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Abstract

The different bakery products consumed worldwide require wheat flour with specific viscoelastic characteristics,
which are not always available on the market. To meet these particular demands, wheat flour mills and baking
industries turn to ingredients, additives, and processing aids. These improving agents act on the gluten network
and other flour components, adapting them to produce various products with the desired technological and sensory
properties. Many studies relate increases in the parameters obtained in flour quality analyses, such as farinographic,
extensographic, alveographic, and others, with the flour-strengthening effect of various ingredients, additives, and
processing aids used; however, this is not a direct relationship. In this review, we evaluated each strategy for
improving wheat flour, considering key studies in the field of baking, and examining how these strategies work.
Focusing on gluten, which is crucial for the technological quality of the flour, we explored strategies involving
additives (oxidizing agents, emulsifiers, and hydrocolloids), processing aids (enzymes), and the ingredient vital wheat
gluten. We also evaluated the regulatory aspects governing the use of these enhancers in various countries.

Keywords: Ingredients; Additives; Processing aids; Gluten; Baking technology; Dough; Bread.

Highlights
e  Oxidants strengthen the dough, making it more elastic and producing bread with greater volume

e  Enzymes, as processing aids, offer a natural alternative to chemical additives, supporting 'clean label'
formulations

e  The combined use of additives and processing aids balances dough elasticity and extensibility

1 Introduction

Wheat (Triticum aestivum L.) serves as a crucial raw material in a variety of food products. This cereal is
distinguished by its gluten content, which forms a viscoelastic network capable of retaining gases produced during
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dough fermentation. This characteristic significantly influences the shape and structure of fermented bread
(Cauvain, 2012). Consequently, wheat flour, derived from this cereal, is the base of numerous bakery products.

Wheat flour for making bread must provide specific characteristics according to the type of bread. Flours
with high gluten quality are the most commonly used in breadmaking, as they can retain the gases produced
during the bread fermentation stage (Ortolan et al., 2017). The quality of wheat flour is evaluated by specific
analyses, i.e., wet gluten content, dry gluten content, gluten index, and empirical rheological tests such as
those carried out in the farinograph, extensograph, and alveograph.

The variation in the quality of wheat flour used in the industrial bread-making process is due to the inherent
variation in the quality of the wheat grains from which the flour is derived. Therefore, the industry uses wheat
flour improving agents to make a product closer to what consumers expect. As the gluten-forming proteins are
responsible for the viscoelastic characteristics of the dough, agents that act on this fraction play a significant
role and govern its properties. These agents can affect gluten proteins and starch present in the flour. They can
be classified into four main groups: (i) additives, such as oxidants, emulsifiers, and hydrocolloids; (ii) processing
aids, such as enzymes; and (iii) ingredients, such as vital gluten. Among the main additives, processing aids and
ingredients used in baking processes are ascorbic acid (AA), azodicarbonamide (ADA), calcium stearoyl
lactylate (CSL), sodium stearoyl lactylate (SSL), diacetyl tartaric acid esters of mono and diglycerides
(DATEM), polysorbate 80 (PS 80), carboxymethylcellulose (CMC), xanthan gum (XG), transglutaminase
(TG), glucose oxidase (GOX), and vital gluten (VG) (Gioia et al., 2017).

The primary function of these additives, processing aids, and ingredients is to standardize the quality of
wheat flour and improve its technological characteristics for specific applications. Considering that the wheat
industry is keen on finding solutions that ensure the appropriate viscoelastic properties of wheat flour for
various applications, mills, the food industry, and bakeries can add the cited improvers to wheat flour to
regulate its rtheological properties. In this context, this review will address the main strategies used in baking
to strengthen the dough and provide bread with the quality expected by the industry and consumers.

2 Methodology

This review focuses on innovative studies from the past ten years, with particular emphasis on those from
the past five years, that investigated strategies to strengthen wheat flour for baking. A narrative literature
review was conducted due to the diversity of the research found on different baked products and the effects
of various flour-enhancing agents. We surveyed scientific articles published from 2014 to 2023 to help
readers understand the state of the art for each flour enhancer. Six articles from before 2014 were cited, as
they were references to the subject. The search was carried out from June 2021 to October 2023 using
databases such as Scopus, Web of Science, Elsevier, Google Scholar, Periédicos Capes, and Science Direct.
The following keywords were used in the search: gluten, gluten strengthening, enhancing agents, processing
aids fortifiers, oxidants, enzymes, emulsifiers, hydrocolloids, and vital gluten.

In total, twenty-five publications were selected for the elaboration of Tables 1, 2 and 3, providing relevant
information about the effects of each enhancer on the process of strengthening wheat flour to produce baked goods.

3 The importance of gluten formation

When wheat flour and water are mixed, a dough is obtained that exhibits cohesion, extensibility, and
elasticity. This dough primarily consists of water, starch, and proteins. Upon adding water to the flour, the
proteins hydrate, facilitating the formation of a protein network. Mixing provides the energy and movement
necessary for the protein chains to interact and form chemical bonds, contributing to the structure of the
gluten network (MacRitchie, 2014). The gluten network, comprised of the proteins gliadin and glutenin, plays
a crucial and unique role in determining the quality of bakery products. Furthermore, this network contributes
to the dough's viscoelasticity, which includes the flour's capacity to absorb water and its properties of
elasticity and extensibility (Wieser, 2007).
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Gliadins and glutenins are distinguished by their unique composition including the amino acids proline
and glutamine, along with a low prevalence of polar amino acids (such as serine, threonine, and tyrosine) in
their polypeptide chains. This composition renders both proteins insoluble in water. When hydrated, gliadin
enhances viscosity and extensibility, which reduces the elasticity and cohesiveness of wheat flour dough
compared to glutenin. In contrast, glutenin contributes strength, cohesion, and elasticity to the dough
(MacRitchie, 2014; Wieser, 2007).

Gliadin, a prolamine protein, is a monomer that can be categorized into different fractions based on its
mobility in polyacrylamide gel electrophoresis. These fractions, in ascending order of molecular weight, are
a-, B-, v-, and w-gliadins. In contrast, glutenin belongs to the glutelin class and is divided into high and low-
molecular weight fractions (HMW-GS and LMW-GS, respectively). These glutenin fractions are linked via
intra and inter-chain disulfide bonds within the dough. All gliadin fractions, except for w-gliadin, can form
intermolecular disulfide bonds with HMW-GS. They can also aggregate into macropolymers with LMW-
GS, thereby enhancing the viscoelastic properties of the dough and, consequently, improving bread-making
performance (Schmid et al., 2017).

Both intramolecular and intermolecular covalent bonds play a crucial role in maintaining the structure of
the gluten network through disulfide bonds. Additionally, non-covalent bonds such as hydrogen bonds, along
with ionic and van der Waals interactions, also contribute to the stability of the network formed
(Schmid et al., 2017). Covalent bonds are determinant for dough stability, followed by hydrogen bonds and
electrostatic interactions that, in conjunction, govern the structure and properties of the network
(Geisslitz et al., 2018). Various agents can be added to the dough to improve the formation of these bonds or
to create a more stable system, significantly influencing dough's viscoelastic properties.

4 Wheat flour improving agents

In the production of bakery products, each type of product requires a specific type of wheat flour, and
therefore, the selection of the wheat - or even its blends - in the mill is crucial for influencing the quality
characteristics of the resulting wheat flour. Strong flours, which are usually high in protein content, are
typically produced by milling hard wheat. These flours are commonly used to produce bread and pasta.
Conversely, milling soft wheat yields “weaker” and more extensible flours, which are usually low in protein
content and better suited for producing cookies and cakes (Cauvain, 2012). In milling operations, different
types of wheat are blended to merge their distinct characteristics, such as grain hardness and the origin of
each variety, to meet specific product specifications.

The composition of the wheat flour blend is specific for each product and is determined by the availability
and cost of the raw material and the characteristics required for a given product. Moreover, several agents
can act on wheat flour and modify its rheological properties such as those measured through farinographic,
extensographic, and alveographic analyses. The main agents used in bakery flours are chemical oxidants,
emulsifiers, hydrocolloids, enzymes, and vital gluten. The concentration of each type of agent used in the
formulation of bread may vary according to the manufacturer and regulations of the different countries.

Thus, this work reviews the published literature on the use of the main improving agents for wheat flour,
describing how they, directly and indirectly, affect the formation of the gluten network and the main quality
characteristics in breadmaking. The work is divided into the following parts: (i) chemical oxidants; (ii)
emulsifiers; (iii) hydrocolloids; (iv) enzymes; (v) vital gluten; and (vi) regulatory aspects.

5 Chemical oxidants

The addition of chemical agents such as oxidants significantly impacts gluten functionality (Tozatti et al.,
2020). These agents, also known as oxidizing agents, function by oxidizing free sulfhydryl groups (-SH) to
form disulfide bonds (-S-S-) between protein chains, thereby strengthening the gluten network. This
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transformation influences the dough's rheology, enhancing its elasticity and reducing extensibility (Ortolan
& Steel, 2017; Tozatti et al., 2020). The oxidation by these agents increases the dough’s capacity to retain
COy, leading to bread with a larger volume and better-distributed air cells within the crumb. Additionally,
oxidizing agents also increase “oven-rise”, known as the rapid increase in volume that occurs in the first
minutes after the dough enters the oven (Gioia et al., 2017; Tozatti et al., 2020). Studies on the main effects
of chemical oxidants in baking are presented in Table 1.

5.1 Ascorbic acid

Ascorbic acid (AA) is a widely used oxidizing agent in baking. Although initially acting as an antioxidant,
it is transformed during the dough mixing stage into dehydroascorbic acid, which then oxidizes the gluten
proteins. This conversion allows it to serve as an intermediate reactive agent, influencing both the mixing
and fermentation stages of dough preparation. Its addition enhances the dough’s cohesiveness and the bread's
volume (Pereira et al., 2009).

Studies indicate that AA not only increases dough stability but also reduces its extensibility, thereby
improving gas retention and the specific volume of the bread (Lopes et al., 2007; Saraiva et al., 2010;
Baratto et al., 2016; Igbal et al., 2023). Additionally, AA is often used in conjunction with other oxidizing
agents to optimize baking outcomes. For instance, Saraiva et al. (2010) demonstrated that combining tannic
acid (TA) with AA increases dough stability, while Baratto et al. (2016) reported that its combination with
enzymes such as xylanase and amylase can shorten development time and increase dough stability.

5.2 Azodicarbonamide (ADA)

Azodicarbonamide (ADA) (C2H4N403) is recognized as a fast-acting oxidant that primarily strengthens
the dough during the mixing stage. This chemical agent quickly degrades, making it suitable for rapid mixing
processes. In baking, both fast and slow oxidizers are strategically employed together so that, as the fast-
acting ADA exhausts, the slower oxidizers subsequently activate to continue the process (Wieser, 2012;
Lopes et al., 2007).

Beyond ADA and AA, potassium bromate is another oxidizing agent; however, its use is banned in several
countries, including Brazil, due to its toxicity (Joye et al., 2009). ADA is known to enhance the resistance of
doughs to extension and increase the specific volume of bread (Lopes et al., 2007; Pereira et al., 2009). It
also reduces the dough's extensibility (Pereira et al., 2009) and improves its gas retention capacity and
machinability (Lopes et al., 2007; Joye et al., 2009). Similar to AA, ADA improves the appearance of bread
crumbs, yielding a more homogeneous texture (La et al., 2006).

Considering that bread formulation is a complex system involving numerous interactions and reactions
among ingredients, the use of various improvers is commonly employed in the industry to optimize bread
quality (Dai & Tyl, 2021). Therefore, each flour improver exhibits a highly specific mechanism of action that
depends on its chemical, structural, and functional properties (Igbal et al., 2023). For example, the
combination of AA with other oxidizers or enzymes can optimize dough development time and enhance
stability (Saraiva et al., 2010; Baratto et al., 2016). Similarly, the strategic use of both fast and slow oxidizers,
such as ADA and AA, respectively, ensures continuous and effective oxidation during the mixing and
fermentation processes (Wieser, 2012). Therefore, the choice and combination of flour improvers must be
carefully considered to achieve the desired properties in the dough and the final product (Tozatti et al., 2020).

6 Emulsifiers

Emulsifiers contribute significantly to baking, facilitating dough handling and enhancing the volume and
shelf-life of baked goods (Pareyt et al., 2011). These surfactant compounds interact with starch and/or stabilize
the protein-lipid interface around gas cells, acting as crumb softeners and/or dough fortifiers, respectively.
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Emulsifiers are categorized by their charges into four types: (i) anionic emulsifiers, such as SSL, CSL,
DATEM, and PS 80, which serve as dough strengthening agents; (ii) cationic emulsifiers, which are
considered toxic and are no longer used as food additives; (iii) non-ionic emulsifiers, including mono and
diglycerides, primarily used as crumb softeners; and (iv) amphoteric emulsifiers like lecithin, known for their
versatility (Miller, 2015).

Regarding baking, emulsifiers can also be classified into two groups: (i) emulsifiers that form complexes with
starch and can improve crumb softness and prevent bread staling, such as monoglycerides; and (ii) emulsifiers that
interact with proteins and can strengthen the dough, increasing the capacity of gluten to form a network that retains
the gases produced by yeasts. This group includes the anionic emulsifiers, SSL, CSL, DATEM, and PS 80, which
act during the stages of mixing, shaping, and fermentation, and in the early stages of baking. Their application
results in greater volume and improved crumb structure of bread (Gémez et al., 2013; Parenti et al., 2020). In
addition to their primary functions, SSL and CSL exhibit a dual role, as they not only interact with proteins to
strengthen the dough but also form complexes with starch, contributing to crumb softness and delaying bread
staling. The survey of studies on the effects of emulsifiers on wheat flour is presented in Table 1.

Surfactants such as CSL, SSL, DATEM, and PS 80 significantly impact the structure of the gluten network
(Pareyt et al., 2011; Miller, 2015). SSL has a notable strengthening effect on dough due to its interactions
with gluten proteins during mixing. This interaction promotes the aggregation of gluten and enhances its
strength, especially when SSL is added in small concentrations (0.3% to 1.0%) (Pareyt et al., 2011). During
fermentation and the initial baking stages - periods characterized by high tensions in the gas cells - CSL,
SSL, DATEM, and PS 80 help stabilize the dough. Their application is associated with bread that exhibits
greater volume, a uniform crumb structure, and a delicate texture (Ajibade & Ijabadeniyi, 2019).

Further research reveals that the benefits of emulsifiers extend beyond simply reducing the surface tension
of the medium. Whether used individually or in combination, SSL and DATEM at low concentrations (0.5% -
1.0%) can alter the secondary structure of gluten proteins. For instance, Gomez et al. (2013) found that adding
just 0.25% SSL increased the a-helix conformation and decreased p-sheet, B-turn, and random coils in gluten
proteins, leading to bread of superior quality. This reorganization of the gluten conformation likely facilitates
the formation of disulfide bonds, enhancing the stability and functionality of the gluten network. Conversely, a
higher concentration of 1.0% SSL disrupts the gluten structure, resulting in bread of lower quality.

Ajibade & Ijabadeniyi (2019) explored the effects of emulsifiers such as SSL, PS 80, and DATEM on
bread production. They observed that the incorporation of these emulsifiers not only increased dough
development time and stability but also enhanced bread specific volume and softness. Importantly, the use
of emulsifiers is commonly paired with other improving agents, such as chemical and enzymatic oxidants.
This combination is beneficial because oxidants tend to increase dough cohesion, which can complicate its
machinability. Emulsifiers, therefore, play a dual role by improving the viscoelastic properties of the dough,
facilitating easier handling and machinability, and mitigating the tension typically introduced by oxidants.

Consequently, the use of emulsifiers leads to improvements in dough consistency and, ultimately, in bread
quality - characterized by greater volume and softer crumb. This makes emulsifiers such as CSL, SSL, DATEM,
and PS 80 indispensable additives in breadmaking, particularly for their role in strengthening the gluten network.

7 Hydrocolloids

Most hydrocolloids are polysaccharides derived from natural or synthetic sources, with a few important
proteins recognized for their technological functionality in the food industry. The use of hydrocolloids is based
on their hydrophilic capacity to reduce water mobility and, therefore, increase the viscosity of the medium
(Igbal et al., 2023). The survey of studies on the effects of hydrocolloids on wheat flour is presented in Table 1.

Hydrocolloids are particularly valued in the production of gluten-free products (Tebben & Li, 2019), where
they are used to mimic the functional properties of wheat flour doughs by simulating the gluten network.
They are also beneficial in baked products enriched with fibers (Zannini et al., 2014). While it is uncommon
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to associate hydrocolloids with gluten strengthening - typically linked to the formation of disulfide bonds
and other interactions within the dough - evidence suggests that hydrocolloids can enhance dough properties,
notably improving its machinability (Rosell et al., 2001).

Dough formation is a crucial phase in the production of baked goods, with its development being
fundamental to the quality of the final products. The viscoelastic properties of dough result from a series of
transformations occurring in gluten proteins, involving hydration, unfolding, orientation, and the exchange
between free sulthydryls (-SH) and disulfide (-S-S-) bonds (Schmid et al., 2017). Additionally, the
abundance of hydroxyl groups (-OH) in the structure of hydrocolloids markedly increases their water affinity,
which significantly modifies the structural organization of the dough.

Recent studies highlight hydroxypropylmethylcellulose (HPMC), CMC, XG, GG, and A-carrageenan (CGN)
as significant enhancers of the rheological properties of wheat flour dough (Li et al., 2019; Ashraf et al., 2020;
Zhao et al., 2020; Arp et al., 2021; Igbal et al., 2023). These hydrocolloids vary in their impact depending on
their structural characteristics; for example, GG and locust bean gum (0.2% - 1%) strengthen the dough, whereas
pectin and konjac gum weaken it. Hydrocolloids with linear, high-viscosity structures like XG and GG
positively affect the dough, unlike those with branched, lower-viscosity structures such as gum arabic.

Further research by Leon et al. (2000) found that CGN (lambda carrageenan), enhanced bread volume
through better hydration and interaction with gluten's low molecular weight fractions, altering the protein
network's physicochemical properties. Similarly, Zannini et al. (2014) observed that HPMC, XG, and dextran
improved water absorption in whole-wheat flour, with HPMC showing superior water-binding capacity,
leading to longer dough development times and reduced wet gluten content.

Hydrocolloids like CMC, GG, and XG also enhanced the structure of bread enriched with dietary fibers
or other flour types. These hydrocolloids helped create a smoother texture and better heat stability, improving
bread porosity and microstructure (Ashraf et al., 2020). Notably, CMC at 0.5% concentration can strengthen
the gluten network by forming hydrocolloid-gluten aggregates during baking, enhancing bread structure
(Zhao et al., 2020). However, higher concentrations (1%) have been shown to weaken the gluten network.

Although primarily used in gluten-free products to mimic the gluten network, the inclusion of
hydrocolloids like HPMC, CMC, XG, GG, and CGN in wheat flour doughs must be carefully managed. Their
effectiveness is concentration-dependent, and excessive amounts can compete with proteins and starch for
water, potentially disrupting gluten formation.

Also, despite the apparent improvements in rheological properties observed in various studies with the
addition of hydrocolloids, it is essential to recognize that, when using empirical rheological methods (e.g.
farinographic, extensographic, and alveographic analyses) the increase in parameters may not necessarily
indicate the strengthening of the gluten network. Instead, these changes may be related to the interaction of
hydrocolloids with water, which delays dough hydration and subsequently increases development time
(Lazaridou et al., 2007). This delay should not be misinterpreted as a genuine increase in dough strength.
Additionally, the equipment used for these analyses is designed for refined wheat flour (Rosell et al., 2001),
and the addition of hydrocolloids may increase dough resistance during testing, leading to elevated
rheological parameters that may not accurately reflect the actual strengthening of the flour. Therefore, while
hydrocolloids contribute to certain desirable dough characteristics, their impact on empirical rheological
parameters should be carefully interpreted to avoid overestimating their strengthening effect on the dough.

When hydrocolloids are used in combination with emulsifiers and chemical oxidants, their synergistic effects
can further enhance dough and bread quality. Emulsifiers, such as SSL and DATEM work by stabilizing the
gas cells in the dough, which, combined with the water retention properties of hydrocolloids, can lead to a more
uniform and stable dough structure (Pareyt et al., 2011; Miller, 2015). This interaction helps achieve a balance
between dough elasticity and extensibility, crucial for high-quality bread. Additionally, hydrocolloids can
mitigate the additional toughness introduced by chemical oxidants by improving dough machinability and
hydration, thereby enhancing overall dough handling (Ajibade & Ijabadeniyi, 2019).
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Table 1. Effects of oxidizing agents, emulsifiers, and hydrocolloids on wheat flour.

Samples Additives Concentrations Main Results Authors
Oxidizing Agents
ADA: | stability 1
. resistance to extension
White flour ADA 40 ma/ke fl lextensibility and 1 (Pereira et al.,
mgrikg Llour specific volume 2009)
. GOx: 1 gluten index 1
Whole-grain flour GOx stability and | MTI
AA AA: 0-1500 ppm TA caused browning
TA:0.10,0.20 and 0.30% 1 MTI with 300 ppm of (Saraiva et al.,
Wheat flour TA (with 300 ppm of AA) AA 2010)
| extensibility 1 stability
. 1 development time 1
AA AA: 0-500 ppm stability
Enzymatic . (Baratto et al.,
Wheat flour complexes (C1 and C1: 0.00-0.05% 1 specific volume 1 shelf- 2016)
2) life
C2:0.00-0.02%
AA AA: 14.65-85.35 mg/kg 1 resistance to extension
Wheat flour 1 gas retention 1 specific (Lopes ctal,
ADA ADA: 6-34 mg/kg & P 2007)
volume
Emulsifiers
Wheat flour SSL SSL (0.25-0.40 g): 1.6% 1 stability 1 dough
development time (Ajibade &
) i Y . jibade
Millet flour PS 80 P?)‘E/;\()T(];)I.VSIOOO.IE;OOg;.SI.O./o 1 specific volume [jabadeniyi, 2019)
Bambara flour DATEM (0.10-0.25 g):
1.3%
Wheat flour SSL 1 specific volume
1 crumb softening | water  (Gomez et al.,
_ 0
Wheat gluten PS 80 0.000-0.500% Joss, retrogradation 2013)
DATEM
Hydrocolloids
Wheat flour HPMC HPMC: 1-1.5% ' water absorption | pH
(CMC)
: Givity (CMC (Arp et al., 2021)
Resistant starch CMC CMC: 1-1.5% | water ac Iy ( )1
stability
Wheat flour XG 1 viscosity
. 0.5% of each hydrocolloid ~ GG: 1 specific volume (Ashraf et al.,
Pumpkin flour GG (mixed) and | density of the bread 2020)
CMC XG: | specific volume
Reinforcement of gluten
network
Wheat gluten CMC 0.5-1% Improvement on the (Zhao et al., 2020)
viscoelastic behavior of
gluten (0.5%)
Interactions between
) hydrocolloids and gluten
Wheat flour: wheat CGN 0.2.0.6 and 1%

gluten and starch

proteins provided changes
in the gluten network
structure

(Li et al., 2019)

MTI: Mixing Tolerance Index; C1: enzymatic complex containing a-amylase; C2: enzymatic complex containing xylanase/amylase; ppm:
parts per million; SSL: sodium stearoyl lactylate; PS 80: polysorbate 80; DATEM: diacetyl tartaric acid esters of mono- and diglycerides;
CGN: A-carrageenan; HPMC: hydroxypropylmethylcellulose; CMC: carboxymethylcellulose; ADA: azodicarbonamide; AA: ascorbic acid;
TA: tannic acid; Gox: glucose oxidase; XG: xanthan gum; GG: guar gum; 1: increase; |: decrease.
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Hydrocolloid-emulsifier-oxidant interactions also contribute to the stabilization of the gluten network,
ensuring that the dough retains gases effectively during fermentation and baking. This integrated approach not
only improves bread volume and crumb structure but also prolongs shelf-life by retaining moisture and delaying
staling (Rosell et al., 2001; Goémez et al., 2013). Consequently, the strategic use of these additives allows for
the optimization of both dough and bread properties, meeting the diverse needs of the baking industry.

8 Enzymes

The use of enzymes that strengthen the gluten network is an attractive alternative because of regulatory
restrictions on chemical agents and the market trend towards more natural ingredients and “clean label”
products. Key enzymes that enhance gluten properties include glucose oxidase (GOx), TG, and pyranose
oxidase (POx), with GOx being the most commonly utilized (Dai & Tyl, 2021). The survey of studies on the
effects of enzymes on wheat flour is presented in Table 2.

8.1 Glucose oxidase (GOXx)

Glucose oxidase (GOx) is increasingly used in the place of chemical oxidants such as AA and ADA in the
baking industry, favored by its rapid action that enhances dough hydration and creates a non-stick surface. GOx
catalyzes the oxidation of B-D-glucopyranose in the presence of oxygen, producing hydrogen peroxide (H2O)
and D-glucose-d-lactone. The latter spontaneously hydrolyzes into D-glycolic acid in the presence of water.
The beneficial effects of GOx on dough properties primarily arise from the hydrogen peroxide produced, which
oxidizes the free sulthydryl (-SH) groups in gluten proteins to form disulfide bonds (-S-S-), thereby
strengthening the gluten network (Renzetti & Rosell, 2016; Tang et al., 2014).

Studies have demonstrated that GOx application reduces dough extensibility (Aja et al., 2007; Amiri et al.,
2016), enhances elasticity (Meerts et al., 2017), and improves stability and handling properties during bread
processing (Liu et al., 2018). These improvements are attributed to an increase in glutenin macropolymers,
which leads to reduced free sulthydryl content and increased dough strength. Consequently, bread made with
GOx exhibits higher volume and reduced hardness (Tang et al., 2014).

8.2 Transglutaminase (TG)

Transglutaminase (TG) is a key enzyme used to improve gluten quality alongside glucose oxidase (GOx).
TG facilitates the formation of covalent cross-links by catalyzing reactions between the g-amino groups of
lysine residues and the y-carboxyamide groups of glutamine residues in gluten proteins (Aja et al., 2007;
Renzetti & Rosell, 2016). This enzyme predominantly targets HMW-GS, altering the protein network
structure and thereby enhancing dough properties (Dai & Tyl, 2021).

The impact of TG on dough is influenced by its concentration and the quality of the wheat flour used.
Studies have shown that doughs with added TG exhibit reduced extensibility (Bardini et al., 2018) and
increased development times, stability, and resistance (Meerts et al., 2017; Niu et al., 2018). Furthermore,
bread formulated with TG demonstrates greater water retention, alongside improvements in loaf volume,
structure, and texture (Boukid et al., 2018).

8.3 Pyranose oxidase (POx)

Pyranose oxidase (POx) has recently been introduced in baking, functioning similarly to GOx by fostering
disulfide bond formation in gluten proteins (Joye et al., 2013).

Despite its recent use, the specific actions of POx on gluten in wheat flour are not fully understood. Current
research indicates that POx exhibits superior thermostability and catalytic efficiency compared to GOx
(Lietal., 2018; Abrera et al., 2020). Additionally, the enzyme's ability to form cross-links between gluten
proteins may enhance their hydration capacity.
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Table 2. Effects of enzymes on wheat flour.

Samples Additives

Concentrations

Main Results

Authors

a-amylase

TG: 0-8 mg/100 g flour

| resistance to
extension

Wheat flour with resistant TG
starch

GOx: 0-5 mg/100 g flour

No significant
changes

GOx

XYL: 0-1 mg/100 g flour

XYL

(Altuna et al., 2015)

Wheat flour GOx

40 U/100 g flour

1 elasticity

1 specific volume

| crumb hardness

(Tang et al., 2014)

Wheat flour POx

0.25, 0.50, 0.75 and
1.00 nkat/g flour

0-0.75 nkat/g flour:

1 wet and dry
weights of gluten

(Lietal., 2018)

TG

Whole wheat flour
GOx

0.5, 1.5, 3.0 and 6.0 U/g flour

1 development
time, stability, and
resistance to
mixing

1 a-helix and -
sheet contents (TG
and GOx)

1 water availability
for gluten

(Niu et al., 2018)

Wheat flour:

weak/medium/strong TG

0,0.05,0.1 and 0.2 g/100 g
flour

1 specific volume,

1 color

1 texture

1 water activity

(Pizzigalli et al., 2018)

Whole wheat flour GOx

40 and 80 pg/g flour

| number of free
sulthydryls (-SH)

1 content of
glutenin
macropolymer
(GMP)

1 dough tenacity

(Liuetal., 2018)

Wheat flour
Vital gluten

TG

0, 0.05, 0.1 and 0.2% flour

1 dough resistance

| extensibility

(Bardini et al., 2018)

Wheat flour: strong and GOx

GOX: 0.03, 0.6, 1.8 and
3.6 U/g flour

weak
TG

TG: 0.5, 2, 5 and 10 U/g flour

1 elasticity and
strain-hardening
behavior of dough

(Meerts et al., 2017)

GOx
Wheat gluten

GOX: 20, 40, 80, 120 and
160 ppm

1 gluten yield and
maximum
resistance to
extension

XYL

XYL: 40, 80, 120, 160 and
240 ppm

| extensibility (up
to 80 ppm of GOx)

(Amiri et al., 2016)

TG: transglutaminase; GOx: glucose oxidase; XYL: xylanase; POx: pyranose oxidase; AX: arabinoxylan; ppm: parts per million; nkat:

nanokatal (catalytic activity of an enzyme in nmol/s); U: catalytic activity of an enzyme in pmol/min); {: increase; |: decrease.

Studies by Li et al. (2018) have shown that adding POx to flour can increase both wet and dry gluten
weights, with optimal results observed at a concentration of 0.5 nkat/g of flour - resulting in increases of
4.27% and 10.53% in wet and dry gluten weights, respectively. However, higher concentrations of POx
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(above 0.75 nkat/g of flour) have been found to adversely affect gluten weights by reducing both wet and dry
gluten content.

Therefore, GOx and POx enhance the formation of disulfide bonds in gluten proteins, strengthening the
gluten network and improving dough elasticity and stability (Renzetti & Rosell, 2016; Tang et al., 2014).
This is similar to the role of chemical oxidants but often with fewer adverse effects. The combination of
enzymes and chemical oxidants can promote an uncontrolled oxidation process, increasing the risk of over-
oxidation, which may lead to excessive dough stress (Bonet et al., 2006). When used alongside hydrocolloids
like HPMC and xanthan gum, these enzymes improve water retention and dough hydration, resulting in better
dough handling properties and bread volume (Zannini et al., 2014; Ashraf et al., 2020). Furthermore, the
addition of emulsifiers can mitigate the toughness introduced by TG, balancing dough elasticity and
extensibility (Gomez et al., 2013; Parenti et al., 2020).

9 Vital gluten

Vital gluten (VG), a coproduct of wheat starch production, is composed of approximately 80% proteins
and has a grayish white color. It quickly rehydrates and exhibits viscoelastic properties, significantly
enhancing the technological quality of wheat flour (Ortolan & Steel, 2017). The survey of studies on the
effects of VG on wheat flour is presented in Table 3.

Indeed, VG improves the viscoelastic properties of dough, increasing resistance, mixing tolerance, handling
properties, gas retention, and controlled expansion during fermentation. It also enhances the uniformity and texture
of bread (Tebben et al., 2018). Widely used throughout the bakery chain, from milling to flour fortification in
bakeries, VG allows bakers to strengthen flour to achieve desired dough performance. It is particularly essential
in products requiring strong flours, such as traditional and whole wheat bread, and in products like panettone,
which demands a long fermentation process and significant dough volume (Rahman & Simsek, 2020).

The quality of vital wheat gluten critically determines its effectiveness (Ortolan & Steel, 2017). Its
capability to reinforce the existing gluten network makes doughs more elastic and stable (Ortolan et al.,
2017). When used alongside TG, VG can enhance dough resistance to extension and produce bread with
higher specific volume and reduced hardness (Bardini et al., 2018; Pizzigalli et al., 2018).

There are also highlights of the benefits of adding vital gluten to whole wheat flour, which naturally has a
more diluted and fragile gluten network due to the presence of insoluble fibers and other compounds. For
instance, Boz et al. (2010) found that adding 2.5% VG increased water absorption by 3.09%, extensibility by
5.56%, and resistance to extension by 1.27%, resulting in dough with superior machinability compared to
doughs without added VG. The studies by Igbal et al. (2023) reported that VG increased water absorption
and improved dough stability.

When used strategically, the combination of VG with the enzymes TG and GOx can ensure optimal dough
performance (Pareyt et al., 2011). On the other hand, the use of emulsifiers and hydrocolloids may help
mitigate undesirable effects, as discussed earlier (Gomez et al., 2013; Li et al., 2019).

To further illustrate the impact of vital gluten and other dough improvers on the dough's structure and
properties, Figure 1 provides a visual representation of the mixing process and the roles played by oxidants,
hydrocolloids, emulsifiers, and VG.

Figure 1 illustrates the breadmaking process from the mixing phase to the end of fermentation, highlighting
the action of different agents (oxidants, hydrocolloids, emulsifiers, and vital gluten) on the structure and
properties of the dough. At the top of the figure, three stages are shown: the beginning of mixing, the end of
mixing, and the end of fermentation. At the beginning of mixing, the dough components, including gliadin,
gluten, native starch granules, sugar, emulsifier (SSL), lipids, oil, hydrocolloids (CMC), and air bubbles, are
dispersed in the aqueous phase. At the end of mixing, the components begin to interact, forming a more
cohesive network, and the air bubbles become better integrated into the dough matrix. At the end of
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fermentation, the gluten network is well formed, encapsulating larger gas bubbles and providing the
necessary structure for the bread to expand.

Table 3. Effects of vital gluten (VG) on wheat flour.

Samples Additives Concentrations Main Results Authors
1 dough elasticity
1 dough stability

Wheat flour VG 1% (Marchetti et al., 2012)

1 bread specific
volume

1 dough tenacity and

_ o,
Endoxylanase 0.01-0.04% extensibility

1 bread specific

Wheat flour VG 1-4%
volume

(Lietal., 2013)

The existing gluten

. _30
Gum arabic 0.5-3% network was enhanced

Wheat flour 1 dough freezing point
> 4%: most stable
doughs (Giannou & Tzia,

> 2%: better loaf 2016)
volume, color, and
texture

Whole wheat flour
VG 2-6%

Wheat flour VG VG: 5 and 7% T dough viscoelastic
Wet gluten NaCl NacCl: 2% properties

(Ortolan et al., 2017)

VG: 1 resistance to
extension, extensibility
after 135 minutes
resting time

Wheat flour: TG 0.05-0.2%

- (Bardini et al., 2018)
Lower concentrations

of TG and VG
presented better results
in doughs

Weak/medium/strong VG 0-1%

Better bread texture
Wheat flour: TG 0.05-0.2% and color, but not at
high levels of TG

The synergic effect
between TG and VG (Pizzigalli et al., 2018)
suggested an 1 in bread
specific volume and a
| in crumb hardness at
optimal addition levels

Weak/medium/strong VG 0-1%

NaCl: sodium chloride; VG: vital gluten; TG: transglutaminase; 1: increase; |: decrease; >: greater than or equal to; >: greater than.

At the bottom of the figure, the specific modes of action of each improving agent are illustrated. Oxidants,
such as AA, promote the formation of disulfide bonds (-S-S-) between gluten protein chains (gliadin and
glutenin). Hydrocolloids (such as CMC) interact with the gluten network and other dough components.
Emulsifiers (such as SSL) stabilize the water-protein interface around air bubbles. VG reinforces the existing
gluten network.

Continuing from the detailed visual representation provided, Table 4, developed based on the studies
referenced in this article and the conclusions drawn from the subsequent discussion, offers a comprehensive
breakdown of the effects of various improving agents—oxidants, emulsifiers, hydrocolloids, enzymes, and
vital gluten—on the properties of wheat dough and bread. The table outlines the influence of each agent
across several critical parameters, including elasticity, extensibility, dough strengthening, machinability,
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water absorption, bread volume, and crumb texture. This data not only demonstrates how each additive
contributes to the final product but also provides insights into the specific functional roles these agents play
in enhancing bread-making processes.
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Figure 1. The action of oxidants, hydrocolloids, emulsifiers, and vital gluten in wheat dough. Figure made from the
works of Arp et al. (2021); Pareyt et al. (2011); Pereira et al. (2009). SSL: sodium stearoyl lactylate; CMC:
carboxymethylcellulose.

Table 4. Effects of flour improvers on wheat flour dough and bread.

Effects on Oxidizing Emulsifiers Hydrocolloids Enzymes
agents Vital
dough and anth p Gluten
bread AA ADA SSL/CSL DATEM PS80 CMC HPMC ag‘l‘ltma“ g:;r GOx TG POx
Increases
L X X X X X X X X
elasticity
Reduces X X < X
extensibility
Causes dough
. X X X X X X X X X
strengthening
Improves dough X X X
machinability
Improves water X X X X X X
absorption
Increases bread
X X X X X X X X X X X X
volume
Decreases X X X . X . X . X

crumb hardness

AA: ascorbic acid; ADA: azodicarbonamide; GOx: glucose oxidase; TG: transglutaminase; POx: pyranose oxidase; DATEM: diacetyl

tartaric acid esters of mono- and diglycerides; SSL/CSL: sodium stearoyl lactylate/calcium stearoyl lactylate; PS 80: polysorbate 80; HPMC:

hydroxypropylmethylcellulose; CMC: carboxymethylcellulose; XG: xanthan gum; GG: guar gum.

10 Regulatory aspects

Several regulatory agencies define the regulation of the additives described in this review, based on
scientific evidence. These agencies are responsible for declaring which agents are allowed in specific product
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categories and their maximum concentrations, guaranteeing safety to consumers. It is worth noting that each
agency can set the maximum concentration of a given additive, which provides different conditions for an
additive depending on the country.

Among the agents mentioned in this review, the oxidants undergo more restrictive regulation. For example,
ADA is an oxidizing agent allowed by the FDA (Food and Drug Administration) of the United States of
America (USA). However, it cannot exceed 45 ppm of the total weight of flour for bread production (Food
and Drug Administration, 2020). In Europe, this same additive had its use suspended by a decree of the
European Food Safety Authority (European Food Safety Authority, 2005). Potassium bromate is allowed by
the FDA in concentrations up to 75 ppm for whole wheat flour and 50 ppm for white flour (Food and Drug
Administration, 2020). In Brazil, the National Health Surveillance Agency (Agéncia Nacional de Vigilancia
Sanitaria - ANVISA) prohibited its use in 2001, Law No. 10,273 (Brasil, 2001). Polysorbate is the most
critical among emulsifiers due to the risk of impurities. According to the FDA, the emulsifier PS 80 cannot
exceed 0.5% of the weight of the flour (Food and Drug Administration, 2019), while in Brazil, the maximum
concentration is 0.3%, based on the finished product (Brasil, 1999, 2010).

Lately, the term “clean label” has been highlighted in the market and industry, accounting for producing
food products with a more natural appeal, which includes not adding chemical agents in their formulations
(Nascimento et al., 2018). In this context, enzymes gain significant visibility and play an important role
owing to their effects on wheat flour and bread, similar to chemical additives, being inactivated after the
thermal process (Dai & Tyl, 2021). In Brazil, enzymes are not considered additives by the current legislation.
Instead, they act as processing aids that act during the breadmaking process but are inactivated during baking,
and their declaration on the labels of processed bread is not mandatory (Brasil, 2014).

On the other hand, VG is an ingredient generally recognized as safe (GRAS) and can be used in foods
with no limitations beyond GMP (Good Manufacturing Practices) (Food and Drug Administration, 2020).

Therefore, the various flour improvers discussed in this study demonstrate different degrees of efficacy in
strengthening the dough and improving bread quality. The strategic use of these improvers, whether combined
or not, is crucial for optimizing dough properties and ensuring the desired processing and quality of bread.

11 Conclusion

The studies presented in this review have shown alternatives to improve the rheological properties of wheat
flour doughs and the quality of bread for industry and consumers. The use of additives and processing aids
is the easiest and fastest way to achieve this goal. They can be added directly to the flour in the wheat flour
mill or to the other ingredients in the mixing stage in industries or bakeries.

The strengthening of the dough is the determining action of chemical oxidants that provide a more
significant number of covalent disulfide bonds in the gluten network, which is reflected in more elastic, less
extensible doughs and bread of greater volume. Dough handling properties and bread texture are easily
improved features with the use of emulsifiers and VG. Hydrocolloids have a limited effect on the
strengthening of the dough; however, it is possible to observe that these agents positively impact the
machinability and water absorption of the dough. Moreover, changes in dough rheology and performance in
baking may be achieved by selecting which wheat flour should be enriched.

Enzymes, hydrocolloids, and VG stand out as ingredients that refer to the “clean label” concept. These
agents may often be associated with other enhancers, be it gluten strengthening agents or agents that act on
starch. Each agent has its specific mechanism of action, established based on its chemical, structural, and
functional properties, which, in short, converges at the single objective of increasing the quality of the flour
directed to the bakery and of bakery products produced by the industry.
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