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Abstract: This study aims to investigate the potential of white and bronze whole-grain sorghum flour
to develop gluten-free bread (GFB) with acceptable sensory properties. Two 22 factorial designs, with
two central point repetitions each, were used to study the effects of white (WS) or bronze sorghum
(BS) flours and water (W) levels on the physical properties, acceptability scores, and proximate
composition of GFB. The WS or BS levels ranged from 50 to 100% when blended with potato starch,
and the W levels ranged from 100 to 140% (flour weight basis). Independent of the amount applied,
GFB formulations containing BS were well accepted (acceptability scores for appearance, color, odor,
texture, flavor and overall liking ≥ 6.29 on a 10 cm hybrid hedonic scale). No significant differences
were observed between the acceptability scores of single and composite formulations for all of the
evaluated sensory attributes. Moreover, the W levels had no effect on the acceptability of GFB made
with BS. Composite formulations prepared with 50 and 75% WS were also well accepted (acceptability
scores for appearance, color, odor, texture, flavor, and overall liking ≥ 7.43 on a 10 cm hybrid hedonic
scale). However, increased W levels are required in single formulations to increase the scores for
texture and overall acceptability. GFB made with 50% and 75% WS/BS can be classified as a source
of fiber since the fiber content is higher than 3 g per 100 g, while GFB made with 100% WS/BS can
be classified as high in fiber, as the content of this component is higher than 6 g per 100 g. This
research highlights the great potential of whole-grain sorghum flours for producing nutrient-dense
and acceptable GFB, which is important for consumers who choose or must adhere to a GF diet.

Keywords: gluten-free bread; Sorghum bicolor; whole grains; sensory acceptance; multiple factor
analysis

1. Introduction

Several studies concerning the gluten-free bread (GFB) available on the market have
shown low levels of protein and micronutrients and high levels of lipid and sodium
compared to similar products made with wheat flour. These features, in addition to the
lack of enrichment or fortification, negatively contribute to the health of individuals with
a gluten-restricted diet [1–6]. Our recent overview showed that over the last ten years,
multiple gluten-containing (GC; n = 7122) and gluten-free (GF; n = 3153) food products
have been investigated and compared worldwide [1]. Results for GFB (n = 935) show
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that it is composed of numerous raw ingredients and additives that result in an extensive
variability in the contents of carbohydrates (14–84%), fat (1–19%), proteins (0–11%), sugar
(0–24%), and dietary fiber (0–17%). These products are still recognized as being high in fat,
low in protein content, and, in some cases, also low in dietary fiber.

In addition to the lack of nutritional content, GFB is generally recognized as a product
with poor texture, dry mouthfeel, and poor taste [1,5,6]. Therefore, sensory and nutritional
aspects are key issues to be addressed in the development of healthier GFBs that can meet
quality requirements [1].

To address this problem, the use of alternative raw materials, such as whole-grain
sorghum flour (SF), which is rich in nutrients and bioactive compounds, has been recom-
mended [1]. Originating in Africa, sorghum is the fifth most-produced cereal worldwide [7].
Sorghum has a high potential for grain production in addition to its extraordinary ability
to withstand environmental stresses, making it an excellent option for grain production in
water deficit situations and low soil fertility [8]. Compared to other cereals, such as oats,
rice, and wheat, sorghum has higher concentrations of total phenolic compounds, such as
tannins, showing a greater antioxidant capacity [9,10]. Sorghum also stands out as a good
source of dietary fiber, iron, phosphorus, magnesium, and zinc [11].

Researchers have reported good results in terms of the physical properties of GFB made
from sorghum flour (SF) alone or blended with other non-gluten flours or starches [12–14].
Authors have also shown the potential of sorghum to develop food products with a sensory
and nutritional appeal since these products made with SF were well accepted by consumers
and can contribute to human health [15,16]. GFB made with SF had higher protein, dietary
fiber, total phenol contents and higher antioxidant properties than GFB prepared with rice
flour (RF), which is one of the main ingredients used in commercial GFB [6,17]. However,
most studies have been conducted with bronze sorghum (BS), and it is also important to
evaluate the potential of other varieties, such as white sorghum (WS).

The literature has shown the need to increase the water content of GFB formulations
enriched with dietary fiber and/or protein or with other raw materials that are sources of
these components because of the high water retention capacity of these ingredients. Increas-
ing the water content is important to ensure appropriate conditions for the dough viscosity,
starch gelatinization, and protein denaturation during the breadmaking process [18]. The
amount of water must be individually adjusted for each formulation while considering
the proportion of ingredients in the formulation and the process conditions. In recent
publications, a maximum of 120% water (flour weight basis) was used in GFB formulations
using up to 70% sorghum flour [13–16,19,20]. Investigation of higher sorghum and water
content levels has not been often explored. Therefore, the present study aimed to investi-
gate whether increased water content allows the use of higher levels of whole-grain SF to
obtain GFB with better nutritional, physical, and sensory properties.

2. Materials and Methods
2.1. Materials

WS (BR 501) and BS (BRS 332) grains, supplied by Embrapa Maize and Sorghum (Sete
Lagoas, Brazil), were transported to the Federal University of São Paulo (UNIFESP, Santos,
Brazil) and were milled in a laboratory mill (Laboratory Mill 3303, Perten Instruments,
Segeltorp, Sweden) to level 0, which is the lowest grinding mill level, obtaining finely
milled whole flours. Fine flour was used in order to not produce and to minimize the sandy
mouthfeel, which is often reported for GFB prepared with whole grain flour, according to
the literature review by Capriles and Arêas [18].

The particle size distribution was 58% 425 µm, 33% 250 µm, 8% 180 µm, and 1% ≤ 150 µm
for WS; 68% 425 µm, 26% 250 µm, 4% 180 µm, and 2% ≤ 150 µm for BS; and 4% 425 µm,
29% 250 µm, 31% 180 µm, and 36% ≤ 150 µm for potato starch (PS). The analysis was
performed according to the AOAC method 965.2 [21].

WS contains (%, dry basis) 64.1 available carbohydrates, 17.3 dietary fiber, 12.0 protein,
5.0 lipids, and 1.6 ash. BS contains (%, dry basis) 65.5 available carbohydrates, 16.7 dietary
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fiber, 11.8 protein, 4.8 lipids, and 1.2 ash. PS contains (%, dry basis) 98.9 available carbohy-
drates, 0.5 dietary fiber, 0.0 protein, 0.0 lipids, and 0.3 ash. These contents were determined
using standard AOAC methods [21], as described in Section 2.2.2.

Xanthan gum (Ziboxan F80, Deosen Biochemical Ltd. (21), Shandong, China) was
donated by Vogler Ingredients Ltda (São Bernardo do Campo, Brazil), and carboxymethyl-
cellulose (Denvercel FG-2504A, Denver Especialidades Químicas Ltda, Cotia, Brazil) was
donated by the manufacturer. The other ingredients were purchased at the local market.

2.2. Methods
2.2.1. Factorial Design and Preparation of Gluten-Free Breads

Two 22 (sorghum flours x water level) factorial designs with two central point replica-
tions each were applied to study the effects of WS/BS and W level and their interactions
with the physical properties, sensory acceptability, and proximate composition of GFB.
The levels of the WS and BS flours ranged from 50 to 100% when blended with PS, and W
ranged from 100 to 140% on a flour weight basis (fwb). A total of six formulations were
produced for each design: four were related to factorial points (combinations of the vari-
ables in the encoded levels −1 and +1), and two were centroid point replications (variables
in the encoded levels 0 and 0), which were created using a randomized execution sequence.

Regarding the % fwb, the GFB formulation consisted of the following: 100% flour/starch
blend, 25% whole egg, 10.5% whole milk powder, 6% white cane sugar, 6% soy oil, 2%
salt, 0.8% dry yeast, 0.3% xanthan gum, and 0.3% carboxymethylcellulose, according to
Sandri et al. [22] and Santos et al. [23]. Thus, the fwb consisted of WS or BS flours alone or
blended with PS, according to the factorial design. The lower and upper limits of SF and W
were confirmed in previous bakery trials.

The straight dough method was used to make the bread. Initially, all of the ingredients
were mixed in a semi-industrial planetary mixer (Skymsen, Model BPS-05, Metalúrgica
Siemsen Ltda, Brusque, Brazil) using a flat beater at 110 rpm for 4 min. Then, approximately
350 g of dough was placed in pans that had previously been greased and floured with rice
flour (base of 17 × 9 cm and height of 5 cm), proofed in a controlled proofing chamber
(CFK-10, Klimaquip S/A, Pouso Alegre, Brazil) at 40 ◦C with a relative humidity of 85%
for 45 min, and then baked in a convection oven for bread (HPE-80, Prática Produtos S.A.,
Pouso Alegre, Brazil) at 160 ◦C for 22 min. The bread was removed from the pans, cooled
for 2 h at room temperature, packed in polypropylene bags, and stored (23–25 ◦C). The
analyses were conducted up to 3 h after production.

2.2.2. Bread Evaluation

The evaluation of the physical properties consisted of loaf specific volume, crumb
moisture, and crumb firmness. The loaf-specific volume was determined as the ratio
between the bread volume and the weight, according to AACC method 10-05.01 [24].
The moisture content was determined in the center of each bread crumb by means of
desiccation in an oven at 105 ◦C, according to AACC method 44-15A [24]. These analyses
were performed in triplicate.

The crumb firmness was measured in a texturometer (TA. XTplus Texture Analyser,
Stable Micro Systems, Godalming, United Kingdom), according to AACC method 74-09 [24].
The loaves were sliced crosswise in a manual bread slicer (Imeca Indústria Metalúrgica
Ltda., Bauru, Brazil), resulting in 25-mm thick uniform slices. Texture measurements (six
values) were performed on two bread slices that were taken from the centers of three
different loaves.

Sensory analysis was conducted with consumers of traditional bread in four sessions:
two for the evaluation of three WS formulations and two for the evaluation of three BS
formulations. A total of fifty-two consumers 18–59 years of age participated in each
session. All of the participants stated that they had no allergies or intolerances to any of the
ingredients present in the products and were informed that they were evaluating GFB. The
sessions were conducted in a sensory evaluation laboratory with climate control (23–25 ◦C)
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equipped with individual booths and white light, and the consumers were instructed to
drink water between the samples to minimize residual effects. In each session, bread slices
(12.5 mm thickness), similar to those in Figure 1, were offered in polyethylene bags coded
with random three-digit numbers in complete balanced blocks and delivered to consumers
in a monadic manner. Consumers evaluated the acceptability of the appearance, color,
odor, texture, flavor, and their overall liking; in this sequence, the criteria were evaluated
on a 10-cm hybrid hedonic scale (0 = disliked extremely, 5 = neutral, 10 = liked extremely)
using a paper questionnaire [25].

The proximate composition of the GFB formulations (a bread loaf containing crumb
and crust) was determined using AOAC methods [25]: moisture content based on weight
loss after heating the sample in an oven at 105 ◦C; ash content by incineration in a muffle
furnace at 550 ◦C; protein content by total nitrogen obtained by the micro-Kjeldahl method,
considering a conversion factor of %N × 6.25; and lipid content by the goldfish method.
Total, soluble, and insoluble dietary fiber were determined by means of the enzymatic-
gravimetric method using AOAC method 991.43 [21] and the K-ACHDF analytical kit
(Megazyme International Ireland Ltd., Bray, Ireland). The available carbohydrate content
was calculated by difference [100 − (moisture + ash + protein + lipid + dietary fiber)]. The
results were expressed as g/100 g on a wet basis.

2.2.3. Statistical Analysis

All of results are expressed as the mean and standard deviation. The means of trial
differences were identified by one-way analysis of variance (ANOVA) and the Tukey test.
The model adequacies were checked by variance analysis (F test), R2 values, and diagnostic
plots such as normal and residual plots [26]. The Statistica 12.0 software (StartSoft Inc.,
Tulsa, OK, USA) was used for these statistical analyses. Multiple factor analysis (MFA)
was applied to verify the relationship between the three tables of variables (physical, sen-
sory, and proximate composition properties). Hierarchical clustering analysis (HCA) was
performed, and a dendrogram was produced based on the coordinates of the matrix of
factors obtained by MFA considering Euclidean distances, Ward’s method, automatic trun-
cation, and the cophenetic correlation coefficient, using XLSTAT 2021.2 software (Addinsoft,
New York, NY, USA). The significance level was set at 0.05 for all of the analyses.

3. Results
3.1. Effects of Ingredients on the Physical-Chemical and Sensory Characterisctics of GFB

Table 1 shows the experimental design values of the response variables to GFB based
made with WS flour, while Table 2 shows the results obtained for GFB based made with
BS flour.

According to the results presented in Table 1, there was no change in the loaf specific
volume when the WS level was increased from 50% to 100% in the fixed concentration of
100% W (trials 1 and 2, Table 1). However, when the WS level increased from 50% to 100%
in the formulations with 140% W, the loaf specific volume increased (trials 3 and 4, Table 1).
This result indicates that at the highest W concentration used in the design, the increase
of WS provided the breads with a higher specific volume. Moreover, comparing Trials 1
with 2 and 3 with Trial 4 (Table 1) shows that the increase from 50% to 100% WS caused an
increase crumb firmness. However, when comparing Trial 2 with Trial 4 (100% WS), we
observed that the increase from 100% to 140% W decreased crumb firmness values, which
indicated that the water increase in the formulations prepared with WS only resulted in
softer breads.

According to the results presented in Table 1, there was no change in the loaf specific
volume when the WS level was increased from 50% to 100% in the fixed concentration of
100% W (Trials 1 and 2, Table 1). However, when the WS level increased from 50% to 100%,
in the formulations with 140% W, the loaf specific volume increased (Trials 3 and 4, Table 1).
This result indicates that at the highest W concentration used in the design, the increase
in WS provided the breads with a higher specific volume. Moreover, comparing Trial 1



Appl. Sci. 2021, 11, 8186 5 of 13

with Trial 2 and Trial 3 with Trial 4 (Table 1) shows that the increase from 50% to 100% WS
caused an increase in the crumb firmness. However, when comparing Trial 2 with Trial 4
(100% WS), we observed that the W increase from 100% to 140% decreased crumb firmness
values, which indicated that the water increase in the formulations prepared with WS only
resulted in softer bread.

In general, the breads prepared with WS achieved great acceptance, with scores
ranging from 6.29 (texture to trial 2) to 8.89 (overall acceptability to trial 3). There were no
significant differences in the scores for appearance and color acceptability, which shows
that it is possible to use 50 to 100% WS without affecting the visual acceptability of GFB. The
odor, texture, flavor, and overall acceptability were reduced when the WS was increased
and when the W was fixed; however, when the W increased and when the WS was at fixed
levels, no difference was observed (Table 1).

Additionally, the increase from 50 to 100% WS with 100% W (Trials 1 and 2) resulted in
higher ash, protein, lipid, and fiber contents (Table 1). When comparing Trials 2 and 4, the
increase in W from 100% to 140% did not result in significant differences in the proximate
composition of GFB prepared with WS, except for the insoluble fiber content, which was
lower in the GFB prepared with 100% W and 100% WS. Therefore, in general, it is possible
to adjust the W content of GFB without affecting its composition.

As indicated in Table 2, a BS increase in bread made with 100% W (Trials 1 and 2)
provided an increase in the specific volume and a decrease in the crumb firmness, resulting
in a softer crumb.

All of the GFBs prepared with BS were well accepted, with acceptability scores ranging
from 7.43 (texture for trial 2, Table 2) to 8.65 (flavor for trial 3, Table 2). There were no
significant differences in appearance, color, odor, texture, and overall scores. These results
indicate that it is possible to use the highest concentration of BS and obtain bread with good
acceptability. It is important to note that sensory analyses were performed with healthy
subjects, and a good acceptability evaluation by this group implies a closer similarity to
regular bread. However, further sensory investigations with GF food consumers, besides
those of nutritional compositions, should be applied to verify whether any developed prod-
ucts will meet the requirements of those consumers. The increase of BS in the concentration
of 100% W (Trials 1 and 2) resulted in higher ash, protein, lipid, and dietary fiber contents
(Table 2).

As observed for the composition of GFB with WS (Table 1), the GFB prepared with BS
(Table 2) showed no reduction in ash, protein, and total fiber values when the W level was
increased from 100% to 140%, while the insoluble fiber content decreased.
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Table 1. Physical properties and acceptability scores of gluten-free bread formulations prepared from the 22 factorial design to study the effects of adding different levels of white sorghum
(WS) flour and water (W).

Trial

Coded Levels
(Real Values) Physical Properties Acceptability Scores on the 10 cm Scale 3 Centesimal Composition (g/100 g in Wet Base)

WS W
Specific
Volume
(cm3/g) 1

Cumb
Firmness

(N) 2

Crumb
Moisture

(%) 1
Appearance Color Odor Texture Flavor Overall Moisture Ash Protein Lipid

Total
Dietary

Fiber

Insoluble
Fiber

Soluble
Fiber

Available
Carbohydrates

1 −1
(50%)

−1
(100%)

1.93 a

± 0.02
16.66 bc

± 1.22
53.92 d

± 0.19
8.50 a

± 1.59
8.44 a

± 1.65
8.75 a

± 1.45
7.90 ab

± 1.73
8.10 ab

± 1.55
8.13 ab

± 1.47
47.49 c

± 0.16
0.84 b

± 0.02
5.10 b

± 0.22
5.01 b

± 0.09
4.73 d ±

0.17
3.82 d

± 0.29
0.91 b

± 0.15 36.83

2 +1
(100%)

−1
(100%)

1.9 a

± 0.01
21.83 a

± 0.69
52.98 e

± 0.11
7.94 a

± 1.83
7.73 a

± 1.89
7.58 b

± 1.85
6.29 c

± 2.11
6.74 c

± 2.33
6.86 c

± 1.94
47.22 c

± 0.08
0.93 a

± 0.02
6.62 a

± 0.06
5.25 a

± 0.10
8.26 a ±

0.17
6.68 a

± 0.15
1.58 a

± 0.08 31.72

3 −1
(50%)

+1
(140%)

1.57 c

± 0.01
14.17 d

± 1.10
60.23 a

± 0.38
8.46 a

± 1.39
8.58 a

± 1.36
8.61 a

± 1.59
8.41 a

± 1.61
8.74 a

± 1.33
8.89 a

± 1.39
53.27 a

± 0.08
0.86 b

± 0.02
5.17 b

± 0.23
5.08 ab

± 0.09
4.21 d ±

0.15
3.40 d

± 0.26
0.81 b

± 0.13 31.41

4 +1
(100%)

+1
(140%)

1.84 b

± 0.02
17.34 b

± 0.53
59.29 b

± 0.05
8.21 a

± 1.56
7.99 a

± 1.72
8.01 ab

± 1.63
7.17 bc

± 2.35
7.69 bc

± 1.71
7.60 bc

± 1.75
53.29 a

± 0.05
0.94 a

± 0.02
6.68 a

± 0.06
5.30 a

± 0.10
7.30 b ±

0.15
5.91 b

± 0.14
1.39 a

± 0.07 26.49

5
0

(75%)
0

(120%)

1.89 ab

± 0.03
16.25 bc

± 1.12
56.67 c

± 0.15
8.29 a

± 1.72
8.24 a

± 1.74
8.49 a

± 1.66
7.61 ab

± 1.90
8.15 ab

± 1.82
8.15 ab

± 1.55
51.39 b

± 0.29
0.74 c

± 0.02
5.35 b

± 0.06
5.14 ab

± 0.04
5.76 c ±

0.51
4.76 c

± 0.44
1.00 b

± 0.13
31.62

6 1.88 ab

± 0.01
15.53 cd

± 0.72
56.99 c

± 0.08
8.26 a

± 1.72
8.10 a

± 1.75
8.63 a

± 1.48
7.56 ab

± 1.98
8.00 ab

± 2.10
8.21 ab

± 1.57

White sorghum (WS) flour and water (W) are presented as coded levels of the 22 factorial design and as real levels on a flour weight basis. Values are presented as mean ± standard deviation and are followed by
different letters (a–e) in the same column, which show significant differences (p < 0.05). 1 (n = 3), 2 (n = 6), 3 (n = 52).
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Table 2. Physical properties and acceptability scores of gluten-free bread formulations prepared from the 22 factorial design to study the effects of adding different levels of brown sorghum
(BS) flour and water (W).

Trial

Coded Levels
(Real Values) Physical Properties Acceptability Scores on the 10 cm Scale 3 Centesimal Composition (g/100 g in Wet Base)

BS W
Specific
Volume
(cm3/g) 1

Cumb
Firmness

(N) 2

Crumb
Moisture

(%) 1
Appearance Color Odor Texture Flavor Overall Moisture Ash Protein Lipid

Total
Dietary

Fiber

Insoluble
Fiber

Soluble
Fiber

Available
Carbohydrate

1 −1
(50%)

−1
(100%) 1.78 b

± 0.02

19.42 a

± 1.73 54.01 c

± 0.10

8.05 a

± 1.76
8.03 a

± 1.69
8.45 a

± 1.96
7.65 a

± 2.03
8.33 ab

± 1.79
8.18 a

± 1.62
47.42 b

± 0.26
0.81 bc

± 0.01
4.71 c

± 0.09
5.14 a

± 0.20
4.94 c ±

0.20
3.84 d

± 0.17
1.10 ab

± 0.11 36.98

2 +1
(100%)

−1
(100%) 1.90 a

± 0.02

15.62 b

± 0.86 53.68 c

± 0.13

8.33 a

± 1.76
8.33 a

± 1.64
8.33 a

± 2.03
7.43 a

± 1.93
7.51 b

± 2.15
7.72 a

± 1.80
46.89 b

± 0.06
0.90 a

± 0.01
7.24 a

± 0.10
5.35 a

± 0.10
7.46 a ±

0.33
6.27 a

± 0.33
1.19 a

± 0.06 32.16

3 −1
(50%)

+1
(140%) 1.71 b

± 0.06

13.92 bc

± 1.29 60.09 a

± 0.31

7.77 a

± 1.90
7.56 a

± 2.05
8.50 a

± 1.65
8.40 a

± 1.83
8.65 a

± 1.71
8.48 a

± 1.61
54.21 a

± 0.23
0.83 b

± 0.01
4.86 c

± 0.09
5.30 a

± 0.20
4.30 d ±

0.17
3.34 d

± 0.15
0.96 b

± 0.10 30.50

4 +1
(100%)

+1
(140%) 1.74 b

± 0.03

15.65 b

± 1.85 59.67 a

± 0.13

8.36 a

± 1.72
8.30 a

± 1.88
8.46 a

± 1.53
8.16 a

± 1.99
8.08 ab

± 1.86
8.20 a

± 1.62
53.74 a

± 0.18
0.91 a

± 0.01
7.32 a

± 0.10
5.42 a

± 0.10
6.49 b ±

0.29
5.46 b

± 0.29
1.03 ab

± 0.06 26.12

5
0

(75%)
0

(120%)

1.76 b

± 0.01
13.32 c

± 0.60 57.17 b

± 0.49

7.91 a

± 1.91
7.97 a

± 1.88
8.49 a

± 1.64
7.88 a

± 2.02
8.50 ab

± 1.50
8.38 a

± 1.42
47.42 b

± 0.26
0.79 c

± 0.02
5.81 b

± 0.14
5.46 a

± 0.05
5.99 b ±

0.19
4.86 c

± 0.17
1.13 ab

± 0.03
34.53

6 1.72 b

± 0.02
13.08 c

± 0.62
57.09 b

± 0.21
7.63 a

± 1.84
7.52 a

± 1.84
8.50 a

± 1.75
7.77 a

± 1.89
8.06 ab

± 1.86
7.99 a

± 1.54

Brown sorghum (BS) flour and water (W) are presented as coded levels of the 22 factorial design, and as real levels on a flour weight basis. Values are presented as mean ± standard deviation and are followed by
different letters (a–d) in the same column, which show significant differences (p < 0.05). 1 (n = 3), 2 (n = 6), 3 (n = 52).
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The WS experimental design explained 97% of crumb moisture variation while for
appearance, texture, and overall acceptability, 77, 91, and 96% were explained, respectively.
For BS, the experimental design explained 99% of the moisture crumb variation. The
models showed the effect of W on the moisture content of GFB prepared with WS and BS,
indicating that the higher the W concentration in the formulation, the greater the crumb
moisture. WS had a negative effect on appearance, texture, and overall acceptance scores,
while W had a positive effect on texture and overall acceptance scores. Moreover, there
was no interaction between the sorghum flours and W in terms of the physical properties
and acceptability of GFB, contradicting the initial hypothesis of this study.

No significant factorial design regression models were obtained for the other variables.
Figure 1 shows the appearance of the bread made with WS and BS. As expected from

the natural color of the pericarp of the grains, the use of WS resulted in bread with a lighter
crumb color (not evaluated instrumentally) than those obtained using BS. The formulations
with 100% BS (Trials 2 and 4) were darker in color (not evaluated instrumentally) than
the others, while the formulations made entirely with WS or BS (trials 2 and 4) had fewer
tunnels and smaller and more evenly distributed alveoli than the formulations made with
the addition of potato starch (Trials 1, 3, 5 and 6).
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Figure 1. Representative images of gluten-free bread formulations prepared using a 22-factorial design with two center
points to study the effects of white sorghum (WS) and bronze sorghum (BS) flour and water (W) levels on a flour weight
basis. A cm measuring scale was used.

3.2. Relationships between Physical, Sensory, and Proximate Composition of GFB

Figure 2 shows the relationships between the physical, sensory, and proximate com-
position properties of the bread samples, whereby the two MFA factors explained 95.07%
and 87.89% of the total variation of the GFB made with WS and BS, respectively. For the
WS-based GFB, Factor 1 was correlated with sensory properties when blended with potato
starch, describing the 50WS:100W and 75WS:120W samples. By contrast, the loaf specific
volume, crumb firmness, protein, lipid, and fiber contents described the 100WS:100W
sample, which had the highest WS concentration. Factor 2 was correlated with the moisture
content due to the to the fact that it used the highest W-level when referring to sample
50WS:140W (Figure 2a,b).

For the BS-based GFB, Factor 1 was positively correlated with flavor and overall
acceptance and crumb moisture when BS was blended with potato starch and when the
highest W level was added, i.e., the 50BS:140W sample. By contrast, the loaf specific volume,
crumb firmness, protein, lipid, and fiber contents explained the 100BS:100W sample. Factor
2 was explained by the moisture content due to the 100BS:140W sample (Figure 2c,d).
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Figure 3 shows the dendrogram, which illustrates the existence of two groups of GFB
made with WS. The first group contains three samples: 50WS:100W, 50WS:140W, and
75WS:120W, while the second group contains two products made with 100WS:100W and
100 WS:140W. In addition, a moderate clustering was seen since the WS model presented a
cophenetic correlation coefficient value of 0.612. On the other hand, Figure 3b identified the
existence of three groups between the GFBs based on BS. The first one only identified the
100BS:100W sample, the second one contained two samples: 50BS:100W and 75BS:120W,
while the third one contained two samples with the highest W-levels: 50BS:140W and
100BS:140W. In addition, there was a high degree of clustering since the BS model presented
a cophenetic correlation coefficient value of 0.734.
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Figure 2. Multiple factor analysis correlating the physical (in brown), sensorial (in red), and proximate composition (in
green) the properties of gluten-free bread with different water (W) levels and based on white sorghum (WS in sub-figures
a,b) or bronze sorghum (BS in sub-figures c,d) flours. Bread ID: WS, white sorghum; BS, bronze sorghum; W, water. The
letters and numbers indicate the ingredient proportions in the flour weight basis (g/100 g).
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4. Discussion

The specific volumes of the experimental formulations are comparable to those re-
ported in other studies, such as 1.85 cm2/g for GFB prepared with 100% rice flour [23]. How-
ever, Rose et al. [27] reported lower values of specific volumes for different breads made
with wheat flour in combination with SF, with values of 1.30 cm3/g for GFB prepared with
75% WS and 1.40 cm2/g for GFB prepared with 75% BS. According to Trappey et al. [28],
the increase in SF content and consequently fiber content is a factor that is mainly re-
sponsible for the decrease in the specific volume of GFB prepared with SF. However, this
effect was not observed in this study, possibly because of the water adjustment that was
also conducted.

Previous studies showed that when up to 70% SF is used in combination with rice,
potato, cassava, or corn starches, GFB with promising physical characteristics could be
produced [29,30]. The results of the present study show that it is possible to use both 100%
SF and 75% SF in combination with potato starch and obtain GFB with greater volume
and softness.

Regarding acceptability, Drub et al. [31] reported high scores (> 7 in a 10 cm hybrid
hedonic scale) for appearance, color, texture, and overall liking of GFB made with 100%
WS. Our results show that it is possible to obtain scores greater than 7 for these attributes
using 100% BS in the formulation of GFB. When comparing formulations made with WS or
BS and conventional GFB formulations in terms of acceptability, the GFB resulting from
Trials 1, 3, 5, and 6 obtained acceptability scores similar to those obtained by GFB prepared
under the same experimental conditions with 100% rice flour and by GFB prepared with
50% rice flour and 50% potato starch, ranging from 7.6 to 8.5 [29]. Therefore, GFB made
with 50% and 75% whole grain SF has acceptability similar to conventional GFB.

To verify whether there was an increase in the nutritional composition of the GFBs
made with WS or BS, they were compared with two conventional GFB formulations.
Sandri et al. [22] prepared GFB with 100% rice flour containing 52.2% moisture, 1.2%
ash, 4.1% lipid, 5.0% protein, 2.1% dietary fiber, and 35.4% available carbohydrates.
Santos et al. [23] made GFB with 50% rice flour and 50% potato starch containing 48.6%
moisture, 1.32% ash, 4.2% lipid, 4.10% protein, 2.30% total fiber, and 39.5% available carbo-
hydrates. Observing the composition of these conventional breads, GFB made with 75%
and 100% WS/BS showed an increase in protein and fiber content.
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According to the criteria of Codex Alimentarius [32], these GFBs made with 50% and
75% WS/BS can be classified as a source of fiber because the fiber content is higher than
3 g per 100 g, while GFB made with 100% WS/BS can be classified as high in fiber because
the content of this nutrient is higher than 6 g per 100 g.

Compared to the bread solely made of BS flour that was developed by Hager et al. [33],
the GFB made from our formulations containing 100% WS or BS have a better appearance
and are characterized by a crumb of uniform distribution of alveoli. This result is possibly
due to the higher levels of water used in the formulations (100 to 140%) since Hager
et al. [33] used a concentration of 95% water fwb and, according to Capriles and Arêas [18],
the increase in water content is important to ensure the appropriate conditions of the dough
viscosity, starch gelatinization, and protein denaturation during the baking process.

The formulations developed in this study also contained hydrocolloids (xanthan gum
and carboxymethylcellulose), unlike those presented by Hager et al. [33], which possibly
contributed to the better appearance because according to Salehi [34] and Amboni et al. [35],
the use of hydrocolloids can positively affect the quality of gluten-free products.

Results show the potential of using sorghum to produce acceptable whole grain GFB,
which is an innovation considering the actual market reality [1], and this is a promising
development in the goal to meet the consumer need for better flavor, texture and healthiness
in GFB [36].

5. Conclusions

Our study highlights the potential of using sorghum to produce whole grain GFB,
giving valuable solutions to meet consumer and producer demands for quality, healthy,
and sensorily acceptable GFB.

The use of different sorghum cultivars resulted in GFB with diverse characteristics due
to the intrinsic features of each type of obtained bread. It was proven that it is possible to
make GFB with up to 100% BS and with 75% WS without affecting their sensory acceptance
since these formulations achieved scores greater than 7 on a 10 cm hybrid hedonic scale. In
addition, the use of 75% and 100% sorghum flour resulted in an increase in the protein and
fiber content of GFB. Increasing the water levels is required to obtain acceptable GFB made
with 100% BS or WS.

Reflecting the nutrition and sensory features, we consider formulations containing
75% WS/120% water and 100% BS/140% water to be promising formulations.
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