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Abstract

Bread stands out for its versatility and accessibility, appealing to individuals across various
ages and social classes. Consequently, it presents an attractive opportunity for incorporating
ingredients that offer health benefits to consumers. In this context, the current study aimed
to evaluate the technological properties of sandwich bread (specific volume, water activity,
moisture, instrumental color, and texture) prepared with a partial substitution (5% w/w) of
wheat flour (WF) with purple corn cob flour (PCF) (F1), along with the addition of
hemicellulolytic enzymes of fungal (F2) and bacterial (F3) origin. The enzymatic action had a
positive impact (P < 0.05) on the specific volume of the samples (F2: 4.17 £ 0.16 cm3/g and F3:
4.52 + 0.02 cm®/g) compared to the standard (3.78 + 0.07 cm3/g), which was reflected in the
instrumental texture parameters. Parameters such as firmness, hardness, gumminess, and
grittiness were less pronounced in the samples with enzyme addition compared to the
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control. The samples did not differ statistically regarding water activity and instrumental color
parameters (a* and b*). However, enzymatic action reduced the crumb's brightness (L*) in
both cases, which was attributed to the release of reducing sugars. The values of color
variance (AE) were less than 5, indicating that untrained individuals cannot differentiate
between the sample's colors. Thus, the incorporation of hemicellulolytic enzymes in sandwich
bread with partial substitution of WF by PCF improves the technological properties of the
finished product, adding value to an agro-industrial co-product.
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1. Introduction

The demand for functional foods, coupled with growing concerns about the consumption of
synthetic food additives and increased awareness of environmental impacts, has driven the food
industry to develop products with enhanced functional appeal. Additionally, there is an increasing
emphasis on meeting the demand for clean labels, which has become an expectation among
consumers for product transparency [1].

Bread is one of the oldest and most universally appreciated foods, enjoyed by people of all ages
and social classes. In addition to its widespread popularity, bread is cost-effective and exceptionally
versatile, making it suitable for incorporating new ingredients. Therefore, the partial substitution of
wheat flour with unconventional, fiber-rich flour holds significant promise and has the potential to
enhance the product's functional appeal [2, 3].

Regular fiber consumption is associated with numerous health benefits, including reduced blood
glucose levels, increased fecal volume, satiety promotion, and weight reduction assistance.
Additionally, fiber intake improves liver lipid metabolism and reduces the risk of cardiovascular
diseases, stroke, and hypertension [4, 5].

Cereals serve as a fundamental source of energy for humans, and among them, corn stands out
as the third most-produced grain globally. This grain is crucial in ensuring food security for numerous
countries, particularly in sub-Saharan Africa, Latin America, and the Caribbean [6].

Numerous attributes, including color distinguish a wide array of corn varieties. Notable variants
include white, yellow, red, purple, brown, green, and blue corn. Purple corn is particularly
noteworthy for its high anthocyanin content, making it a valuable natural pigment in various food
products. While the purple corn varieties native to Peru have been extensively studied, there is
limited research on other varieties, including purple pericarp corn [7].

The corn cob, constituting 18% of the total ear weight, is the primary byproduct of the corn
industry. Corn cob flour, derived from this byproduct, is notably fiber-rich. Although it contains
some antinutritional compounds, such as phytic acid and oxalic acid, their levels are minimal,
measuring 0.51 + 0.10 g/100 g and 0.02 + 0.01 g/100 g, respectively. Consequently, corn cob flour
is a viable, abundant, and cost-effective alternative for enhancing the fiber content in bakery
products [8].
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However, it is essential to note that partial substituting wheat flour (WF) with high-fiber flour
may adversely affect bakery products' sensory and technological properties, particularly in volume,
alveolar structure, and texture [9]. The addition of fibers in bakery products significantly impacts
the dough's properties and the gluten network's formation. Fibers alter the bonding of the gluten
networks, making them less continuous, affecting the dough's rheology, texture, and organoleptic
quality of the final products [10].

Therefore, adding enzymes, specifically hemicellulolytic enzymes, is essential to mitigate these
adverse effects of fibers on technological and sensory parameters in bakery products. Enzymes play
a pivotal role in baking and can serve as alternatives to synthetic additives. This approach aligns
with the clean label trend, as enzymes are typically considered technological adjuncts and
deactivated during baking [11].

Food enzymes can be derived from various sources, such as plants, animals, or microorganisms,
and may include products obtained through fermentative processes using microorganisms. These
products often contain one or more enzymes capable of catalyzing specific biochemical reactions.
Food enzymes are incorporated into food for technological purposes at different stages of
processing, packaging, transportation, or storage [12].

Therefore, the present study aimed to assess the impacts of partially substituting wheat flour
(WF) with purple corn cob flour (PCF) in pan bread and adding two hemicellulolytic enzymes, one
of fungal origin and the other of microbial origin, on the bread's technological properties.

2. Material and Methods

The creole corn cobs with purple pericarp, harvested in 2020, were obtained through a donation
from the Creole Corn Project of the Institute of Agricultural Science (ICA/UFVIM) and are officially
registered under number A5C29C1 in the National System for Management of Genetic Heritage and
Associated Traditional Knowledge (SisGen) of the Ministry of the Environment of the Federative
Republic of Brazil. The enzymes MEGACELL 899 C (bacterial hemicellulase) and PENTOMAX 191
(fungal hemicellulase) were provided by Prozyn Biosolutions (Sdo Paulo, Brazil), while the remaining
ingredients were procured from the local market in Diamantina, MG, Brazil.

2.1 Physicochemical Characterization of Corn Cob and Wheat Flours
2.1.1 Proximate Composition

Corn cob flour was produced following the methodology described by Nascimento et al. [9]. The
process began with the initial crushing of the corn cobs using a JF 80 hammer mill (JF Maquinas,
Itapira, Brazil), followed by further particle size reduction (<350 um) in a TE-350 ball mill (Tecnal,
Piracicaba, Brazil). The resulting flour, along with wheat flour (WF), was analyzed for proximate
composition, including moisture, lipids, ash, and proteins (N = 6.25), according to the procedures
established by the American Association of Cereal Chemists International [13]. Digestible
carbohydrates, including sugars, starch, and dietary fiber, were quantified following the
methodology described by the Association of Official Analytical Chemists [14]. All analyses were
performed in triplicate, presenting the results as percentages (%).
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2.1.2 Instrumental Color

The colorimetric parameters of the corn cob flour were determined using the methodology
described by Silva et al. [15]. The samples were evenly distributed in a Petri dish, and measurements
were taken using a CM-5 Konica colorimeter (Minolta, Chiyoda, Japan) in the L*, a*, and b* color
space. The colorimeter was calibrated with illuminant D65, a 10° viewing angle for the observer,
and the RSIN (Reflectance Specular Included) calibration mode.

2.1.3 Bread Production

Pan breads were prepared following the formulations and methodology outlined in Table 1.
Initially, the dry ingredients were manually homogenized before being added to the Multi Pane
bread maker (Britania, Curitiba, Brazil), where the remaining ingredients were incorporated. The
bread maker was set to program 1, which included two mixing phases interspersed with dough
resting periods (first mix for 10 minutes, rest for 20 minutes, and second for 15 minutes).

Table 1 Formulation of bread with the addition of corn cob flour and hemicellulose

enzymes.
Ingredients F1 F2 F3
Wheat flour (%) 95 95 95
Purple corn cob flour (%) 5 5 5
Pentomax 191 (ppm) - 40 -
Megacell 899 C (ppm) - - 30
Sucrose (%) 1.8 1.8 1.8
Sodium chloride (%) 1.8 1.8 1.8
Instant yeast (%) 1.2 1.2 1.2
Palm fat (%) 4 4 4
Drinkable water (%) 60 60 60

Note: Percentages are based on the amount of wheat flour in each formulation. The quantity of
enzyme used was in accordance with the manufacturer's recommendations.

The dough was divided into three portions of 400 g each, followed by manual rounding and
molding using an MB35/1 molder (Refrisol, Francisco Beltrdo, Brazil). Fermentation was performed
in a Technipan proofer (Pratica, Pouso Alegre, Brazil) at 32°C and 90% relative humidity for 80
minutes. Fermentation was deemed complete when the dough lost its resilience to touch. The
samples were then baked in a ConventionLine oven (Venancio, Venancio Aires, Brazil) at 160 + 1°C
for 25 minutes and subsequently cooled to room temperature. The loaves were identified correctly,
packaged in high-density polyethylene bags, and analyzed 24 hours post-baking. Slicing was
performed using an FPV12 slicer (Venancio, Venancio Aires, Brazil) to produce 12 mm thick slices.

2.1.4 Bread Characterization

Bread volume was determined using method 10-05.01 [13]. Initially, the samples were weighed
using a semi-analytical balance $2202 (Weblador, Piracicaba, Brazil). The volume of displaced pearl!
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millet seeds was measured in a 1 L measuring cylinder, and the calculation was performed according
to Equation 1.

SV = (Equation 1)

\4
w
where: SV = specific volume (mL/g); v = volume of seeds displaced (mL); w = sample weight (g).
The moisture content of the breadcrumb was determined using method 44.15.02 [13], and the
water activity was measured using an Aqualab 4TE Duo hygrometer (Decagon, Sao José dos Campos,
Brazil) at a constant temperature of 25 + 1°C, by method 44-15.02 [13]. The height of the central
slice was measured in triplicate using a professional 150 mm optical caliper (Western, Suzhou,
China). The instrumental color parameters of the breadcrumb were obtained with three repetitions,
using the same settings applied for the corn cob and wheat flour analyses. The samples'
instrumental color difference (AE) compared to the control was calculated according to Equation 2.

AE = /(AL")? + (Aa*)? + (Ab*)? (Equation 2)

where: AE = total color difference of the sample relative to the control; AL* = variation in the L*
parameter (brightness); Aa* = variation in the a* parameter (red to green color); Ab* = variation in
the b* parameter (yellow to blue color).

The instrumental texture was assessed through six repetitions using a TA-XT Plus texture
analyzer, following method 74-09.01 [13]. For the analysis, 12 mm slices were overlapped to obtain
the following parameters: firmness (N), hardness (N), cohesiveness, elasticity, gumminess (N),
chewiness (N), and resilience. Before the analysis, the equipment was calibrated and configured
with pre-test, test, and post-test speeds of 1.0, 1.0, and 5.0 mm/s, respectively; a compression level
of 40%; a time interval between cycles of 1 second; and a detection threshold of 0.049 N. The
analysis used a P/36R probe and HDP/90 platform in compression force mode.

2.1.5 Statistical Analysis

The normality of the data was assessed using the Shapiro—Wilk test. The raw material data were
analyzed using the student's t-test (P < 0.05), while variance analysis was conducted for the bread
samples. In cases where significant differences were identified, the Tukey test was applied for mean
comparison, with a confidence level of 95%.

3. Results and Discussion
3.1 Characterization of Flours

The proximate composition is critical and directly influences the final product's sensory,
nutritional, and technological properties. In the context of bakery products, the fiber and protein
content of the flour are vital parameters of interest [16]. The purple corn cob flour (PCF) used in this
study exhibited a protein content of 2.00 £ 0.18 g/100 g and a dietary fiber content of 75.21 + 0.54
g/100 g. In contrast, wheat flour typically has a higher protein content (14.29 + 0.34 g/100 g) and a
lower dietary fiber content (2.05 + 0.26 g/100 g) on average [9].
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Furthermore, corn cob flour lacks gluten-forming proteins. Consequently, the partial substitution
of wheat flour with corn cob flour is likely to reduce the gluten content of the formulation. This
reduction can adversely affect the dough and the final product, as the viscoelastic network formed
by glutelin and gliadin in the presence of water and mechanical action is responsible for the viscosity
of the dough and the retention of carbon dioxide during fermentation. These factors contribute to
the final product's volume, uniform alveolar structure, and soft texture [9].

Therefore, incorporating high-fiber flour in bakery products presents a challenge, as fibers
compete with the proteins in wheat flour for dough hydration, impeding the formation of the gluten
network. Conversely, the increasing demand for functional foods and growing environmental
concerns have stimulated the use of agri-food by-products in food matrices. Additionally, the
development of bread utilizing unconventional flour, such as corn cob flour, may help reduce
processing costs and provide a potential source of income for small-scale farmers.

3.2 Characterization of Breads

The characteristics of the produced breads are presented in Table 2. Moisture content is a critical
quality parameter for bread and positively influences consumer perception regarding the freshness
of the finished product [17]. This parameter is closely related to the amount of water incorporated
into the formulation and its composition, particularly concerning fiber content and the addition of
enzymes.

Table 2 Technological characteristics of breads produced by partially replacing wheat
flour with corn cob flour and adding hemicellulase enzymes.

Parameters F1 F2 F3
Moisture (%) 36.03 +0.13 36.41+£0.13° 36.06 + 0.54°
Water activity(") 0.9684 + <0.01 0.9699 +<0.01  0.9678 +<0.01
Specific volume (mL/g) 3.78 £ 0.07°¢ 4.17 +0.16° 4.52 +0.02°
Central slice height (cm) 7.34+£0.11°¢ 7.65+0.17° 8.24 + 0.05°

L* 60.73 £ 1.57%° 60.80 £ 0.77° 58.54 +0.5°

g*ns) 3.58+0.24 3.34+£0.08 3.63+0.03
Color parameters

p*(ns) 14.36 £ 0.22 14.25+0.12 3.78 £ 0.07

AE - 0.77 £0.31° 2,27 £0.63°

Values represent the arithmetic mean of three repetitions + standard deviation. F1 = bread
made with 5% corn cob flour without enzyme addition; F2 = bread with 5% corn cob flour and
40 ppm fungal hemicellulase; F3 = bread with 5% corn cob flour and 30 ppm bacterial
hemicellulase. Different letters indicate statistical differences according to Tukey's test at a 5%
probability level within the same row. ns = not significant.

Refined wheat flour typically contains approximately 2 to 3% arabinoxylans. Despite their
relatively low concentration, arabinoxylans contribute to 30% of the hydration of wheat flour and
play a crucial role in the quality of both the dough and the final product [18]. Conversely, a
significant portion of the arabinoxylans in wheat and corn cob flour is insoluble in aqueous media,
as they are complexed with macromolecules such as starch and protein.
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When added, hemicellulases hydrolyze these interactions and solubilize arabinoxylans from
wheat flour and corn cob flour. Consequently, the moisture content of the samples was increased
with the addition of fungal hemicellulase (F2) compared to the control and the samples
supplemented with bacterial enzymes (F1 and F3, respectively), as indicated in Table 2. This
enhancement in moisture retention can be attributed to the increased water-holding capacity
during baking, resulting from the solubilization of arabinoxylans in the formulation, which is
facilitated by the action of the fungal enzyme.

Volume is a critical quality parameter for bread, closely linked to hydration and the development
of the gluten network, which is responsible for the expansion and retention of carbon dioxide
produced during fermentation [19]. Consequently, the incorporation of high-fiber flours, such as
purple corn cob flour (PCF), negatively impacts the volume and ultimately affects the final product's
texture. These undesirable effects arise from the capacity of dietary fibers to interact with water,
attributed to the presence of free hydroxyl groups (-OH), which diminish the hydration of gluten-
forming proteins in wheat flour (WF). As a result, bread containing high-fiber flours exhibits reduced
volumes, a deficient alveolar structure, and significantly increased instrumental firmness and
hardness parameters [20].

For comparative purposes, Jha et al. [21] reported specific bread volumes subjected to varying
pressures during the dough mixing process, ranging from 4.01 to 4.29 mL/g, values similar to those
observed in formulations with added enzymes. Costa et al. [22] found specific volumes ranging from
3.71 (day 1) to 3.32 (day 15) for breads containing 30% chickpea flour, which had a fiber content of
1.61 g, values comparable to those observed in formulations without enzyme addition. This
indicates that the negative impacts of fiber addition can be mitigated by incorporating
hemicellulases, which hydrolyze arabinoxylans in WF, facilitating the redistribution of water within
the formulation. Consequently, the water retention capacity of arabinoxylans leads to increased
dough viscosity and enhanced elasticity of the gluten network, thereby improving its stability. This
stabilization reduces the diffusion of carbon dioxide to the external environment during baking,
resulting in improved volume and textural attributes. Furthermore, the increased dough viscosity
inhibits the coalescence of air bubbles, promoting a uniform distribution and satisfactory
honeycomb structure.

The sample with bacterial hemicellulase (F3) exhibited a higher specific volume and central slice
height than the fungal hemicellulase addition (F2). This difference can be attributed to the particular
microorganisms employed in producing these enzymes. According to the specifications provided by
Prozyn Biosolutions [23], the manufacturer of the enzymes used in this study, fungal hemicellulase
enhances oven elasticity, improves dough development, and increases extensibility. In contrast,
bacterial hemicellulase is noted for enhancing oven elasticity and increasing bread volume,
corroborating the results obtained and highlighted in Figure 1.
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Figure 1 Bread samples were made by partially replacing wheat flour with corn cob flour
and adding hemicellulase enzymes. F1 = Bread made with the addition of 5% corn cob
flour without the addition of enzymes. F2 = Bread with 5% corn cob flour and 40 ppm
fungal hemicellulase. F3 = Breads with 5% corn cob flour and 30 ppm bacterial
hemicellulase.

Microbial-origin enzymes are derived from bacteria, fungi, and yeasts, each exhibiting specific
actions resulting from their intrinsic ability to catalyze hydrolysis reactions. Different
hemicellulolytic enzymes act on various structures of hemicellulose. For instance, certain fungi
secrete high concentrations of a diverse array of hemicellulases that function synergistically.
Aerobic bacteria produce several polysaccharide-degrading enzymes that yield relatively large
oligosaccharide products. These variations may account for the differing results observed in this
study, which can be attributed to the origin of the enzymes used [24].

According to Dahiya et al. [11], the application of hemicellulases in traditional bread contributes
to the formation of the gluten network, enhances the rheological properties of the dough, and
increases the overall volume. These factors may have played a significant role in achieving the
characteristics observed in the bread samples with enzyme addition.

The color of the ingredients primarily influences the crumb color in the formulation. According
to Nascimento et al. [9], the incorporation of corn cob flour into pan bread results in a significant
darkening (indicated by a reduction in the L* value) of the crumb compared to traditional products,
which is considered undesirable since a lighter-colored crumb (higher L* value) is generally more
appealing to consumers. This effect on the hue is illustrated in Figure 2, which demonstrates the
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color difference between purple corn cob flour (PCF) and wheat flour (WF), directly impacting the
instrumental color parameters of the bread.

Figure 2 Wheat flour (at left) and purple corn cob flour (at right).

The data obtained for the color of the bread indicate that the action of hemicellulases diminished
the luminosity of the samples, likely due to the release of reducing sugars through the hydrolysis of
fibers in both PCF and WF. This release favors the development of pigments through the Maillard
reaction, contributing to the observed changes in color.

In this study, the samples did not exhibit significant differences regarding the a* and b*
parameters. However, in pan bread samples produced without the addition of purple corn cob flour
(PCF), distinct a* and b* values were observed [25]. This variation is attributed to the anthocyanins
present in the corn variety used to produce the cob in this study, which intensifies the red coloration
of the crumb (increased a* value). Simultaneously, the partial substitution of wheat flour (WF) with
PCF reduces carotenoids, thereby decreasing the intensity of the yellow coloration (reduced b*
value).

In this context, the samples displayed a slight instrumental color variation (AE) of less than 5,
suggesting that untrained individuals may not perceive a difference from the control sample based
solely on color [26].

The characteristics evaluated in the texture of the bread are presented in Table 3. The bread
crumb forms a spongy structure influenced by several factors, including the development of the
gluten network, the distribution and expansion of air bubbles, and their coalescence during
processing, as well as the ingredients incorporated into the formulation. In this regard, the crumb
is responsible for the textural properties of bread, which are instrumentally evaluated through
texture profile analysis (TPA). These properties are closely linked to the food's composition, size,
and geometry [27].

Table 3 Texture profile of breads produced by the partial replacement of wheat flour
with corn cob flour and the addition of hemicellulase enzymes.

Parameters F1 F2 F3

Firmness (N) 3.09 £ 0.342 2.94 +0.32° 2.30+0.24°
Hardness (N) 4.47 £ 0.49°2 4.07 £0.542 3.16 £ 0.26°
Cohesiveness (%) 62.81+3.42 61.63+2.74 64.89 + 6.65
Resilience (%) 27.21+1.24 27.57 £ 1.88 28.74 £3.33
Elasticity (%) 90.46 £ 2.18° 92.04 + 1.46° 93.97 £ 1.932
Gumminess (N) 2.70+0.34° 2.52+0.28° 2.04+0.18°
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Chewiness (N) 2.45+0.31° 2.33+0.28° 1.93+0.23°

Values are presented as the arithmetic mean of three repetitions + standard deviation. F1

represents bread made with 5% corn cob flour without enzyme addition, F2 indicates bread with
5% corn cob flour and 40 ppm of fungal hemicellulase, and F3 denotes bread with 5% corn cob
flour and 30 ppm of bacterial hemicellulase. Different letters in the same row indicate
statistically significant differences, as determined by Tukey's test at a 5% probability level.

One of the primary parameters influencing the textural properties of bread is volume. Generally,
a lower volume is associated with a more compact crumb, uneven air distribution, and a deficient
alveolar structure, adversely affecting firmness (N), which is defined as the force required for 75%
sample compression, hardness (N), representing the force necessary for 40% sample deformation,
and cohesiveness (N), denoting the force required for food rupture. These factors ultimately
diminish the sensory quality of the product [9].

Volume is inversely proportional to hardness and firmness, as demonstrated by the F1 bread
samples, which exhibited the lowest volume and highest values for hardness and firmness.
However, F2 did not statistically differ from F1 in hardness and firmness, indicating that bacterial
hemicellulases were more effective in imparting softness to the bread, a critical factor in consumer
sensory evaluations.

In a study by Moreton et al. [28], various commercial Italian breads were analyzed, with hardness
values ranging from 4.45 to 42.37 N. Similarly, Gao and Zhou [27] reported hardness values ranging
from 1.2 to 93.4 N for different bread types, noting that wheat breads generally exhibited lower
hardness while rye breads had higher values.

Resilience, the sample's ability to recover volume after the first compression cycle, is a desirable
attribute in breads, indicating product softness [29]. The addition of enzymes did not significantly
affect the resilience of the samples, as no statistical differences were observed between the three
formulations.

In F3, the bacterial enzymes enhanced elasticity and reduced gumminess and chewiness. Similar
effects were observed in breads with added dextrans, where the addition led to decreased
gumminess and chewiness [30]. This suggests that bacterial enzymes may not fully hydrolyze
hemicelluloses, potentially resulting in the release of oligosaccharides.

Chewability, a texture parameter that correlates with sensory analysis, relates to the work
required to chew the bread and is a function of hardness, cohesiveness, and elasticity. Elasticity is
the dough's ability to recover after deformation, influenced by starch gelatinization and the gluten
network. Lower elasticity values may result from gluten dilution. Therefore, adding bacterial
enzymes (F3) mitigated the adverse effects of fiber addition on bread texture, addressing the
technological challenges associated with high-fiber formulations [31].

4. Conclusions

The feasibility of using hemicellulolytic enzymes in the preparation of fiber-enriched breads from
corn cob fibers was demonstrated in the study. These enzymes successfully addressed several key
technological challenges associated with adding dietary fibers to bakery products. The
incorporation of technological aids, rather than chemical ones, is aligned with current consumer
expectations for clean labeling. Additionally, using agro-industrial residues in food preparation
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enables the effective use and reduction of waste from high-quality raw materials, thereby
supporting sustainable food production, a fundamental pillar of sustainable food systems.

A specific volume increase of approximately 10% in the bread was achieved with the fungal-origin
hemicellulolytic enzyme, along with reductions in firmness and hardness by 4.85% and 8.94%,
respectively, compared to the control sample. In contrast, superior technological results were
observed with the bacterial-origin enzyme in key bread quality parameters, including a ~20%
increase in specific volume and reductions of 25.5% in firmness and 29.3% in hardness, compared
to the sample without enzyme addition. Consequently, hemicellulolytic enzymes, particularly those
of bacterial origin, were validated as a viable alternative for developing baked products that
incorporate high-fiber flours, especially insoluble dietary fibers, while maintaining technological
quality. However, future studies should assess the behavior of these enzymes with different
concentrations of high-fiber flours, not only from corn cob but also from other raw materials, in
conjunction with sensory and nutritional evaluations.
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