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Abstract

Pearl millet is a cereal rich in both macro- and micronutrients; however, it also contains high levels of antinutrients, such as
phytate, tannin, and phenols, which can hinder nutrient absorption. This study examined the impact of fermentation on the nutrient
composition, antinutritional content, mineral bioaccessibility, and sensory quality of Injera prepared from pearl millet flour alone, as
well as from a composite flour of pearl millet and maize (in 1:1 and 1:2 ratios). Fermentation significantly improved the nutrient profile
and sensory attributes of Injera samples. Significant improvements (p < .05) were observed in all Injera samples, with reductions in
phytate (81.5%–99.2%) and tannin (72.4%–96.1%) contents, and increased mineral bioaccessibility for iron (62.1%–73.5%), zinc (53.8%–
83.3%), and calcium (19.6%–54.6%). These findings showed that traditional fermentation methods can effectively decrease antinutrients,
enhance the nutrient profile, and improve mineral bioaccessibility in pearl millet-based Injeras.
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Graphical abstract

Introduction
Like many developing countries, Ethiopia relies heavily on cereal-
based foods for the diet of both children and adults. These foods
often contain high levels of antinutrients, mainly phytic acid (PA),
which can bind essential nutrients and hinder their absorption
(Lopez et al., 2002). Consequently, micronutrient deficiencies, par-
ticularly iron, calcium, and zinc are prevalent in Ethiopia (Hailu,
2016). Additionally, protein-energy malnutrition is a significant
concern, with nearly 39% of children under five reported to be
stunted in a recent survey (FNS, 2023).

Injera, a traditional fermented pancake-like flatbread, serves as
a staple food in Ethiopia (Woldemariam et al., 2019). By consuming
Injera at least once daily, Ethiopians get approximately 70% of their
dietary calories from this single food (Ashagrie & A., 2012; Cherie
et al., 2018). Teff (Eragrostis tef ) is the preferred cereal for preparing
Injera; however, it is also common to prepare Injera from other
cereals, including wheat, barley, sorghum, millet, maize, and rice
(Mihrete & Bultosa, 2017; Neela & Fanta, 2020).

Pearl millet is a cereal rich in both macro- and micronutrients.
Its protein content ranges from 9% to 24% (Ali et al., 2003),
while its fat content varies from 4% to 9% (Jain & Bal, 1997).
Additionally, pearl millet is a good source of micronutrients such
as folate, copper, zinc, iron, magnesium, calcium, and various B
vitamins, along with unsaturated fatty acids (Dayakar et al., 2018).
Unlike teff, which requires fertile soil and significant precipitation
for growth, pearl millet can thrive in range of soils and harsh
environmental conditions (Dias-Martins et al., 2018). An improved
variety of pearl millet, known as Kola-1, has been introduced in
Ethiopia, expanding its cultivation to drought-prone areas (Lakew
& Berhanu, 2019; Erenso Degu et al., 2009).

Despite its advantageous properties, pearl millet also contains
antinutrients, including PA, tannins, phenols, and α-galactosides,
which can inhibit nutrient absorption (Rani et al., 2018). Fer-
mentation has been identified as an effective method for reduc-
ing antinutritional factors in cereals (Samtiya et al., 2020). This
process activates enzymes that break down these compounds,
thereby enhancing the nutritional profile by improving mineral
bioavailability and the digestibility of proteins and carbohydrates
(Adebo et al., 2022; Osman, 2011). Furthermore, fermentation

enhances the palatability and organoleptic properties of foods
(Şanlier et al., 2019).

The bioaccessibility of problem nutrients in Ethiopia, such as
iron and zinc, from Injera samples prepared from different flour
blends, such as teff–white sorghum, barley–wheat, and wheat–
red sorghum, was reported by Baye et al. (2014). However, studies
on mineral bioaccessibility and impacts of fermentation on other
attributes such as proximate composition and antinutritional lev-
els of pearl millet and pearl millet-based Injeras are limited. This
study thus aimed to examine the effects of fermentation on the
proximate composition, levels of antinutrients, bioaccessibility of
selected minerals, and sensorial quality of pearl millet and pearl
millet-based Injeras.

Materials and methods
Focus group discussion for recipe selection
Injera preparation recipes were identified and adapted after a
focus group discussion with women from the Dangeshita sub-
district (Kebele), Dangila district, which is located approximately
90 km southwest of Bahir Dar City, Ethiopia. These communities
are known as both producers and consumers of millet. Twelve
randomly selected women from the community were involved
in a focus group discussion and were asked about how they
prepare Injera from finger millet. Specifically, they were asked if
they have a practice of blending millet with other crops in the
Injera preparation process, duration of fermentation, use of back
slopping, and so on.

Focus group discussants elaborated the practice of mixing
millet with maize in different proportions based on availability
of millet. In cases of high availability of millet, Injera is either
prepared exclusively from millet or mixing millet and maize in
a one-to-one proportion (1-part millet:1-part maize flour, P1M1)
whereas, in cases where there is less access, millet is mixed with
maize in a one-to-two proportion (1-part millet:2 parts maize
flour, P1M2). Three Injera preparation recipes were identified:
finger millet flour alone, finger millet and maize flours in a
one-to-one (1 finger millet:1 maize) proportion, and finger millet
and maize flours in a one-to-two ratio (1 finger millet:2 maize)
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Figure 1. Flow diagram of Injera preparation: (A) from pearl millet (P), (B) from pearl millet and maize flour (1 pearl millet:1 maize, P1M1), and (C) from
pearl millet and maize flour (1 pearl millet:2 maize, P1M2).

proportion. Differences were also recorded at the mixing stage
of the two cereals. For women who use the one-to-one ratio, the
cereals (finger millet and maize) are ground to flour separately.
Initially, preparing maize dough and subsequently adding finger
millet flour after 72 hr (3 days) of fermentation. When using the
1:2 ratio, the cereals (finger millet and maize) are ground together,
and the composite flour is used to prepare dough. After 72 hr of
fermentation another batch of composite flour is added to the
previous dough. In both cases, after 96 hr (fourth day) of fermen-
tation, the dough can be baked and baking may continue until the
168 hr (seventh day). In our study, the Injera preparation process
from finger millet and maize mixture by the local communities
was adopted to prepare Injera from pearl millet and maize flours
in the laboratory.

Pearl millet-based Injera preparation in the
laboratory
Pearl millet (kola-1 variety, accession number: ICMV221) was
brought from Sekota Dryland Agricultural Research Centre,
Ethiopia, and maize (BH 660 variety) and maize was obtained from
farmers in Dangila district, Ethiopia. The grains were cleaned and
then milled individually into flour using a laboratory hammer
mill (ModTPS–JXFM110, Shanghai, China) and sifted to a sieve
size of 500 μm. With the assistance of women from Dangeshita
kebele, the traditional recipes for Injera preparation as described
in Figure 1A–C were applied in the Food Processing Laboratory,
Bahir Dar University.

Sample preparation
Injera samples prepared following the recipes identified were
spread out on aluminium foil and dried individually in hot air
for 24 hr at 65 ◦C using an air-drying oven (DHG-9140A; Zenith
Lab Inc., China). They were then milled into a fine powder,

sealed in polyethylene plastic bags, and stored at −20 ◦C for
analysis to ensure their integrity was maintained. Samples for
the determination of minerals and bioaccessibility of minerals
were transported under cooled conditions to Laboratory of
Environmental Chemistry, University of Athens, Greece, and
immediately frozen to −20 ◦C.

Proximate composition
The proximate composition (moisture, total ash, crude protein,
crude fat, and crude fibre content) of Injera samples prepared from
the different recipes were determined as per AOAC (2005), while
total carbohydrate was calculated indirectly by difference method
(Tontisirin et al., 2003). All results were expressed on a dry weight
basis.

Determination of mineral content
The mineral content of samples was determined following the
methods of Grigoriou et al. (2022) and Lee et al. (2022), with slight
modification. The dried sample (0.1 g) was wet digested under
microwave digester (Multiwave Go Plus, Anton Paar, Graz, Austria)
using HNO3 (65%). The digested samples were diluted using 20 ml
of Milli-Q water, filtered, and the final volume was adjusted to
25 ml. Inductively coupled plasma optical emission spectrometry
(Optima 2100DV ICP-OES, PerkinElmer, Waltham, MA, USA) was
employed for determining the concentration of the selected min-
erals. The standard calibration solutions for ICP analyses were
prepared in the ranges of 0.1–5 mg/L (Ca, Fe, and Zn), diluting a
multielement standard (ICP multi-element standard IV, Merck).
Emission intensities were measured at 317.9, 238.2, and 206.2 nm
for Ca, Fe, and Zn, respectively. Limits of detection (LODs) for Ca,
Fe, and Zn were calculated using the formula 3.3 × S, where S is
standard deviation of 10 replicates samples prepared at low con-
centrations (Long & Winefordner, 1983), equal to 0.140 μg g−1 of
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dry weight. For quality assurance purposes, at least one blank was
included in each sample batch and certified reference material
BCR191 (brown-red) was analysed for the three metals (iron [Fe],
zinc [Zn], and calcium [Ca]) providing a recovery between 90% and
110%.

Determination of mineral bioaccessibility
The bioaccessibility of calcium (Ca), iron (Fe), and zinc (Zn) from
Injera samples was assessed using a simulated gastrointestinal
digestive method developed by Glahn et al. (1998) and Khoja et al.
(2021) with minor modifications. About 1 g of sample was mixed
with 10 ml of saline solution (140 mmol/L NaCl and 5 mmol/L
KCl) and left for 15 min. The pH was adjusted to 2.0 with 1 M
HCl. Then, 1 ml pepsin (Sigma-P-7012) (9.6 mg ml−1) was added,
and the solution was vortexed. After 90 min incubation at 37 ◦C
in a shaking water bath at 150 rpm, the pH was adjusted to 7
using 1 M NaOH. A solution of 2.5 ml from bile extract (Sigma-
B8631) and pancreatin (Sigma-P7545) (8.5 mg ml−1 bile extract and
1.4 mg ml−1 pancreatin) were added. The solution was diluted
to a final volume of 18 ml with saline solution and incubated
at 37 ◦C for 90 min before being centrifuged (at 1,000 rpm for
10 min) using a centrifuge (Sigma 3-18KS, Germany). Then after,
the supernatant was decanted; 1 ml was transferred into a 15 ml
tube. The supernatant (1 ml) of each sample was digested with
65% concentrated pure HNO3 acid in an oven at 65 ◦C for 12 hr.
The digested samples were diluted by de-ionised water and Ca, Fe,
and Zn contents were measured using ICP-OES (Optima 2100DV,
ICP-OES, PerkinElmer, Waltham, MA, USA).

Determination of phytate concentration
The phytate concentration of the samples was determined using
McKie and McCleary (2016) method, employing a Megazyme assay
kit (Megazyme-KPHYT, Bray, Ireland). Samples weighing 1 g were
placed in a 75 ml glass beaker, 20 ml of 0.66 M HCl was added, and
the beaker was covered with foil and stirred vigorously for at least
3 hr. Afterward, 1 ml of the extract was transferred to a 1.5 ml
microfuge tube and centrifuged for 10 min. From the resulting
supernatant, 0.5 ml was transferred to a new 1.5 ml microfuge
tube, and 0.5 ml of 0.75 M NaOH was added. The phosphorus
releases were measured using the colorimetric method (G6860A,
Agilent, Malaysia) and the absorbance was recorded at 655 nm
against an appropriate blank. Phytate content is reported in g of
PA per 100 g of sample.

Determination of tannin content
A modified Vanillin–HCl Assay was used to determine the tan-
nin content as described by the method of Dykes (2019). Three
replicates of 0.3 g each of dried sample were measured and
transferred into centrifuge tubes and 8 ml of 1% HCl in methanol
were added to each tube. Then, the contents were mixed in a
vortex mixer for 10 s, each tube remained in a water bath for
20 min for incubation and was afterward mixed on the vortex
mixer for 10 s. Then, the samples were centrifuged at 4,000 × g
(Sigma 3-18KS, Germany) for 10 min. The upper layer was taken
by decantation. From the decanted solution an aliquot were taken
and placed into separate two test tubes with 1 ml each. One tube
was labelled as the “sample” tube and the other as the “blank”
tube. All tubes were placed into the water bath (30 ◦C). The vanillin
reagent of 5 ml was added to each “sample” tube in each pair
of samples and incubated for 20 min. After that 5 ml of 4% HCl
in methanol were added to the “blank” tubes in each pair at 15-
s intervals. The absorbance of each “sample” and “blank” tube
was measured after 20 min at 500 nm using a spectrophotometer

(G6860A, Agilent, Malaysia). For the final determination of the
tannin concentration, the value of the “blank” from that of the
“sample” was subtracted. Tannin concentration was calculated as
mg CE/100 g.

Sensory quality of Injera
The sensory attributes of Injera samples prepared from pearl mil-
let flour alone and pearl millet and maize composite flours was
evaluated according to the method proposed by Lim et al. (2022),
using a seven-point hedonic scale. A total of 37 untrained panel-
lists (staff and students from human nutrition, food engineering,
and chemical engineering programmes) were chosen randomly
from Bahir Dar University. The sensory attributes considered were
colour, texture (softness degree), eye uniformity, top and bottom
surface (stickiness), rollability, taste, and overall acceptability.
A glass of water was offered to the panellists, and they were
informed to drink water between tastings (Mutshinyani et al.,
2020).

Statistical analysis
Data analysis was performed using SPSS version 26 (SPSS, Chicago,
IL, USA). Results were presented as M ± SD. Means were com-
pared using ANOVA (analysis of variance) and Tukey’s multiple
comparison test to establish where significant difference between
treatments at a 95% level of confidence exist.

Results and discussion
Effect of fermentation on the nutritional values
of pearl millet-based Injera
Table 1 shows the nutritional values of pearl millet-based Injera
samples. The total ash content of the Injera samples ranged from
1.46% to 2.04%. Inyang and Zakari (2008) also reported ash levels
of 1.87%–2.72% for instant Fura, a Nigerian cereal fermented food
prepared from pearl millet and sorghum. Injera samples had a
higher protein content compared to their respective unfermented
flour samples. The crude protein levels of prepared Injera samples
from P1M1 flour increased by 34%, while that prepared from P1M2
flour increased by 20.5% compared to their unfermented flours.
Even though no significant differences were reported among Injera
samples, the highest protein content (12.8%) was recorded for
Injera of pearl millet (P) fermented for 144 hr, and the lowest
(8.94%) was recorded for Injera from maize (M) fermented for
168 hr. The increase in the protein levels in the Injera samples
might be associated to the synthesis of enzymes and the for-
mation of new proteins during fermentation, and the release
of proteins from the breakdown of antinutritional components
(Endalew et al., 2024). The protein level of Injera from pearl millet
(P) and maize (M) showed a slightly decreasing trend between
144 and 168 hr of fermentation, attributed to multiple factors
that can exert an influence on the dynamics of protein during
fermentation, including microbial activity, enzymatic reactions,
and availability of substrates (Diether & Willing, 2019). The crude
protein composition of Injera samples recorded in this study was
within the range (6.8%–18.2%) reported for other pearl millet-
based food products like ready to eat foods, different types of
porridges, steamed cooked products, and fermented blended flour
(Onyango et al., 2021; Saleh et al., 2013).

Statistically significant differences (p < .05) were observed in
the fat content of flour samples at initial time of fermentation
and their corresponding Injera samples. Injera samples’ fat content
decreased during fermentation, probably due to increased activ-
ities of lipolytic enzymes, which hydrolyse fats into fatty acids
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Table 1. Effect of fermentation on nutritional values (g/100 g d.w.) of Injera from pearl millet and pearl millet-maize composite flour.

Fermentation time (hr) Total ash (%) Crude protein (%) Crude fat (%) Crude fibre (%) Total CHOs (%) Gross energy
(kcal/100 gm)

Pearl millet (P) Injera
0 1.61 ± 0.01ab 11.1 ± 0.1a 5.28 ± 0.08b 4.60 ± 0.04c 82.1 ± 0.1b 419 ± 1c

96 1.46 ± 0.19a 12.2 ± 0.2a 4.62 ± 0.44ab 4.22 ± 0.10cd 81.3 ± 0.2b 415 ± 3ab

120 1.81 ± 0.01b 12.3 ± 0.2a 5.32 ± 0.29b 4.19 ± 0.36e 80.4 ± 0.4ab 418 ± 1bc

144 1.68 ± 0.13ab 12.8 ± 1.2a 4.13 ± 0.28a 2.20 ± 0.09a 81.1 ± 1.4ab 412 ± 1a

168 1.78 ± 0.05b 11.6 ± 0.2a 6.90 ± 0.13c 2.16 ± 0.01d 79.5 ± 0.2a 426 ± 1d

1 Pearl millet:1 Maize (P1M1) Injera
0 1.15 ± 0.03a 8.36 ± 0.2a 2.81 ± 0.24a 4.56 ± 0.26bc 87.7 ± 0.4b 409 ± 1 a

96 1.67 ± 0.03b 11.2 ± 0.2bc 4.50 ± 0.12b 1.93 ± 0.08a 82.7 ± 0.1a 415 ± 1bc

120 1.88 ± 0.05a 11.4 ± 0.2bc 4.51 ± 0.31b 1.83 ± 0.03a 82.2 ± 0.4a 414 ± 1bc

144 1.78 ± 0.13b 11.2 ± 0.2bc 4.18 ± 0.24b 4.24 ± 0.27b 82.9 ± 0.5a 413 ± 1b

168 1.70 ± 0.10b 11.6 ± 0.2c 4.73 ± 0.16b 2.10 ± 0.11a 82.0 ± 0.3b 416 ± 1c

1 Pearl millet:2 Maize (P1M2) Injera
0 1.26 ± 0.06a 9.27 ± 0.2a 4.54 ± 0.04a 3.62 ± 0.15d 84.9 ± 0.3a 417 ± 0a

96 1.88 ± 0.09a 11.2 ± 0.4cd 3.74 ± 0.12a 2.91 ± 0.13bc 83.6 ± 0.3a 412 ± 1a

120 2.04 ± 0.21b 10.8 ± 0.2ab 3.96 ± 0.97a 2.21 ± 0.04a 83.5 ± 1.2a 412 ± 5a

144 1.90 ± 0.16b 10.8 ± 1.3ab 3.66 ± 0.12a 2.57 ± 0.18ab 83.9 ± 1.4a 411 ± 1a

168 2.00 ± 0.04b 11.1 ± 0.2b 3.99 ± 0.36a 3.07 ± 0.20c 81.7 ± 3.0a 419 ± 14a

Maize (M) Injera
0 1.23 ± 0.03a 8.86 ± 0.23ab 3.72 ± 0.11d 2.83 ± 0.05e 86.3 ± 1.3a 414 ± 7a

96 1.35 ± 0.04ab 8.96 ± 0.01b 2.71 ± 0.21a 2.21 ± 0.13c 87.1 ± 0.4a 407 ± 3a

120 1.36 ± 0.03b 8.94 ± 0.11ab 2.86 ± 0.22ab 1.94 ± 0.11b 86.8 ± 0.2a 409 ± 1a

144 1.37 ± 0.10b 8.85 ± 0.22ab 3.12 ± 0.20abc 1.62 ± 0.05a 87.1 ± 0.4a 410 ± 1a

168 1.45 ± 0.03b 8.49 ± 0.22a 3.37 ± 0.17cd 1.58 ± 0.03a 86.2 ± 0.2a 411 ± 1a

Note. The result values are presented in mean ± SD. The means with different letters across the columns were significantly different (at p < .05).

and glycerol for energy production (Inyang & Zakari, 2008). While
fat content started to increase between 144 and 168 hr fermenta-
tion caused by yeast metabolism creating lipids as a byproduct
(Matouk et al., 2025) and short-chain fatty acids formation by
some types of micro-organisms (Kitessa, 2024).

The crude fibre content of Injera samples ranged from 1.58 to
4.22 g/100 g. There were significant differences (p < .05) in the
fibre content of Injera samples. The fibre content of the studied
Injera samples decreased with fermentation time which might be
due to the partial solubilisation of cellulose and hemicellulose by
microbial enzymes (Adebo et al., 2022).

The carbohydrate level of our samples ranged from 79.5%
to 87.1%; the minimum recorded for Injera from pearl millet
fermented for 168 hr and the maximum for maize Injera baked
after 144 hr of fermentation. When the proportion of maize flour
increased, the carbohydrate content of the resulting Injera also
increased. This might be due to the higher carbohydrate level of
maize flour (86.2%) compared to pearl millet (82.1%). The amount
of carbohydrate in the studied Injera recipes decreased with fer-
mentation time. This might be due to starch–hydrolysing enzymes
like alpha-amylase and maltase, which break down complex car-
bohydrates to simpler sugars that fermenting microorganisms
can metabolise (Kitessa, 2024). Similarly, Inyang and Zakari (2008)
reported a decrease in the carbohydrate levels of fermented foods
prepared from pearl millet during fermentation whereas Injera
samples’ gross energy value ranged from 408 to 419 kcal/100 g.
The maximum energy value (419 kcal/100 g) was recorded for
pearl millet Injera, while the minimum (408 kcal/100 g) was for
maize Injera prepared after fermentation for 96 hr. Injera’s gross
energy value also increased with the amount of pearl millet flour
in the composite flour was increased. This could be related to
higher value of fat, and protein in pearl millet flour compared to
maize flour.

Effect of fermentation on antinutritional content
Table 2 shows the content of phytate and tannin from Injera
samples and their respective flours. Phytic acid acts as the
primary phosphorus storage compound in cereals, legumes,
oilseeds, and nuts. However, PA is considered as an antinutrient
due to its ability to form complexes with minerals, proteins,
and carbohydrates, which can reduce their bioavailability and
absorption. This is a particular concern in low-income countries,
where diets rely heavily on plant-based foods (Feizollahi et al.,
2021). Pearl millet (P) flour has highest phytate concentration
(1,633 mg/100 g). Regarding the samples of Injera, the highest PA
content (594 mg/100 g) was recorded for pearl millet (P) Injera
fermented for 96 hr, whereas the lowest (8.31 mg/100 g) was
recorded for Injera samples prepared from P1M1 flour fermented
for 168 hr. Significant (p < .05) reductions were recorded for
the phytate content (ranging from 81.5% to 99.2%) for all Injera
samples with increased fermentation time.

Phytate content reduction during extended fermentation time
observed in this study might be attributed to the presence of
microbes, and natural phytase enzymes found in the cereals
and the synthesis of organic acids, lowering pH of the substrate
and creating favourable conditions for the function of phytases
(Adebo et al., 2022; Osman, 2011). Similar findings were reported
by Mihrete and Bultosa (2017) when the teff-Injera is fermenting.

The tannin content of samples (both unfermented flour and
Injera samples) spanned from 2.50 to 83.0 mg CE/100 g. The
maximum condensed tannin (83.0 mg CE/100 g) content was
recorded for pearl millet flour. After 168 hr fermentation, the
lowest tannin content (2.50 mg CE/100 g) was recorded for P1M1
Injera. The significant (p < .05) reduction of condensed tannin of
Injera samples during fermentation was due to various reasons
including hydrolysis of ester and dipeptide linkages catalysed by
the enzyme tannase, resulting from formation of gallic acid and



6 | Yehuala et al.

Table 2. Phytic acid and tannin content of pearl millet-based
Injera and flour samples (in d.w.).

Sample Phytic acid
(mg/100 g)

Condensed tannin
(mg CE/100 g)

Flour P 1,633 ± 8.9a 83.0 ± 5.1c

P1M1 1,012 ± 93d 72.5 ± 0.9a

P1M2 502 ± 8.98b 64.1 ± 1.9a

M 432 ± 3.9b 37.7 ± 1.3d

Fermentation
time (hr)

Injera P 96 594 ± 5.2c 44.0 ± 2.43c

120 433 ± 2.2b 34.9 ± 1.26b

144 393 ± 1.7b 30.2 ± 0.63b

168 42.0 ± 4.1a 8.83 ± 0.80a

P1M1 96 358 ± 35c 20.3 ± 1.4c

120 168 ± 1.1ab 15.1 ± 1.2b

144 28.0 ± 0.3a 10.5 ± 0.8b

168 8.31 ± 0.7a 2.50 ± 0.13a

P1M2 96 415 ± 2.9c 19.1 ± 0.8c

120 326 ± 2.0c 12.7 ± 0.7b

144 167 ± 1.0b 10.3 ± 0.9b

168 18.2 ± 1.5b 5.31 ± 0.27a

M 96 215 ± 2.1d 17.6 ± 0.1bc

120 172 ± 1.7c 12.6 ± 3.4ab

144 114 ± 1.5b 11.1 ± 2.2a

168 80.0 ± 1.5a 10.4 ± 1.3a

Note. The result values are in mean ± SD. Mean with different letters across
columns were significantly different (p < .05). Where: P (100% pearl millet)
Injera; P1M1 (1 pearl millet:1 maize) Injera; P1M2 (1 pearl millet:2 maize) Injera,
M (100% maize) Injera.

glucose. Furthermore, the breakdown of tannins by enzymes is
facilitated by a drop in pH and tannins solubility in water, leading
to leaching into the fermenting medium (Adebo et al., 2022).
Tannin can be also reduced by the enzyme tannin acyl hydrolase
and enzymes produced from fermenting microorganisms which
break down tannin-protein, tannic acid-starch, and tannin-iron
complexes, releasing free nutrients that ultimately enhance nutri-
tional availability (Nkhata et al., 2018).

Proximate composition and antinutrient levels of
pearl millet-based Injera samples prepared on
the fourth day
The present work investigated the nutritional and antinutrient
values of Injera samples prepared after 96 hr fermentation of
the dough following the traditional recipes of women from Dan-
geshita kebele. Injera prepared solely with pearl millet flour (P-
Injera) exhibited significantly higher (p < .05) protein, fat, and fibre
content compared to Injera prepared from pearl millet–maize
composite flours (Supplementary Table 1). These results imply
that pearl millet flour is a significant contributor to Injera’s protein
content, as evidenced by the increasing levels with higher millet
flour ratios. Maize flour appears to be the main source of carbo-
hydrates in Injera samples prepared with pearl millet-maize com-
posite flour. The mean energy value of all Injera samples ranged
from 408 to 415 kcal/100 g. The study also revealed significant
differences (p < .05) in antinutrient content (phytate and tannin)
among the Injera samples examined. Injera prepared solely from
pearl millet flour exhibited the highest phytate (594 mg/100 g) and
tannin (44 mg CE/100 g) concentrations compared to other recipes.
However, phytate was reduced by 64.6% and 17.3%, while tannin
was reduced by 72% and 70.2%, when pearl millet was mixed with
maize flour at a ratio of 1:1 and 1:2, respectively. This suggests that
pearl millet-based Injera might be a good source of plant protein,

Table 3. Iron, calcium, and zinc content (mg/100 g in d.w.) of
pearl millet-based Injera recipes with different fermentation
time preparation.

Fermentation
time (hr)

Iron (Fe) Zinc (Zn) Calcium (Ca)

Pearl millet (P) Injera
0 10.8 ± 0.02a 4.14 ± 0.12a 21.7 ± 0.4a

96 12.3 ± 0.08a 4.34 ± 0.06ab 24.4 ± 0.1c

120 13.6 ± 0.68b 4.42 ± 0.05b 27.3 ± 0.4d

144 15.9 ± 0.07c 4.92 ± 0.01c 29.8 ± 0.1c

168 18.4 ± 0.38d 5.11 ± 0.06c 31.5 ± 0.2d

1 Pearl millet: 1 Maize (P1M1) Injera
0 7.29 ± 0.01a 2.86 ± 0.08a 17.7 ± 0.1a

96 9.08 ± 0.17b 3.77 ± 0.02c 24.5 ± 0.1c

120 9.39 ± 0.16bc 3.81 ± 0.02c 25.8 ± 0.2d

144 9.54 ± 0.06c 5.30 ± 0.01d 26.2 ± 0.1d

168 9.66 ± 0.06c 6.19 ± 0.01b 30.0 ± 0.2b

1 Pearl millet:2 Maize (P1M2) Injera
0 7.66 ± 0.06a 2.31 ± 0.01a 19.4 ± 0.2a

96 8.16 ± 0.01b 3.18 ± 0.03c 21.8 ± 0.3b

120 8.43 ± 0.18bc 3.35 ± 0.04d 22.6 ± 0.6c

144 8.80 ± 0.14cd 3.38 ± 0.06d 25.7 ± 0.4d

168 9.01 ± 0.13d 3.68 ± 0.09b 26.7 ± 0.3d

Maize (M) Injera
0 5.62 ± 0.62a 1.80 ± 0.01a 16.5 ± 0.2a

96 7.01 ± 0.27bc 2.09 ± 0.03c 20.7 ± 0.1d

120 7.46 ± 0.06bc 2.13 ± 0.04c 22.3 ± 0.1c

144 7.84 ± 0.37c 2.17 ± 0.05cd 23.3 ± 0.1cd

168 8.32 ± 0.16c 2.24 ± 0.01d 26.4 ± 0.1b

Note. The result values are in mean ± SD (with duplicate experiments). There
was a significant difference (p < .05) in the mean across the columns with
different letters.

and fat, despite containing higher levels of antinutrients which
actually decreased to an acceptable level during the later stages
of fermentation.

Mineral content of pearl millet-based Injera
The iron (Fe), zinc (Zn), and calcium (Ca) content of Injera pre-
pared from pearl millet and pearl millet-maize composite flours
is presented in Table 3. The unfermented pearl millet (P) flour
exhibited the highest content of Fe, Zn, and Ca (10.8 mg/100 g
dw, 4.14 mg/100 g dw, 21.7 mg/100 g dw respectively), compared
to other unfermented flours. Pearl millet Injera contained the
highest Fe content (18.4 mg/100 g) followed by 1:1 pearl millet
and maize (P1M1) (9.66 mg/100 g) and 1:2 pearl millet and maize
(P1M2) (9.01 mg/100 g) Injera samples after 168 hr fermentation.
Increment in iron content during fermentation of pearl millet was
also reported by Balli et al. (2023) and Anberbir et al. (2023). Com-
pared to unfermented flour samples, the iron content of Injera
samples prepared from pearl millet (P) dough, 1:1 pearl millet and
maize (P1M1) composite dough, 1:2 pearl millet and maize (P1M2)
composite dough and maize (M) dough was considerably higher
at 168 hr fermentation.

With regard to zinc, the highest content (6.19 mg/100 g) was
recorded for Injera prepared from P1M1 flour fermented for 168 hr
followed by pearl millet (P) Injera (5.11 mg/100 g), while the lowest
zinc content (2.09 mg/100 g) was recorded for maize (M) Injera
fermented for 96 hr. The zinc content of all Injera samples showed
significant (p < .05) difference during the various fermentation
times. Specifically, a significant change was observed for all Injera
samples at 96 hr of fermentation. Furthermore, for P1M1, and M
Injera, a significant difference was observed from 120 to 168 hr
of fermentation times. The zinc content of pearl millet based
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Injera samples (1.80–6.19 mg/100 g) was higher than that reported
by Cherie et al. (2018) (1.62–2.11 mg/100 g) for Injera prepared
from teff, maize, and rice composite flours and that reported by
Anberbir et al. (2023) for Injera samples prepared from teff, pearl
millet, and buckwheat composite flours (1.14–3.32 mg/100 g).

Among unfermented flour samples, pearl millet (P) flour
showed the highest calcium content (21.7 mg/100 g), while maize
(M) flour contained the lowest (16.5 mg/100 g). Correspondingly,
pearl millet (P) Injera exhibited the highest calcium (Ca) content
(31.5 mg/100 g) after 168 hr of fermentation, whereas, the lowest
Ca content (20.7 mg/100 g) was observed in maize Injera fermented
for 96 hr. Fermentation significantly (p < .05) increased the
calcium (Ca) content of Injera samples. Specifically, Injera prepared
from 1:1 pearl millet and maize (P1M1) and 1:2 pearl millet and
maize (P1M2) composite flours exhibited significant changes in Ca
content up to 144 hr of fermentation. In contrast, pearl millet (P)
and maize (M) Injera samples showed such differences only up to
120 hr of fermentation. The current finding agrees with previous
studies by Endalew et al. (2024) and Anberbir et al. (2023), who
reported an increase in calcium content during the fermentation
of finger millet and teff, respectively, for Injera preparation.

Generally, the mineral content of Injera samples prepared from
pearl millet and pearl millet-maize composite flours exhibited
an increment with fermentation time. This finding agrees with
a previous study by Endalew et al. (2024), who reported a sig-
nificant increment in iron, zinc, and calcium content during
finger millet and maize fermentation in the preparation of Injera.
Balli et al. (2023) also reported an increment in iron, calcium,
and phosphorus content during pearl millet fermentation. The
observed increment in the mineral content of Injera samples with
an increase in fermentation time may be attributed to a reduction
in dry matter content, resulting from the microbial degradation
of carbohydrates, proteins, and crude fat during the fermentation
process (Gabaza et al., 2018; Nkhata et al., 2018).

Bioaccessibility of minerals
The bioaccessibility of iron (Fe), zinc (Zn), and calcium (Ca) of
different Injera recipes is displayed in Figure 2. Fermentation sig-
nificantly enhanced the Fe, Zn, and Ca bioaccessibility in all
Injera recipes, with increments ranging from 62.1%–73.5% for
Fe, 53.8%–83.3% for Zn, and 19.6%–54.6% for Ca. Injera samples
from pearl millet flour alone exhibited the greatest improve-
ment in mineral bioaccessibility. This increment can be related
to the decrease in antinutrients during fermentation, specifi-
cally phytate and tannin levels. Fermentation by naturally occur-
ring microflora promotes the degradation of antinutrient-mineral
complexes through enzymatic activity, and releases free miner-
als, enhancing their bioaccessibility and bioavailability (Endalew
et al., 2024; Nkhata et al., 2018). Furthermore, the pH reduction
during fermentation creates a more favourable environment for
the activity of phytase enzymes. These enzymes break down
phytate, thereby enhancing the Fe, Zn, and Ca bioaccessibility and
bioavailability in fermented food products (Frontela et al., 2011;
Sharma et al., 2020).

Sensory acceptability of pearl millet-based Injera
The sensory value of the different Injera samples is presented
in Figure 3. The sensory acceptability scores for Injera samples
especially colour, taste, texture, and overall acceptability were
significantly (p < .05) affected by fermentation (Supplementary
Table 2).

Colour is used to assess the basic sensory attribute and accept-
ability of traditional baked goods. The colour of pearl millet (P)

Injera was the most preferred by the panellists (6.83). Among all
Injera samples, a trend of decreasing colour values was observed
with increasing fermentation time, possibly being related to the
pigment breakdown by fermentation process (Altan et al., 2008).
The sensory acceptance scores for colour significantly increased
with the proportion of pearl millet flour in Injera samples. The
observed colour differences in the samples might be attributed to
pearl millet flour’s higher inherent lightness value due to pigment
extraction by starch hydrolysis processes during fermentation,
leading to a lower pigment content of maize flour. Additionally,
colour variations can occur due to chemical and metabolic reac-
tions during baking (Jebessa et al., 2024).

Taste is the most crucial factor for selecting food and ensuring
its success in competition, along with other perceived attributes
(Heiniö et al., 2016). In order to get the right flavour of Injera when
paired with stew (known as “wot” in Amharic), high-quality Injera
should possess a slight sourness. The maximum (6.83) taste score
of Injera was observed for pearl millet (P) Injera fermented for 96 hr,
while the lowest (4.25) for maize (M) Injera fermented for 144 hr.

Texture constitutes main sensory property typically used to
evaluate the quality of cereal-based baked items. It pertains to
the food product’s level of softness or hardness and is assessed
by touch. Injera recipes texture score ranged from 4.50 to 6.83.
The highest (6.83) texture or softness score was recorded for pearl
millet (P) Injera fermented for 96 hr, while the lowest (4.50) for
maize Injera fermented for 144 hr.

The capacity of Injera to be rolled is linked to the reduced
tendency of baked goods to become stale. The process of staling
in the product caused to an increase in stiffness and a decrease in
the acceptability of baked products with time. The acceptability
score in the rollability of Injera ranged from 3.75 to 6.67. The
panellists preferred the rollability of pearl millet Injera over the
other Injera recipes followed by P1M1 Injera fermented for 144 and
120 hr, respectively. The inclusion of maize flour in mixing process
resulted in a higher level of firmness in the Injera samples, even
though the change in rollability was not drastic.

The visual aspect (appearance) of Injera is a crucial factor that
determines its quality, encompassing both its external appear-
ance and the texture beneath the surface. The surface eyes of
Injera are the small honeycomb-like structures that emerge on the
top surface due to the generation and release of carbon dioxide
while fermenting and baking (Neela & Fanta, 2020). The highest
acceptance score was attained for pearl millet (P) Injera (6.33)
fermented for 96 hr followed by Injera prepared from P1M2 flour
(6.20) fermented for 120 hr. The score for eye uniformity ranged
from 4.00 to 6.33. Pearl millet (P) Injera fermented for 120 hr had
superior eye uniformity scores; whereas the lowest was obtained
from maize (M) Injera fermented for 168 hr. As the fermentation
time increased from 96 to 120 hr, the eye uniformity of Injera
samples increased, decreasing beyond 120 hr.

The Injera samples overall acceptability score ranged from
3.63 to 6.83, suggesting a good acceptability of the samples. The
highest overall acceptance was obtained for pearl millet (P) Injera
fermented for 96 hr followed by Injera produced from P1M1 Injera
(6.25) fermented for 144 hr.

Overall fermentation affected the sensory acceptability of
our samples. Similar findings were reported for Injera samples
prepared from various cereals including millet, teff, and maize,
attributed to the influence of LAB, which generates organic
acids and various flavour molecules during fermentation.
Additionally, the decrease in pH changes the composition of
substrate metabolites and soluble organic acids released from
the fermenting media, further enhancing the sensory profiles
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Figure 2. Bioaccessible Ca, Fe, and Zn from pearl millet-based Injera during different fermentation times (error bars represents standard deviation of
the means).

Figure 3. Effect of fermentation on sensory acceptability of Injera. 96,120, 144, and 168 in the graph represent fermentation hours.

(Mengesha et al., 2022; Mihrete & Bultosa, 2017; Mutshinyani
et al., 2020).

Conclusion
Fermentation improved the nutritional and sensory attributes of
all Injera recipes while effectively decreasing phytate, and con-
densed tannins, which resulted in increased bioaccessibility of
minerals. Injera prepared from pearl millet flour alone and Injera

prepared from composite flour of pearl millet and maize in a
one-to-one proportion and fermented for 96 hr or up to 144 hr
were found to be nutritionally superior with better sensorial
quality.

Supplementary material
Supplementary material is available at International Journal of Food
Science and Technology online.
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