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Bread, a dietary staple worldwide, owes its diverse physical properties to a
complex interplay of composition and processing. This review focuses on
recent developments in understanding the physical attributes of bread. It
particularly emphasises the effects of ingredient substitution with seaweed,
processing parameters, and acrylamide formation. It also encompasses
aspects, such as kinetic studies. Special attention is given to the integration of
seaweed in bread production. Additionally, it addresses the challenges faced in this
field and offers prospects for future research.
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1 Introduction

Gaining insight into bread, a staple food worldwide, requires a comprehensive
understanding of its physicochemical composition, processing methods, and potential
for contaminant formation. It is essential to understand how various ingredients
influence these aspects, as well as their impact on physical attributes like texture,
volume, color, crust thickness, and crumb structure. Such knowledge is crucial when
exploring new formulations and refining processing parameters (Yildiz et al., 2012;
Ferrero, 2017; Král et al., 2018). There is a considerable body of research dedicated to
the advancement of bread production, ingredient substitution, investigation of consumer
preferences, enhancement of nutritional values, creation of innovative products, andmeeting
sustainability goals (Nova et al., 2020; Cappelli et al., 2021; Elena et al., 2021; Wang and Jian,
2022). Recent studies explored the impact of different seaweed concentrations on the bread’s
texture, dough rheology, and consumer acceptability. Besides, the process of bread-making
can result in the formation of thermally induced process contaminants. The probable human
carcinogen acrylamide is formed in starch-rich foods, including bread and bakery products,
at temperatures above 120°C (Streekstra and Livingston, 2020). Recent research aims to
reduce acrylamide formation through process conditions, adjusting the amount of
precursors, post-process intervention, and applying kinetic modeling (Abedi et al., 2023;
Şen and Gökmen, 2023). This review begins with an examination of the key components in
bread dough: the role of starch, damaged starch, proteins (specifically glutenin and gliadin),
lipids, and yeast. Following this, the paper investigates the incorporation of seaweed into
bread, evaluating how it affects the bread’s physical and sensory properties. This paper also
addresses food safety by examining the formation of acrylamide in seaweed bread.
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2 Composition and physical properties
of bread

Understanding ingredients’ impact on bread requires knowledge
of the dough’s basic components. Below is a detailed overview.

2.1 Flour

Starch constitutes 75%–80% of the flour’s dry weight (DW) and
is vital for dough formation and yeast growth. Starch granules,
influenced by milling, are categorized into larger A-type (20–35 μm)
oval-shaped and smaller B-type (2–8 μm) spherical granules (Zhou
et al., 2014; Guan et al., 2020). These granules contain around 25%
amylose and 75% amylopectin (Chen et al., 2016). Amylose is a
linear sequence of α-1,4-glycosidic bonded glucose units, whereas
amylopectin is made up of glucose units with branches occurring
every 20–25 residues due to α-1,6-bonds. This forms a large
branched structure. The branches form clusters which create
double helices and become crystalline lamellae. Branched points,
termed amorphous lamellae, are unordered and likely house
amylose. These alternating layers make up the semicrystalline
starch granule matrix (Seung, 2020). In flour, around 5%–13% is
Damaged Starch (DS). DS granules have a higher water absorption
due to easier access to the amorphous regions, and it is easier for
amylase enzymes to break DS down into simple sugars. The amount
of DS in flour has a significant influence on dough rheology (Guan
et al., 2020).

Approximately 2%–3% of the flour is non-starch
polysaccharides, predominantly arabinoxylan (Garófalo et al.,
2011). Arabinoxylans are water-extractable, which stabilizes
dough gas retention, and water-unextractable, which can
adversely affect the dough by retaining water (Garófalo et al., 2011).

Flour’s protein content ranges from 7% to 15% (DW),
depending on the wheat variety. Glutenin and gliadin
compromise 75%–85% of total protein content and are crucial
for dough’s viscosity and plasticity, forming the gluten network.
Upon hydration, glutenin and gliadin begin forming bonds, creating
the viscoelastic network. Protease enzymes present in the flour
cleave peptide bonds in the proteins, which help the protein
chains in the gluten structure form bonds. Multiple bonds are
formed between the amino acid side chains. Weaker bonds
constantly reconfigure, while stronger disulfide bonds stabilize
the protein matrix, making kneaded dough tougher (Sivam et al.,
2010; Žilić et al., 2011). Glutenin ensures dough’s strength and
elasticity, while gliadin provides viscosity and extensibility. While no
single gluten structure model is universally accepted, several are
widely recognized (Belton, 1999; Shewry et al., 2002; Wieser, 2007;
Shewry and Lafiandra, 2022).

Glutenin polymers are made up of high-molecular-weight
(HMW) subunits ranging from 60 to 90 kDa and low-molecular-
weight (LMW) subunits ranging from 10 to 70 kDa. These are
interconnected by disulfide bonds between the cysteine residues.
HMW subunits contribute significantly to dough elasticity,
accounting for 45%–70% of dough variation despite making up
only for 7%–15% of gluten and 1%–1.7% of flour (Wang et al., 2018).
The middle domain of HMW subunits is rich in glutamine and
forms a spring-like β-spiral structure vital for elasticity. LMW

subunits, comprising 19%–25% of the gluten, add to the polymer
backbone and affect dough resistance (Wieser and Kieffer, 2001).

Gliadins have a globular structure and act as a plasticizer within
the gluten matrix where the critical deformation of the long glutenin
polymers takes place. Gliadins contribute to the extensibility of the
dough and its ability to stretch without ripping. The gliadins are
thought to interact with glutenin via non-covalent forces (Shewry
and Lafiandra, 2022).

Wheat flour has 2%–2.5% lipids, where 65% are bound, 35%
free, and 9% are free polar lipids which enhance loaf volume and
texture (Pareyt et al., 2011). Lipids act as surfactants and lubricants
in dough, affecting gluten structure and elasticity. They interact with
gluten proteins through hydrophobic and polar forces, with non-
polar lipids trapped in the gluten matrix and polar lipids bonding to
HMW-GS and LMW-GS, enhancing gas retention (McCann et al.,
2009).

2.2 Leavening agents and gas production

The primary yeast used in breadmaking is Saccharomyces
cerevisiae. When yeast is added to dough, it metabolizes sugars,
generating CO2 that gets trapped in the dough, causing it to rise.
Initially, in aerobic conditions, yeast uses oxygen and produces CO2.
Once the oxygen is depleted, yeast switches from aerobic to
anaerobic fermentation, producing both CO2 and ethanol, which
contributes to the oven spring. Yeast activity and fermentation are
influenced by dough composition, temperature, and sugar
availability. Amylase enzymes are responsible for breaking down
starches into fermentable sugars. While salt inhibits yeast, amino
acids and minerals like Mg2+ and Ca2+ enhance fermentation (Peña
et al., 2015; Struyf et al., 2017).

2.3 Ingredient substitution–Seaweed

Seaweed is considered an environmentally sustainable
component, finding growing applications in various food products,
notably bread (Polat et al., 2021). While traditionally limited, the
incorporation of seaweed in bread has seen a notable increase recently,
with numerous studies contributing to this field. A comprehensive
summary of these research findings can be found in Table 1.

Mamat et al. (2023) studied the effect on texture by
incorporating 1%–9% red seaweed (K. alvarezii) powder into
wheat flour in Chinese steamed buns. Specifically, the addition of
the seaweed powder increased the hardness and chewiness of the
buns, while cohesiveness, volume, and springiness decreased as the
seaweed powder concentration increased. Sensory evaluations (9-
scale hedonic test) showed that buns with up to 6% seaweed powder
were acceptable (Mamat et al., 2023).

Sasue et al. (2023) investigated the addition of K. alvarezii
powder into baked buns. As the addition of powder increased
from 3% to 12% in the buns, there was a significant increase in
hardness (N/mm), ranging from 62.4% to 160.8%. The researchers
attributed this increased hardness to the high dietary fiber content in
the seaweed, which also diminished yeast activity, thereby producing
buns with amore rigid texture and reduced internal pore sizes (Sasue
et al., 2023).
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A study by Lamont and McSweeney (2021) investigated the
sensory acceptability of bread with varying concentrations of
seaweed (A. nodosum and C. crispus). A consumer panel rated
bread samples with incrementally higher seaweed concentrations.
As the proportion of seaweed in the bread formulation increased, a
consistent decline in the overall acceptability ratings was observed.
Breads containing A. nodosum and C. crispus were deemed
acceptable when incorporated at concentrations of 4% and 2%,
respectively (Lamont and McSweeney, 2021).

Mamat et al. (2021) found that incorporating seaweed powder
(K. alvarezii) into bread influenced its physical and sensory
properties. A farinograph analysis showed increased water
absorption, development time, and mixing tolerance, but
decreased stability time with increasing seaweed addition.
Texturally, the buns’ volume, bulk density, and firmness were
affected negatively with increasing seaweed powder
concentration. Interestingly, sensory assessments showed a
decrease in consumer preference as the seaweed content
increased (Mamat et al., 2021).

Arufe et al. (2018) showed the addition of seaweed powder (F.
vesiculosus) to wheat dough strengthens the dough’s ability to hold
its shape early in the proofing process, but eventually decreased the
dough’s final porosity. The authors speculate that the increased
viscosity hinders bubble growth, limiting dough expansion. This can
result in denser bread with a firmer crumb. When more than 4%
seaweed powder was added, the bread became denser with a green
hue to the crust (Arufe et al., 2018).

Mamat et al. (2018) investigated the effects of incorporating
seaweed powder (K. alvarezii) into muffin formulations. With an
increase in seaweed powder content, the muffin’s moisture content
rose (which is a characteristic of hydrocolloids), while the muffins
showed a reduction in height and volume. Texturally, the muffins
became harder and less springy with increasing seaweed
concentration. Sensory evaluations (7-point hedonic scale)
showed that the addition of up to 6% seaweed powder did not
significantly change the muffins’ sensory attributes. However, once
again, testing consumer preference showed that muffins without
seaweed powder were preferred (Mamat et al., 2018).

Mamat et al. (2013) showed that increasing concentrations of
seaweed (K. alvarezii) in dough reduced its stickiness and disrupted
the development of the gluten network. This was attributed to the
hydrocolloids in the seaweed, which enhance water absorption. As a
result, the dough’s volume decreased with higher seaweed content,
and there was a notable increase in batter density. This denser batter

hindered the formation of bubble nuclei and the dough’s ability to
rise, impacting the bread’s texture. However, the results showed that
it was possible to add up to 8% seaweed powder to the dough
without compromising quality (Mamat et al., 2013).

3 Undesired chemical formation:
Acrylamide

3.1 Mechanism of acrylamide formation

Acrylamide is formed during thermal processing (>120°C) as a
part of Maillard reactions between reducing sugars (e.g., fructose
and glucose) and asparagine. It is typically formed in low moisture
and starch-rich food, e.g., bread and potato chips (EFSA, 2015;
Lemos et al., 2023). Acrylamide formation is unavoidable in
thermally processed food products due to the intertwining with
simultaneous Maillard reactions underlining browning, aroma,
and flavor development underlining product palatability.
However, acrylamide is a probable human carcinogen (IARC,
2022). Specific criteria have been established by the
Commission Regulation (EU) 2017/2158 to minimize the
acrylamide content present in food, including a benchmark
level of 50 μg/kg in wheat bread. EFSA reports a mean value of
42 μg/kg for soft bread, making bread the second largest
contributor (up to 31% across age groups) to daily acrylamide
intake (EFSA, 2015; Raffan and Halford, 2019).

The research aims to unravel the intricate mechanisms
underlying acrylamide formation during high-temperature
baking, shedding light on mitigation strategies. Known impacting
factors on acrylamide formation include amino acids, reducing
sugars, temperature, water activity (aW), moisture content, and
pH (Streekstra and Livingston, 2020). In the simplest picture,
asparagine is considered the limiting factor for acrylamide
formation in bread (Streekstra and Livingston, 2020). However,
interfering formation pathways and competition for available amino
acids constitute a complicating factor in complex food matrix
relying on specific ingredients and processing conditions.

For yeast-leaved bread, it was demonstrated that the addition of
fructose did not significantly affect the acrylamide level. In contrast,
non-yeast-leaved bakery products were reported to contain
significantly higher acrylamide levels with added reducing sugars
(Surdyk et al., 2004; Hamlet et al., 2007). Moisture, aW, and local
temperature are essential for acrylamide formation in bread, with 99%

TABLE 1 Overview of articles concerning seaweed introduction to wheat bread production.

Ingredient Textural effect Source

Seaweed powder to bread Increased hardness with increasing seaweed content Sasue et al. (2023)

Seaweed powder to steamed buns Higher seaweed percentages (1.5%–9%) increased hardness and decreased springiness Mamat et al. (2023)

Seaweed powder to bread Higher seaweed percentages (2%–8%) reduced bread sensory acceptability Lamont and McSweeney (2021)

Seaweed powder to bread Decreased the physical characteristics, e.g., volume, density, and firmness Mamat et al. (2021)

Seaweed powder to bread Retains dough shape but reduces porosity and expansion Arufe et al. (2018)

Seaweed powder to muffins Increased seaweed decreases height, volume, springiness, and acceptability Mamat et al. (2018)

Seaweed powder to bread Increases water absorption and decreases volume Mamat et al. (2013)
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of the acrylamide content in the crust (Streekstra and Livingston,
2020). There is a strong dependence between temperature and
moisture, limiting the temperature from exceeding the formation
threshold of 120°C in the crumb. The aW directly impacts the
acrylamide formation, exhibiting a maximum impact when aW is
at or below 0.4 (Streekstra and Livingston, 2020).

The pH is known to impact acrylamide formation, with a
maximal formation at a pH of 7–9 (Rydberg et al., 2003; De
Vleeschouwer et al., 2006). Meanwhile, experiments indicate that
acrylamide levels can be pH-independent, and the type of acidic
compounds present is crucial (Muzhingi et al., 2018; Mildner-
Szkudlarz et al., 2019). The typical pH of dough and bread
ranges from 5 to 6 (Muzhingi et al., 2018; Mildner-Szkudlarz
et al., 2019).

Minimizing acrylamide formation relies on a detailed
understanding of the impacting factors outlined and how these
factors interplay with thermal processing and kinetic behavior.
Kinetic modeling can help pin down the driving factors in
acrylamide formation to improve chemical reaction
understanding and minimize contamination.

3.2 Mitigation strategies

Innovative strategies to reduce acrylamide levels in bread,
encompassing ingredient modifications, process optimization,
and enzymatic treatments, are at the forefront of research in
ensuring the safety of bread products. The mitigation strategies
can be divided into three separate categories: i) production
conditions, ii) ingredients, and iii) process control conditions.
The production conditions include early production steps that
can have a decisive effect on the final acrylamide concentration,
e.g., the cereal’s growth conditions (Streekstra and Livingston,
2020). Sulfur-derived soil, growing season, location, and local
weather affect the cereal’s level of free asparagine. In addition,
the level of asparagine is also found to vary, depending on cereal
species, with levels ranging from 116 to 965 μg/kg (Streekstra and
Livingston, 2020).

Some food supplements and ingredients affect the final
acrylamide level in bread, e.g., enzymes, antioxidants, amino
acids, and acidic polysaccharides. Enzymatic mitigation can be
achieved by acrylamide precursor depletion from asparaginase
and glucose oxidase, while amylase and protease increase amino
acids and reducing sugar content (Abedi et al., 2023). Antioxidant
addition showed a diverse impact on the acrylamide formation.
Examples of lowering effects include adding bamboo leaves or Green
Tea to breadsticks, which showed 82.9% and 72.5% reductions,
respectively. Adding rosemary (dry, oil, or leaves) to wheat buns
decreased the acrylamide level from 57% to 67%. Adding black
cumin and fennel seeds to biscuits reduced acrylamide levels by 61%
and 78% (Streekstra and Livingston, 2020). Meanwhile, adding
curcumin to asparagine-fructose model systems significantly
enhanced acrylamide levels (Jin et al., 2013). Complex
ingredients, e.g., seaweed, contains antioxidants such as C
vitamins, with an average content of 0.773 mg/g DW across
green, brown, and red seaweeds (Nielsen et al., 2021). However,
seaweed also contains asparagine and other amino acids that
potentially impact acrylamide formation (Sharma et al., 2018).

Different settings in the breadmaking process, including
baking time and temperature, can impact acrylamide
contamination. Thermal processing strategies, hereby, provide
a direct way to modify the acrylamide formation. Combining a
lower baking temperature and longer baking time can minimize
acrylamide formation while achieving regular crust browning.
Another strategy to maintain the crust browning includes
applying time-dependent temperature reduction during
baking. Additional process factors include the humidity during
baking or coating of the bread crust (Ahrné et al., 2007; Liu et al.,
2018).

In addition, fermentation time also impacts acrylamide levels.
Prolonging yeast fermentation from 30 to 360 min resulted in an
87% lower acrylamide content in whole-grain wheat bread
(Fredriksson et al., 2004). However, extending the fermentation
(from 70 to 150 min) and baking time (from 20 to 30 min) increased
acrylamide concentration by up to a factor of 2 in white bread
(Lemos et al., 2023).

4 Processing and kinetic studies

Food quality, process optimization, and safety are governed
by chemical, biochemical, microbial, and physical changes over
time, making kinetics an essential aspect of food science (Van
Boekel, 2008; Rabeler and Feyissa, 2018). Kinetic studies,
underpinned by advanced modeling techniques, provide
dynamic insights into the time-dependent changes in bread
characteristics during baking.

Examples include process-dependent aw measuring the water
available to participate in reactions (including microbial growth,
chemical, and enzymatic reactions) and influencing shelf-life,
surface browning, which is directly correlated with acrylamide
levels, and chemical reaction kinetics (Surdyk et al., 2004;
Wedzicha et al., 2005; Van Boekel, 2008; Mauer and Bradley,
2017).

Kinetic profiling of food quality and chemical contaminants
requires a large number of time-consuming and costly analytical
experiments. Consequently, experiments often focus on idealized
model systems where derived parameters can be interpreted
directly (Claeys et al., 2005; De Vleeschouwer et al., 2006;
Hedegaard et al., 2008; Pastoriza et al., 2012). An important
aspect is the learning between the kinetic behavior in well-
defined ideal model systems and real food products. While
mechanistic ideas can be pinpointed in model systems, insights
should be tested in complex real-food tests for quantitative
applications (Van Boekel, 2008). Another aspect is the
application of design of experiment methods to statistically
evaluate the impact of process and product changes on physical
quality, e.g., color and texture (Rabeler and Feyissa, 2018). These
methods minimize the number of measurements while optimizing
the product quality and hold potential for new ingredients
implementation in bread.

Modeling enables faster optimization and improved understanding
and predictions. One target is limiting contaminant formation in food
products, e.g., minimizing acrylamide in bread. Modeling of process-
induced acrylamide formation has, so far, primarily focused on french
fries, potato-based products, cereals, and other low-moisture food
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products (Wedzicha et al., 2005; Parker et al., 2012; Şen and Gökmen,
2023). Models are developed at different levels, including empirical
models (Corradini and Peleg, 2006; Jensen et al., 2008; Knol, 2008;
Mariotti et al., 2015), multiresponse kinetic modeling defining
formation pathways through mathematical models of reaction
networks (Stadler et al., 2004; Wedzicha et al., 2005; Parker et al.,
2012; Şen andGökmen, 2023), and datacentricmulti-regressionmodels
including machine-learning approaches (Arora et al., 2021; Smeesters
et al., 2021; Wang et al., 2022). Importantly, there is a need for model
enhancements to account for the introduction of new ingredients, e.g.,
seaweed, into food products.

5 Conclusion

This study provides an examination of bread composition,
emphasizing the main components that contribute significantly to
the variations of the bread as well as introducing seaweed as a novel
ingredient in bread making and acrylamide formation. Knowing
the specific interactions between gluten proteins, starch, lipids, and
yeast in dough is essential for optimizing bread’s desired texture
and how new ingredients might affect the bread. Research has
shown that incorporating seaweed into bread introduces new
challenges and complexities. Seaweed can significantly alter the
textural properties, sensory acceptability, and overall quality of the
bread. This necessitates a careful balance and precise formulation
to ensure the bread maintains its desirable characteristics.
Acrylamide formation relies strongly on the production,
ingredients, and process. The known limiting factors in bread
include asparagine and reducing sugars, which in part can be
minimized through process-related or food supplementary
mitigation strategies. The mechanisms linking intermediate
compound formation during Millard reactions and acrylamide
formation still need a better understanding. This missing link is
even more critical when possible intermediary compounds
increase, and product development includes new alternative

substitutional ingredients, e.g., seaweed, with an unknown
impact on the food matrix and chemical contaminants.
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