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Abstract The present study was focused on the replace-
ment of refined wheat flour (RWF) by control (CS) and pro-
cessed sorghum flour [germinated (GS) and roasted (RS)] 
on the properties of flour/batter/dough (particle size, XRD, 
pasting, dynamic rheology, farinograph) and bread (physi-
cal, textural, digestibility, microbiological and sensory). 
Prominent variations adhered with sorghum processing, 
but decreasing patterns occurred for flour–water absorption, 
dough stability times, storage modulus, peak/final/break-
down viscosities, bread-moisture content, specific volume, 
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porosity, and lightness. Flour’s pasting temperature, dough 
development time, breadbulk density, hardness, gummi-
ness, and bitterness increased. Composite flours mainly had 
weak nature compared to RWF. The baking loss was lower 
for 10–30% CS and GS incorporation than RS. Compos-
ite bread had higher in-vitro protein and starch digestibil-
ity (CS > GS > RS) than RWF. Three days storage life with 
acceptable quality scores was obtained for bread with CS 
and GS up to 20% and RS up to 30% incorporation.
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Abbreviations
RWF  Refined wheat flour
CS  Control sorghum
GS  Germinated sorghum
RS  Roasted sorghum
RF  Rice flour
DDT  Dough development time

Introduction

Bread is considered as a staple food, and refined wheat 
flour is the most commonly used flour for the preparation 
of bread. The glutenproteinin wheat plays an important 
role in imparting desired structure, rheologicalbehavior, 
and quality to the bread (Millar et al. 2019). However, 
a large proportion of the population suffers from gluten 
allergy resulting in severe and adverse health effects, 
which challenges researchers to look for suitable alterna-
tives. One of the promising alternatives is a partial and 
complete replacement of wheat flour with flours of dif-
ferent food grains (cereal, legumes and pulses) to develop 
bread (Olojede et al. 2020; Marchini et al. 2021). However, 
the development of suitable bread from these alternative 
flours is also challenging as the non-wheat flour incorpo-
ration weaken the dough and adversely affect the bread 
quality, for example, specific volume is reduced, hardness 
increase, bread becomes denser etc. (Collar et al. 2014). 
To mitigate these drawbacks, different hydrocolloids and 

starches known to improve the structural properties are 
introduced into the formulations, but reports suggest that 
hardness still increases and no significant enhancement 
was observed on specific volume (Coronel et al. 2021). 
Hence, it may be derived that the success achieved in sup-
plementing the refined wheat flour in bread is currently 
limited (Mondor et al. 2014).

Sorghum is a resilient C4 crop that originated inNorth-
eastern Africa and has become an important staple food for 
nearly 500–750 million people in the semi-arid tropics of 
Asia, Africa, and Latin America (ICRISAT 2018; Gebre 
et al. 2021). It is the fifth most important crop grown for its 
diverse economic uses, such as food, feed, and production 
of biofuels/ethanol (Raju et al. 2021), with approximately 
35–42% accountability as food (Sharanagat et al. 2019; 
Gebre et al. 2021) and rest for fuel and feed. It is gluten-
free in nature and rich in macronutrients, micronutrients, 
and bioactive compounds (Rashwan et al. 2021). Owing to 
its nutritional benefits and slow digestibility, the grain has 
become a promising food for people suffering from obesity, 
diabetes, and autoimmune allergic reactions (Rashwan et al. 
2021). A huge potential thus lies for the food processing sec-
tor for the development of functional and low-gluten food 
(especially bread) from sorghum for the celiac population.

Studies on the development of bread (composite/gluten-
free) from sorghum have mainly focussed on utilizing unpro-
cessed grain flour (Olojede et al. 2020). However, a very 
few studies have reported modification of the sorghum flour 
properties before developing bread. The dimensions of flour 

Keywords Low-gluten bread · Sorghum · Digestibility · Shelf-life



255J Food Sci Technol (February 2024) 61(2):253–267 

1 3

processing include extrusion (Jafari et al. 2017), thermal and 
hydrothermal (Torbica et al. 2021), germination (Phattan-
akulkaewmorie et al. 2011), fermentation (Ogunsakin et al. 
2015), irradiation (Almaiman et al. 2021), etc. As observed, 
only a few studies evaluated the effect of germinated sor-
ghum flour on dough and bread quality. Additionally, to the 
best of our knowledge, no study has reported using roasted 
sorghum flour to replace refined wheat flour or to develop 
bread. Thus, future research may be warranted to fulfill these 
highlighted gaps.

In general, it has been observed that roasting and germi-
nation alter the chemical composition of grain to reduce the 
anti-nutritional factor and increase the digestibility (Suhag 
et al. 2021; Campos-Vega et al. 2010) while offering positive 
effect on functional and antioxidant properties (Ouazib et al. 
2016; Jogihalli et al. 2017). These modifications are attrib-
uted to the heat involvement in the roasting process (facili-
tating the inactivation of certain heat-labile anti-nutritional 
compounds) (Ouazib et al. 2016; Jogihalli et al. 2017) and 
enzyme-based breakdown of macronutrients in germination 
process (Kumar et al. 2020). Microwave roasting is con-
siderably fast, requires less space, and saves approximately 
25% more energy than the conventional oven (Nirmaan et al. 
2020). The initial cost of a microwave oven is higher com-
pared to a conventional oven, whereas the operational cost 
is low compared to the conventional oven method.

Despite these processes’ advantages, studies on the uti-
lization of modified sorghum flour by these processes have 
not been well conducted. Thus, the present study aimed to 
substitute refined wheat flour with germinated and roasted 
sorghum flour to develop functional low-gluten composite 
bread. The study will thus mitigate the existing gap by deter-
mining the effect of the incorporation of germinated and 
roasted sorghum flour on the dough and composite bread 
properties.

Material and method

Material

Sorghum grains (HJ-513) were procured from Hisar Agri-
culture University (Haryana, India). Refined wheat flour 
(RWF), rice flour (RF), salt, sugar, yeast (dry), and seed 
oil was purchased from a local market in Kundli, Haryana, 
India.

Processing of sorghum

Sorghum grains (HJ-513) were collected and cleaned for 
foreign impurities and broken parts. Cleaned grains were 
divided into three equal parts. The first part was soaked 
in water for 12 h and germinated at room temperature for 
3 days, and dried in a hot air dryer (40 °C) for 24 h, second 
part was roasted using a laboratory microwave at 450 W for 
10 min (Sharanagat et al. 2019) and third part was kept as 
control (unprocessed). The germinated (GS), roasted (RS), 
and control sorghum grains (CS) were ground and passed 
through 212-micron sieves and were kept in aluminium 
pouches until further analysis. Flour properties like particle 
size and XRD and composite flour properties like pasting 
and dynamic rheological analysis have been performed and 
explained in supplementary text 1.

Noenclature of flours

Since sorghum flours were mixed with RWF and RF in dif-
ferent combinations to develop composite bread, different 
nomenclature was used for their identification. The same 
nomenclature has been used throughout the text as follows: 
RWF—Refine wheat flour, RF—Rice flour, CS—Control 
(untreated) sorghum flour, GS—Germinated sorghum flour, 
RS—Roasted sorghum flour. The10, 20, 30, 40, and 50 

Table 1  Composite bread formulation

RFW refine wheat flour, CS control sorghum flour, GS germinated sorghum flour, RS roasted sorghum flour, RF rice flour

Ingredients %Composition/100 g

RWF100 CS10 CS20 CS30 CS40 GS10 GS20 GS30 GS40 RS10 RS20 RS30 RS40

RWF 100 80 70 60 50 80 70 60 50 80 70 60 50
CS 0 10 20 30 40 0 0 0 0 0 0 0 0
GS 0 0 0 0 0 10 20 30 40 0 0 0 0
RS 0 0 0 0 0 0 0 0 0 10 20 30 40
RF 0 10 10 10 10 10 10 10 10 10 10 10 10
Yeast 3 3 3 3 3 3 3 3 3 3 3 3 3
Oil 2 2 2 2 2 2 2 2 2 2 2 2 2
Sugar 5 5 5 5 5 5 5 5 5 5 5 5 5
Salt 1 1 1 1 1 1 1 1 1 1 1 1 1
Water As per the requirement approx 5% less as predicted by Farinograph analysis
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associated with nomenclature represents the percentage of 
particular flour in composite flour.

Farinograph analysis

Farinograph analysis of the mixture of different flours (RWF, 
RF, CS, GS, and RS) without yeast and other ingredients 
was performed using a dough lab (DoughLAB 2500, Perten, 
Australia). The flour mixture (300 g, Table 1) was used with 
the fixed initial water content (50%). The instrument was 
allowed to add water (drop-wise) during analysis as per the 
requirement. Water required and dough development time 
was then analysed from the developed Farinograph.

Bread development and analysis

Breads were formulated by keeping RF constant to 10% and 
mixing CS, GS, RS, and RWF in different combinations 
(Table 1). Prepared dough samples were kept in the mould 
(oiled-1 mL) and allowed to ferment for 45 min at 35 °C fol-
lowed by baking at 180 °C for 25–30 min (Electrical oven, 
PEO-1, Power-3.01 kW and Voltage-220 V). Prepared bread 
samples were allowed to cool at room temperature for 3 h 
before proceeding with further analysis.

Physical properties of bread

Water activity (aw) and moisture content of samples were 
determined through the water activity (aw) meter (Aqua 
LAB 4TE, USA) and AOAC (2006) standard method, 

respectively. The baking loss was calculated by the differ-
ence in the weight of the loaf before and after baking. The 
ratio of volume (determined through the rape-seed displace-
ment method) to mass ratio was used for calculating the 
specific volume  (cm3/g) of bread loaf (AACC 2000). Density 
of sample was determined by the ratio of mass and volume. 
Apparent density of bread was measured using pycnometer 
using toluene displacement method and porosity was esti-
mated as a ratio of bulk density and apparent density (Rah-
man et al. 2005).

The color of the developed breads’ crust and crumb 
was analyzed using a handhold colorimeter (KONICA 
MINOLTA, CR-400, Japan). Browning Index (BI) was cal-
culated using Eq. 1 (Dhua et al. 2021).

where X =
(a+1.75L)

(5.64L+a-3.01b)
 , L: brightness, a: redness, b: 

yellowness.

Textural properties of bread

A crumb sample (20  mm × 20  mm) was cut from the 
center of the slices to obtain uniform slices of 12 ± 1 mm 
thickness. Texture profile analysis was performed using 
Texture Analyzer (Stable Microsystems, TA-HD Plus 
C, UK) equipped with a compression probe (75  mm 
diameter), by two sequential compression events under 
the following conditions: pre-test speed—1 mm/s, test 

(1)BI =
100 × (X − 0.31)
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RWF 65.29 1.8 533.1 61.2 4.7

RWF 80 CS 10 62.45 1.9 661.1 174.2 3.0

RWF 70 CS 20 61.47 2.3 606.7 134.1 3.0

RWF 60 CS 30 59.57 3.0 544 82.8 3.2

RWF 50 CS 40 58.22 4.3 522.9 51.2 4.6

RWF 80 GS 10 59.52 1.3 790 385.9 1.1

RWF 70 GS 20 58.87 1.4 773.5 382.8 1.0

RWF 60 GS 30 59.72 1.7 845.9 444.8 1.0

RWF 50 GS 40 59.84 2.0 785.7 385.9 1.2

RWF 80 RS 10 64.62 2.3 828.9 318.5 1.9

RWF 70 RS 20 62.12 2.2 739.8 249.4 2.3

RWF 60 RS 30 63.94 2.5 845.7 351.4 1.6

RWF 50 RS 40 62.72 3.2 737.7 261.7 1.4

Fig. 1  Farinograph analysis of composite flour (RFW refine wheat flour, CS control sorghum, GS germinated sorghum, RS roasted sorghum)
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speed—1 mm/s, post-test speed—2 mm/s, target mode—
strain (50%) and trigger force—5 g. Parameters such as 
hardness, chewiness, springiness, and cohesiveness were 
calculated from the obtained data profile.

In‑vitro protein digestibility of bread

The in-vitro protein digestibility of the bread samples was 
determined by the method described by Cornejo et al. 
(2015). The detailed experimental process has been given 
in supplementary text 2. The percent protein digestibility 
(Y) was calculated by using Eq. 2.

where x is the change in pH after 10 min.

In‑vitro starch digestibility of bread

The starch digestibility of the bread sample was deter-
mined using the method described in the STA20kit 
(Sigma). The detailed experimental process has been 
given in supplementary text 2.

Microbiological analysis and shelf life analysis

IS 5402 (2012)method was utilized to determine the total 
mesophilic count during the storage of the bread. Details 
methodology has been explained in supplementary text 2.

Sensory analysis

The sensory analysis of the bread was performed by the 
method described by Nasir et al. (2020). Details methodol-
ogy has been explained in supplementary text 2.

Statistical analysis

All the analysis was performed in triplicate, and data was 
presented as mean ± standard deviation. All the graphs were 
prepared in Origin Pro 2007, and data was statistically ana-
lysed using SPSS.

Results and discussion

Farinograph analysis

Figure 1 shows the farinograph attributes of RWF along with 
RWF composite flours possessing RF, CS, GS, and RS. The 
highest requirement of water was noted for the RWF flour in 

(2)Y = 210.464 − 18.1x

comparison to other composite flours, while the lowest value 
was recorded for RWF50CS40 composite flour. The reduc-
tion in the water absorption capacity in composite flours 
over RWF was found to be 4.3–10.82% with CS, 8.34–9.83% 
with GS, and 1.02–4.85% with RS. This reduction observed 
for water absorption in composite flours over RWF may 
be attributed to the dilution of hydrophilic gluten content, 
mainly responsible for networking and cross-linking, and 
an increase in lipid and hydrophobic or endospermic (kaffa-
rins) protein upon sorghum addition. The reduction in water 
absorption with an increase in millet flour was also reported 
by Sharma and Gujral (2019). Also, more water requirement 
in RS composite flours than the GS composite flours may 
be due to the higher loss of water molecules in RS due to 
involved heat treatment and damaged starch structure, which 
otherwise is absent in GS, where grains are first soaked in 
water for a stipulated time period followed by germination 
and drying.

The dough development time (DDT) for the RWF was 
found to be 1.8 min. Whereas the DDT increased with an 
increase in concentration of sorghum and among the com-
posite flours, the highest and the lowest development time 
was observed for replacement levels of 40% and 10% of 
CS and GS, respectively. Incorporation of CS, GS, and RS 
led to 1.05–2.38, 0.7–0.9, and 1.2–1.7 fold change in DDT, 
respectively, i.e., higher DDT was observed for replacement 
with CS than RS and GS. Thus, there were some compos-
ite flours (RWF80GS10, RWF70GS 20, and RWF60GS30) 
whose development time was far lower to that of RWF. 
These changes in the DDT with respect to the form of sor-
ghum used may be associated with the change in the protein 
and damaged starch content. It has been stated that protein 
hydration is largely affected by the presence of damaged 
starch, which bounds water molecules strongly while leaving 
lesser molecules for protein interaction. As a result, dough 
development takes longer time due to affected protein link-
ages and networking.

The flour strength may also be depicted through stability 
times whereby longer stability time duration shows flours 
suitability to hearth (oven based with no pan)/variety bread 
development and at times the higher duration of mixing. This 
factor is found to be dependent on the chemical composition 
of glutenins and on the presence/absence of cellulosic fiber. 
The trend of stability times (in min) in the present study was 
as follows: RWF (4.7) > RWF + CS (3.0–4.6) > RWF + RS 
(1.4–2.3) > RWF + GS (1.0–1.2). This suggests that RWF 
and all combinations of RWF + CS are better suitable for 
the development of hearth bread (Sourdough, French, Cia-
batta, and Italian) where lean formulas are used (with few 
or no enriching ingredients), the loaf is placed directly on 
a hot surface (without pan) and the shape/size of bread is 
controlled. It may also be suggested that the GS and RS fall 
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under the category of weak-medium flours and thus needs 
proper mixing with strong/very strong flours.

It was observed that the RWF and RWF50CS40 had a 
degree of softening below 80 Farinograph units (FU) which 
showed their strong nature, whereas RWF60CS30 had a 
value 82.8 FU, demonstrating weak-medium nature. On the 
other hand, all other composite flours had a degree of sof-
tening beyond 80 FU, demonstrating their weak nature. The 
higher degree of softening in composite flour might be due 
to the dilution of gluten content responsible for cross-linking 
and networking in RWF (Mekhael 2005). The increase in 
the degree of softening was also reported by El-Taib et al. 
(2018) with the addition of barley flour. The results of the 
present study are in accordance with other published litera-
ture. Abdelghafor et al. (2013) reported a decrease in the sta-
bility time, DDT, water absorption, and farinograph quality 
number upon the addition of sorghum flour to winter wheat. 
Similar results have been reported for sorghum addition in 
bread by Kulamarva et al. (2009). Contrarily, Jafari et al. 
(2017) reported an increase in water absorption and DDT 
and a decrease in stability time for extruded sorghum-wheat 
composite dough.

Bread properties

Water activity and moisture content

Bread moisture is an important parameter as it aids in keep-
ing the product moistened and lubricated while regulating 
the crumb-firming process. Higher moisture content signi-
fies (a) higher gelatinization of starch and (b) early crust 
formation, which prevents moisture from evaporation (Ibra-
him et al. 2020). As observed from farinograph and pasting 
properties above, the concentration of gelatinized starch dif-
fered in the derived composite flours. Also, the crust color 
differed (darkening shows crusts’ exposure to heat for longer 
duration and early formation) with the type of sorghum flour 
used (processed/un-processed) and the amount of sorghum 
flour used for the development of composites bread. Hence 
the moisture content of the developed breads varied, with 
RWF bread possessing the highest value (34.83) while 
reduction occurred from 34.71 to 30.72 and 29.63 to 25.3 
when the concentration of CS and GS sorghum increased 
from 10 to 40% in composite flours (Table 2). On the other 
hand, RS-based composite bread possessed less moisture 
content than RWF bread, but as the concentration of sor-
ghum flour increased, the moisture content also increased.

The crispiness of food products is especially affected 
by the water activity of the product, whereby increased 
moisture content leads to the loss of crispiness. It is also 
defined as the brittleness and hardness of a food product. 
It was observed that the water activity of RWF, CS, and 
RS-based composite bread were at par with each other RF
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and did not differ significantly, while the reduction was 
reported in GS-based composite bread. This reduction may 
be attributed to the change in the protein-carbohydrate 
interactions as observed through the pasting properties 
of flour. It may thus be postulated that the crispiness of 
these breads will increase. Khating et al. (2014) reported 
are duction in moisture content from 37.80 to 36.10% of 
sorghum and wheat composite bread with an increase in 
the concentration of sorghum from 0 to 25%. Angioloni 
and Collar (2012) reported amoisture content in the range 
of 33.2–33.6 g for the bread prepared by the replacement 
(40%) of wheat flour with control and high hydrostatic 
pressure treated sorghum flour. They reported that the 
reduction in moisture content with an increase in sorghum 
concentration might be due to the increase in solid matter.

Baking loss and specific volume

Baking loss refers to a kind of technological loss whereby 
bread mass decreases during the baking time (Rakce-
jeva et al. 2011). Baking loss is a function of initial bak-
ing time, water evaporation from bread, water retention 
through glucans, water activity, presence of additives, 
and wheat fiber (Rühmkorf et al. 2012). As observed from 
Table 2, the significant variation over RWF for baking loss 
occurred in RWF70RS20. It was observed that the incor-
poration of 10–30% of CS and GS in RWF led to a reduc-
tion in baking loss, while an increase in RWF occurred 
when 40% supplementation was done. On the other hand, 
the incorporation of RS at 10–30% enhanced the baking 
loss, while a 40% reduction over RWF occurred. The trend 
of baking loss may be connected well with the recorded 
moisture content for the composite bread flours, as more 
evaporation and water activity favor high baking losses 
(Rakcejeva et al. 2011). Water movement from the bread 
center to the surface got restricted due to the formation 
of hard texture during the initial baking process and also 
favors a reduction in baking loss. The other reason for 
high baking losses is the decrease in wheat fiber content 
in composite flours.

Specific volume is another technical indicator of bread 
that has an immense effect on consumers’ choice, the cut 
point being set as 3.5–5.5  cm3/g for wheat bread by indus-
tries. It is related to water retained in the gluten network 
and the gas retention capacity of gluten strands during 
fermentation and dough proofing. Denser dough with low 
specific volume is less preferable by consumers owing to 
unpleasant flavor/taste, difficulty in chewing, and higher 
moisture content. The specific volume of bread reduces 
when amylose content is low in flour, small bubbles are 
formed, and the mass fails to hold the gas/air bubbles during 

cooking—‘limiting consistency’ (Monteiro et al. 2021). It is 
also stated that additives, proteins, enzymes, and hydrocol-
loids improve specific volume in gluten-free bread by mak-
ing a few large holes in the crumb. However, in the present 
study, reduction was observed in a specific volume of com-
posite breads over RWF, which might be due to the lack of 
gluten in sorghum flour, limiting consistency, and absence of 
any additives/hydrocolloids. The reduction increased when 
the concentration of CS, GS, and RS flour increased in the 
composite flours. A 0.43–0.68, 0.48–0.82, and 0.6–0.83fold 
changes were noted in specific volumes of CS, GS, and RS-
based composite flours, respectively.

Apparent density, bulk density, and porosity

The porosity of bread is another technological parameter. 
It was observed that RWF bread had the highest porosity 
(0.53) which was reduced upon the addition of sorghum 
flour for composite bread development (Table 2). Moreo-
ver, the reduction was continuous upon an increase in the 
sorghum flour concentration in composite bread, amount-
ing to 50.94%, 41.51%, and 39.62% in CS, GS, and RS-
based bread, respectively. The highest porosity in RWF is 
attributed to its gluten-favored better gas- and water vapor-
retention capacity, favoring the formation of larger pores. On 
the other hand, composite bread had reduced gluten content 
as sorghum flour lacks gluten. Because of this, there was a 
reduction in bubble holding capacity, which was followed 
by the collapse of dough boundary pores and thus reduced 
the porosity.

The bulk density of the bread is an important parameter 
that also affects the packaging design of the product. The 
lowest bulk density was observed for the RWF bread, while 
the continuous increase was recorded in all composite bread 
as the addition of sorghum changed from 10 to 40%. This 
increase was also related to the reduction in the specific vol-
ume and porosity of bread, as they are negatively correlated 
(Arufe et al. 2018). Contrary to bulk density, an increasing 
trend was observed in apparent density.

Color

Color parameters of bread developed with different treat-
ments and varying compositions of sorghum flour are 
depicted in Table 3. It was observed that the lightness of 
the RWF bread (crust and crumb) was the highest, while 
the addition of sorghum flour (processed or unprocessed) 
reduced the lightness. Crust lightness was reduced by 
0.75–0.9, 0.69–0.82, and 0.84–0.92 fold, respectively, 
when CS, GS, and RS composite flours were used. Simi-
larly, crumb lightness was reduced by 0.87–0.97, 0.65–0.88, 
and 0.75–0.94 fold, respectively. With respect to crust a* 
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value, significant variation over RWF flour was reported 
for RWF60CS30, RWF50CS40, and RWF50RS40. Con-
trarily crumb a* value differed significantly for all com-
posite flours over RWF, with the highest a* value reported 
for RWF50GS40. Significant variation in the crust b* was 
observed for all the GS composite flours, RWF60CS30, 
RWF50CS40, RWF60RS30 and RWF50RS40 whereas 
crumb b* value significantly varied for all the samples over 
RWF. Significant change in crust total color was thus noted 
for RWF50CS40 among CS samples while RWF80GS10 and 
RWF70GS20 differed significantly from the other two GS 
samples. Contrarily, not much significant variation occurred 
among RS composite samples. Overall highest variation in 
crust color occurred for CS composite flours, followed by 
GS and RS samples. In the CS group, the total color change 
of samples RWF60CS30 and RWF50CS40 did not vary 
significantly. While samples RWF70GS20/RWF60GS30, 
and RWF60RS30/RWF50RS40, did not differ significantly 
in their respective groups. Crust BI exhibited a decreasing 
pattern with CS and RS, while for GS, no significant varia-
tion occurred. Crumb BI increased with an increase in the 
concentration of sorghum, irrespective of treatment.

It may be stated that the polyphenols oxidation in the bak-
ing process, in general, develops brown color in the bread. 
However, the sorghum flour addition darkens the color of 
the bread, owing to its chemical composition. The higher 
changes in color parameters brought by RS flour might 
be attributed to roasting-related changes in flour, such as 
brown pigments/compound formation by Maillard reaction 
and sugar caramelization (Dube et al. 2020; Sharanagat 
et al. 2019). Whereas color changes in GS composite flours 
are related to the starch modification and protein content 
brought by the germination process. The darkening of sor-
ghum composite breads was also reported by Marston et al. 
(2016). Mtelisi et al. (2020) stated that the reduction in 
brightness value due to the addition of sorghum flour above 
the 25% level is due to the higher availability of minerals.

Textural properties of bread

Bread texture is a very important parameter as it directly 
influences the consumer perceptions and commercial poten-
tial of bread. The oral processing of bread depends on the 
textural properties mainly as it determines the resistance to 
deformation under the application of a force. Various tex-
tural attributes like hardness, cohesiveness, springiness, 
gumminess, and chewiness of RWF and composite bread 
are presented in Table 2.

The RWF bread had the lowest hardness (7.60 N), while 
the hardness of bread crumb which is associated with peak 
force during first compression, was found significantly 
increased with an increase in the fraction of CS, GS, and 
RS in composite bread. However, replacement with CS 

and GS flour produced lower hardness i.e., 13.34–21.09 N 
and 8.82–20.23 N, respectively, in bread as compared to 
RS (19.20–50.31 N). The increased hardness may be due to 
the fractional loss of starch integrity and weak gluten-starch 
network (Mtelisi et al. 2020). Higher hardness in RS-based 
bread could be due to reduced sorghum starch integrity upon 
heat treatment. Reduction in the structuring component 
(gluten) with an increase in CS, GS, and RS also led to a 
reduction in the cohesiveness and springiness values. This 
demonstrates that the composite bread required more time 
to recover in shape. The higher springiness of RWF and CS 
could also be due to the better interaction between gelati-
nized starch and gluten, which increases the dough elasticity 
and form a continuous sponge structure in the bread after 
heating (Amin et al. 2019). As a result of these parameters, 
the dependent parameters i.e. gumminess increased signifi-
cantly. The gumminess of RWF replaced with 10% (4.70) 
and 20% (4.74) GS was comparable to RWF (4.90) bread 
sample.

Similarly, bread with GS showed comparable chewi-
ness value due to limited starch in germinated flour which 
did not contribute much to structure by gelatinization and 
retrogradation. Though the germinated flour offered bulki-
ness to bread without improving structure, due to which the 
hardness of the bread increased and other properties either 
reduced or remained comparable to RWF. In addition, the 
higher α-amylase and protease activities in the germinated 
flour increased the transformation of wheat starch into dex-
trin and enhanced the retrogradation (Guardado-Félix et al. 
2020). The increase in the hardness and reduction in springi-
ness and cohesiveness of CS and RS can be attributed to the 
reduction in water absorption of the dough and the subse-
quent reduction in the moisture content of the crumb (Millar 
et al. 2019).

Moreover, these parameters are also strongly correlated 
with the volume of the bread; mostly, lower volume is asso-
ciated with a more compact crumb and results in higher 
hardness and lower cohesiveness and springiness (Mikulec 
et al. 2019). Roasting significantly affects the starch and pro-
tein, reducing flour’s water absorption capacity (Germishuys 
et al. 2020). However, unlike in the case of germinated flour, 
it also suppresses the α-amylase and protease activities, 
which results in better retrogradation in the case of compos-
ite flours. Therefore, bread made with RWF and RS showed 
very high hardness values as compared to CS and GS. In 
addition, due to the reduction in gluten, bread is unable to 
hold in the gases from fermentation, which causes a reduc-
tion elasticity of the bread (Pyler 1973). A similar result has 
been reported by Mikulec et al. (2019) for bread prepared 
with partially replaced RWF with untreated hemp flour. In 
addition, the present study’s findings are also in line with the 
study of Millar et al. (2019) in which the wheat bread was 
supplemented with raw, germinated and toasted pea flour.
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In‑vitro protein and starch digestibility

The addition of sorghum flour to RWF for the development 
of composite bread had a pronounced effect on the breads’ 
in-vitro protein and starch digestibility and is shown in 
Table 3. The protein digestibility of RWF bread was found 
to be 75.85%, which increased in CS and GS-based bread 
but decreased in RS-based bread. The increase in CS-based 
bread may be attributed to the interaction with RWF with 
the likely role of the particulate nature of flour having a 
greater surface area, thereby providing digestive enzymes 
greater accessibility to protein and starch. On the other hand, 
the activation of intrinsic amylases, proteases, phytases, 
and fiber-degrading enzymes upon germination resulted in 
increased nutrient digestibility (in-vitro protein digestibility) 
of GS-based bread. Roasting of sorghum suppressed pro-
tein digestibility of gluten proteins (owing to denaturation), 
which may be a reason for the observed reduction in protein 
digestibility. Besides this, protein aggregation and network-
ing through intra- and inter-molecular S–S bonds and the 
development of β-sheet structure (during heat treatment) 
could render sorghum protein less digestible in RS-based 
bread (Duodu et al. 2002). Ouazib et al. (2016) also reported 
an increase in in-vitro protein digestibility of bread prepared 
with germinated chickpea. In another study, Angioloni and 
Collar (2012) also reported a reduction in protein digest-
ibility with the addition of high hydrostatic pressure treated 
sorghum compared to wheat bread and untreated sorghum 
(40%) bread.

Starch digestibility of RWF-based bread was found to be 
61.70% which changed to 53.13–67.84%, 57.25–68.81%, 
and 58.98–61.76%, respectively, with an increase in the 
concentrations of CS, GS, and RS flours in the composite 
bread. A decrease followed by an increase was observed 
in CS and GS-based samples over RWF. It was stated that 
sorghum starch, as such, does not have unusual structural 
and chemical characteristics which slow down its digest-
ibility. Additionally, the sorghum protein matrix acts as a 
barrier to starch gelatinization as well as digestibility due to 
cross-linking between γ- and β-kafirins and matrix proteins. 
However, in GS-based samples, reduced digestibility at ini-
tial concentrations may be due to the combined effects of 
sorghum-polyphenols, sorghum starch–protein interactions 
related to the high proportion of di-sulfide cross-linkages in 
sorghum proteins (Yousif et al. 2012) and RWF starch. An 
increase observed at higher concentrations might be due to 
the increased levels of starch exposed to hydration and enzy-
matic action of sorghum and its interaction with RWF flour. 
The decrease in starch digestibility of RS-based bread may 
be attributed to the limiting activity of the in‑vitro diges-
tive enzymes owing to (a) impeded starch gelatinization, (b) 
impeded starch accessibility because of the development of 

a low-digestible protein matrix, (c) sorghum polyphenolics 
based inhibition of enzymes/direct interaction with starch. 
Angioloni and Collar (2012) also reported are duction fol-
lowed by an increase in starch digestibility for the bread 
prepared with the combination of wheat and 40% untreated 
and high hydrostatic pressure treated sorghum, respectively, 
compared to wheat bread.

Microbiological analysis and shelf life analysis

Microbiological analysis of prepared bread samples with 
respect to storage time (at 27 °C) is presented in Table 3. 
The entire prepared samples showed very less microbio-
logical count < 1 log CFU/g at the beginning of storage. An 
increase in storage time of up to 2 days increased the micro-
biological count up to 2.389 log CFU/mL (maximum). No 
mold and fungi were observed up to 3 days of storage. An 
increase in storage time led to an increase in microbiologi-
cal count, and storage beyond 3 days led to the development 
of mold and fungi. This might be due to the high moisture 
content (31–35%) and water activity (95%), making bread 
susceptible to the growth of mold and fungi. In addition, the 
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absence of preservatives reduced the shelf-life of the bread. 
However, the prepared bread samples had less microbiologi-
cal count as compared to the International Microbiological 
Standards Recommendation for dry and ready-to-eat foods 
i.e.,  103–102 cfu/g for coliforms and <  103 cfu/g for total het-
erotrophic bacteria (Khanom et al. 2016).

Hence, it may be stated that the prepared bread samples 
are safe for consumption up to 2 days of storage, but further 
work needs to be performed on increasing the shelf-life of 
bread using additives, salts, and preservatives. Similar find-
ings were reported by Deseta et al. (2021), where mold and 
fungi developed in preservative-free bread within 3–4 days 
of storage at 25 °C.

Sensory analysis

The sensory analysis of the sorghum bread was analyzed 
by the descriptive method of hedonic scale measurement 
(Ouazib et al. 2016). The sensory evaluation of RWF and 
different sorghum-RWF composite bread was performed 
after 1 day of baking. The collected mean scores for each 
sample are shown through the radar chart in Fig. 2. From the 
radar chart, it was observed that as the level of treated flours 
of sorghum increased in the blends, the sensory score of 
color, volume, taste, texture, appearance, and overall accept-
ability of bread decreased. Rice flour did not show an effect 
on sorghum bread as it had a constant composition in every 
formulation.

There was an uneven formation of crust in composite 
breads, especially at high replacement levels (40%). Thus 
the acceptance score decreased for composite bread. Ognean 
(2015) reported that the shape of the bread was symmetric 
and normal when sorghum addition was up to 10% and 20%, 
while a further increases to 30% and 40% of sorghum flour 
made bread more flat, which also comply with observations 
of the present study.

The taste score of the sorghum bread decreased signifi-
cantly with high replacement levels of different treated sor-
ghum flours. An increase in bitterness was observed in sor-
ghum bread at high levels due to the increased composition 
of tannin in bread formulation (Abdelghafor et al. 2011). 
The impact was more in GS and RS-based bread (40% addi-
tion) as germination may develop off-flavors of grain while 
roasting followed by baking may develop other compounds 
and a burnt flavor. The results of the present study are in 
agreement with reports of Chavan et al. (2014), in which 
increased levels of sorghum flour (30%, 40%, and 50%) in 
blends of cookies and bread increased the bitterness in the 
final product.

The score of color attributes of bread followed the pat-
tern as control bread > CS bread > GS bread > RS bread with 
varied in replacement levels from 10 to 40%. The crust and 

crumb of RS bread were darker in color compared to the 
other sorghum-based bread due to the inherent browning 
of sorghum flour developed upon roasting i.e., high-tem-
perature treatment caused the formation of brown pigments 
through Maillard reaction in flour (Ranganathan et al. 2014).

The texture is one of the main sensory attributes which 
affect the quality of bakery products. The increased levels 
of the sorghum flours in blends gave a harder texture at 
the outer side of the crust due to enhanced bread density 
and low volume. The high reduction of the mean score was 
also observed for volume at 30% and 40% replacement 
levels of GS and RS flours in bread. This was due to the 
high water binding capacity of these flours, which tend to 
evolve or release less amount of gas during baking and 
gives lower volume to bread. Even though the dense struc-
ture of the crust layer was formed on the top surface of the 
GS-based bread, these bread were found to be stickier as 
compared to CS and RS-based bread. This was because of 
the high water-holding capacity of GS flour.

Additionally, the evolution of gases during baking made 
GS-based breads more crumbly in nature (Fig. 3), making 
these breads unacceptable for consumers due to their non-
effective/appealing appearance. Overall, the high concen-
tration sorghum-based breads were harder and darker than 
RWF breads. Still, the present study reports that the bread 
prepared with 10% CS possessed the best texture, good 
taste, and adequate appearance at par to control sample, 
and the same is verified by high means scores for various 
sensory attributes in CS-based bread. With respect to GS 
and RS-based bread, 10–20%, and 10–30% incorporation 
may be done; however, taste enhancements may add ben-
efits for customers.

Conclusion

In the present study, the sorghum flour derived from two 
traditional pretreatment i.e. germination and roasting, were 
utilized for bread development and mitigating the exist-
ing knowledge gaps in published literature for the benefit 
of researchers. Though most of the properties and their 
trends in composite bread were common irrespective of 
the processing performed on sorghum grains, prominent 
variability was observed for dynamic rheology, bread 
moisture content, baking loss, and in-vitro digestibility 
(protein and starch). Also, gluten reduction brought by 
sorghum flour upon replacement in RWF was the main 
reason for crust hardness and darker color of bread, still 
the processing or pre-treatments held their own impact 
with visibly prominent effect on chewiness, stickiness, 
bulkiness, and digestibility. Microbiological analysis 
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Fig. 3  Effect of addition of sorghum flour on color of composite bread
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showed that the preservative-free breads can be stored up 
to 3 days but still future research is needed on extending 
shelf life through preservatives for commercial purposes. 
Similarly, replacement up to 30% RS, 20% CS, and 20% 
GS was found to have the most acceptable sensory scores. 
Though an advantage of incorporating sorghum in bread is 
justified, especially for concerns related to gluten intoler-
ance and celiac disease, further work is warranted in the 
field to improve the bread quality through compositional 
changes, mixing of additives/preservatives, and moving 
towards higher replacement levels (such as beyond 40%) 
with acceptable taste, flavor and other sensory attributes.
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