 ± 1b 7.2 ± 0.6cd 0 ± 0a 0 ± 0a 3 ± 0b 0 ± 0a 

WT25-6 1.51 ± 0.01e 7.2 ± 0.1d 8 ± 1c 7.8 ± 0.1d 0 ± 0a 0 ± 0a 0 ± 0a 0 ± 0a  

Analysis of variance and significance (p-values) 
F1: Moisture content * ** ** *** ** ** * * 
F2: Treatment time ** ns ns ns ns * ns ns 
(F1) x (F2) *** ns * ns *** *** * ** 
BT-C 0.95 ± 0.01b 5.7 ± 0.2abc 5.0 ± 0.3ª 5.9 ± 0.2ab 45.3 ± 0.5d 5.6 ± 0.4b 7 ± 2d 51 ± 2b 

BT15-1 0.96 ± 0.02bc 5.3 ± 0.3ª 4.5 ± 0.3ª 5.5 ± 0.3ª 48.1 ± 0.5e 17 ± 1d 6.3 ± 0.4cd 53 ± 20b 

BT15-2 0.97 ± 0.01cd 5.4 ± 0.1ab 4.7 ± 0.2ª 5.6 ± 0.1ª 45.1 ± 0.6d 13.5 ± 0.1c 5.0 ± 0.7c 51 ± 7b 

BT15-6 0.99 ± 0.01d 6.2 ± 0.7c 9.3 ± 0.8b 6.7 ± 0.9bc 1.1 ± 0.1 0 ± 0a 2.0 ± 0.1ab 0 ± 0a 

BT25-1 0.89 ± 0.02ª 5.4 ± 0.1ab 4.3 ± 0.1ª 5.6 ± 0.1ª 7.3 ± 0.5c 5.8 ± 0.1b 4.5 ± 0.7c 0 ± 0a 

BT25-2 0.95 ± 0.03bc 5.9 ± 0.5bc 5.0 ± 1.9ª 6.2 ± 0.7abc 0 ± 0a 0 ± 0a 2.3 ± 0.4b 0 ± 0a 

BT25-6 1.56 ± 0.01e 6.2 ± 0.1c 13.8 ± 0.4c 7.0 ± 0.2c 0 ± 0a 0 ± 0a 0 ± 0a 0 ± 0a  

Analysis of variance and significance (p-values) 
F1: Moisture content ns ns ns ns ** ** ns * 
F2: Treatment time ** ** *** ** ns * ** ns 
(F1) x (F2) *** ns ** ns *** *** ns ** 

WAC: water absorption capacity, WAI: water absorption index, WSI: water solubility index, SP: swelling power, EA: emulsion activity, ES: emulsion stability, FC: 
foaming capacity, and FS: foaming stability. All values refer to sample dry matter. The different letters in the corresponding column within each tef variety indicate 
statistically significant differences between means at p < 0.05. Analysis of variance and significance: ***p < 0.001. **p < 0.01. *p < 0.05. ns: not significant. 
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and hydration properties, while significantly improving the emulsifying 
stability of tef flours, particularly when carried out at 15 % MC. How-
ever, when the MC was increased to 25 %, more unfavorable changes 
were observed in the surfactant properties. Therefore, the treatment 
applied in this study offers an opportunity to modulate the techno- 
functional properties of tef flours, thereby broadening its potential ap-
plications in several food products. 

The potential application of these treated flours in food systems re-
quires further analysis. However, considering the positive correlation 
between treatment time and MC with WAC in both flours, we believe 
that these flours could be valuable as thickeners or to improve the 
consistency of shakes or doughs prepared with them. Moreover, treat-
ments carried out for shorter times at low MC resulted in enhanced 
emulsion stability, indicating that tef flours treated under such condi-
tions could be suitable for the production of desserts, sauces, or aerated 
products. 
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