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The use of frozen yeasted dough in the baking industry is rising and is expected to
increase in the coming years. Maintaining the stability of the dough upon freezing and
prolonged frozen storage is, however, a challenge to the industry. Arabinoxylan (AX) has
been known to impact dough water behaviour but, little or no information is available
regarding its functionality in frozen dough. This thesis therefore aimed at understanding the
functionality of wheat fiber as rich sources of AX in frozen dough and most importantly the
changes in AX structure as well as its impact on the final bread product. Wheat aleurone or
bran was used to replace 15% refined flour and dough made from composite flour (flour
plus fiber) samples was frozen stored for 28 weeks. Frozen dough bread with added wheat
fiber had higher loaf volume throughout the 28 weeks storage period compared to refined
and whole wheat flour. Wheat fiber increased bound water and reduced water movement in
frozen dough stored for 9 weeks. In addition, wheat fiber lessened negative changes in
frozen dough strength, extensibility and stickiness. The properties of AX in frozen dough
stored for 9 weeks were also investigated. Water soluble AX (WSAX) content increased for

frozen dough up to the first 3 weeks of frozen storage while the degree of branching on the
xylan backbone reduced suggesting removal of arabinose residues. WSAX molecular
characteristics indicated a reduction in molecular weight (MW), intrinsic viscosity and
radius of gyration with storage time. In this particular study, bread volume equally increased
with storage time for the first 3 weeks of frozen storage. This suggested that during frozen
storage of dough, WSAX levels increased due to hydrolytic activity of endogenous enzymes
in the dough resulting in an increased viscosity of the dough aqueous phase. Consequently
there was less water movement and little damage to gluten network structure. Enzyme
modification of AX in wheat fiber enhanced frozen dough bread similar to that of
unmodified AX. The findings demonstrated that the structure of AX in dough impacts its
functionality during frozen storage and thus, the final bread quality.
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1. Introduction
Bread is one of the most common foods eaten all over the world mostly wheat
bread, which is an important source of nutrients (Hoseney 1994; Cauvain 2007). The
desire for fresh baked bread products by consumers has led to the introduction of
frozen dough technology which has been practiced since the 1930s and is growing
increasingly (Kulp et al., 1995; Giannou and Tzia 2007). The low temperature
application aids in the production and distribution of different types of bread products
to consumers, food industries and food services (Rosell and Gómeza 2007; Huang et
al., 2008; Asghar et al., 2011). The technology may be used to provide freshly baked
products having the same desirable characteristics as those baked from unfrozen dough
(Kulp et al., 1995). In spite of its rapid growth, the frozen dough industry still faces
difficulties related to extended storage, temperature fluctuations and ultimately final
product quality. Frozen dough undergo quality loss with prolonged storage resulting in
products with reduced yeast activity, decreased dough strength, lower gas retention as
well as poor textural properties (Kulp et al., 1995; Perron et al., 1999; Ribotta et al.,
2001). Dough stability during frozen storage is therefore very important to the frozen
dough industry (Kulp et al., 1995). Although various dough additives and techniques
have been applied to extend the shelf life of frozen dough (Berglund et al., 1991;
Giannou and Tzia 2007; Matuda et al., 2008; Meziani et al., 2011), the need to explore
other ingredients continues among the scientific community and food industries. This
is because bread is considered as a staple food in the Western world with an average
consumption of 180 g/d per person in Western Europe (Euromonitor International,
2009). Almost all additives that have been used in frozen dough analysis function by
1

interacting with the water in dough, which could reduce the damaging effect caused by
ice crystals formed during freezing. Most frozen dough additives therefore have water
binding and gelling properties such as gums and hydrocolloids. There have been
investigations of the cryostabilizing properties of arabinoxylan (AX) a non-starch
polysaccharide (NSP) that is found largely in cereal grains and other plant tissues
(Izydorczyk and Biliaderis 1995; Fessas and Schiraldi 2001). Arabinoxylans make up
about 80% of the wheat endosperm cell wall NSP however; only about 20-30% is
water soluble. The wheat bran and wheat aleurone have very high levels (~70%) of AX
(Izydorczyk and Biliaderis 1995). Both the water soluble and insoluble portions of
arabinoxylan have very high water holding capacity and therefore influence flour water
absorption and dough rheological properties (Jelaca and Hlynka 1972; Izydorczyk and
Biliaderis 1995). Water soluble arabinoxylan (WSAX) forms high viscosity solutions
which are known to impact dough aqueous phase during bread making (Courtin and
Delcour 2002). The increased viscosity of the dough liquid phase reduces gas diffusion
during dough fermentation and stabilizes the gas cells against thermal disruption
(Izydorczyk el al., 1992; Gan et al., 1995). The positive impact of arabinoxylan in
dough however is known to depend on the quantity and fine structure of arabinoxylan
in the dough and hence the type of flour used (Delcour et al., 1999). Aside from their
potential as possible cryostabilzers, arabinoxylan and arabinoxylan oligosaccharides
(AXOS) are well known prebiotics which are beneficial both as soluble and insoluble
dietary fiber (Cloetens et al., 2008, 2010; Damen et al., 2011). Their functional
properties however are linked to the concentration and molecular features of the
arabinoxylan in the product after processing. The use of AX and/AXOS as well as AX2

rich wheat fiber sources as frozen dough improvers has not been investigated.
Furthermore the addition of wheat fiber to dough is known to have negative effects on
the quality of the final bread product however its impact on frozen dough has not been
investigated. Additionally, changes in AX properties in dough during frozen storage
have not been evaluated. Finally, there is little or no study on the modification of AX
in wheat fiber and its influence on frozen dough bread.
Recent research in our laboratory by Hamed et al., (2014) demonstrated the
positive effects of β-glucan-enriched barley flour fractions in reducing water mobility
of frozen yeasted-wheat dough which was attributed to the presence of β-glucan in the
flour. Incorporation of AX rich wheat fiber such as wheat bran into bread dough may
improve dough resistance to frozen storage through the viscosity forming property of
AX which could reduce water movement in the dough during frozen storage. Limited
research however has been done on the use of AX-rich wheat fiber to improve yeasted
bread dough during frozen storage.
In a preliminary study we found that AX from wheat bran or wheat aleurone is
capable to reduce detrimental changes in frozen dough resulting in improving its
rheological properties, bread loaf volume and crumb structure (Adams et al., 2015).
We therefore hypothesized that the addition of arabinoxylan-rich wheat fiber sources
to yeasted bread dough may reduce water mobility as well as detrimental changes in
dough rheological properties during frozen storage and thus enhance the end product
quality. The overall objective for this research therefore is to study the effect of AXrich wheat fiber on frozen dough functionality, the possibility to reduce the level of
dough quality degradation with modified structures of AX in wheat fiber during frozen
3

storage in addition to understanding the mechanism by which AX impact dough
stability during frozen storage. To achieve the above goals, the following specific
objectives were investigated:
1. To investigate the impact of AX-rich wheat fiber on frozen dough shelf
life and bread quality.
2. To evaluate the rheological properties of frozen-thawed dough fortified
with AX-rich wheat fiber.
3.

To determine compositional and structural changes in AX during frozen
storage.

4. To investigate the effect of modification of AX in wheat fiber using
various methods (natural fermentation, yeast fermentation and enzymatic
modification) on its structural and functional properties in frozen dough
and bread quality.
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2. Literature review
This review mainly focuses on the impact of freezing and frozen storage on
dough properties, factors influencing storage stability and how to control them. In
addition to the structural and physicochemical properties of AX in wheat fiber and
its use in bread dough. The first part will review frozen storage of dough, its
importance and challenges, followed by factors influencing storage stability and
their control. Lastly the structural and physicochemical properties of AX in wheat
and its use in bread dough is presented in addition to some physiological functions
of AX.
2.1. Freezing
2.1.1. Frozen dough technology in bread-making
Freezing as a means of preserving food for later use is an old practice. The
Chinese used ice cellars as early as 1000 B.C. (Allen and Albala 2007), and snow and
ice were used to preserve food in the Old Stone Age (Evans 2008). Refrigeration and
freezing of food grew rapidly in the late nineteenth century with the development of
refrigerants and expansion in the freezing process. However, it was Clarence
Birdseye who started the production of frozen foods in 1929 (Evans 2008). He
observed that a combination of the Arctic ice, wind and low temperatures froze fresh
fish quickly for storage and found that when the frozen fish was later thawed and
cooked, it still maintained its original quality (Bohning 2002). He therefore
introduced fast freezing as a way of preserving food in its original form.
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Production of frozen foods as well as frozen food technology increased rapidly
in the late twentieth century and expanded from fish, meat and poultry, to vegetables,
sauces, cheese and bread (Mallikarjunan et al., 2010). As the frozen food industry
continued to grow, improving stability in frozen foods has been the subject of
scientific research for over a century. Although there have been several
advancements in this area, instability of frozen food during storage is still a concern
that is being addressed by the frozen food industry. Temperature fluctuations in
homes and store freezers is one of the many factors affecting frozen food storage.
The principle behind frozen storage is the removal of water locally in the form
of ice crystals at freezing temperatures (Singh and Roos 2005). Solidification of the
water makes it less available to most bacteria for growth, thus slowing down the
decomposition of the food. Although freezing reduces the activities and effects of
microbes, it does not destroy them nor does it sterilize the food product (Feeney
1997). Chemical reactions still occur during freezer storage. This is because freezing
typically results in the formation of two phases within the food product: a frozen
phase (ice crystals) and an unfrozen phase consisting of solutes and some water
(Singh and Roos 2006). The unfrozen water and its components constitute an
amorphous, continuous phase within which the ice crystals are distributed (Levine &
Slade 1991; Goff and Sahagian 1996; Singh and Roos 2006). The physical state of
the components present in the amorphous phase is sensitive to temperature
differences, solute composition, water content and thermal history of the food
(Levine and Slade 1991; Goff and Sahagian 1996). Because of the instability of the
unfrozen phase, frozen foods are prone to many time-dependent changes. The
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stability of a frozen food system therefore depends on the physical state of the
components present in its unfrozen phase (Singh and Roos 2005, 2006). Thus, the
type of food that is frozen and hence the amount of water in it as well as temperature
and storage times are essential in determining the quality of frozen foods.
Freezing and frozen storage of dough and its commercialization started in the
1950s. The baking industry has used the frozen dough technology to provide fresh
bread and other products to consumers and food services within shorter time periods.
The technology has also been used to produce bread products having the same
quality as bread baked from fresh dough (Kulp et al., 1995; LeBail and Goff 2008).
The basic ingredients in frozen wheat dough manufacturing are wheat flour, yeast,
salt and water (Giannou et al., 2003). The dough is usually mixed until optimum
development with dough temperatures between 18 ˚C and 25 ˚C and may be stored
fully fermented or unfermented (Zounis et al., 2002). During the preparation of
unfermented dough, a shorter rest time is used and the dough is frozen immediately
after molding to minimize fermentation since a slow freezing rate is usually required
to obtain better frozen storage stability (LeBail and Goff 2008). Fermented dough is
allowed to ferment after molding until just before full development and then frozen at
a faster rate. The frozen dough is usually thawed before used for unfermented doughs
however fermented doughs may be thawed or baked as is (LeBail and Goff 2008).
Doughs frozen after fermentation were found to result in poorer quality bread than
doughs frozen without fermentation (Hsu et al., 1979). According to Hino et al.,
(1987), fermentation of dough before freezing influence the stability of the dough
more than any other single factor because it results in the loss of yeast activity which
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prevent the dough from expanding during proofing. Yeast activity and gas retention
is therefore a major problem in frozen dough manufacturing (Hino et al., 1987).

2.1.2. Impact of thawing and freezing conditions on dough stability
Freezing and thawing conditions as well as the storage period influence yeast
activity (Rouille et al., 2000; Zounis et al., 2002). During freezing of dough and at
temperatures below 0 ˚C cells initially undergo super cooling. Some of the water in
the dough matrix is separated in the form of ice crystals with decreasing temperature.
Cells within the freezing matrix may equilibrate by dehydration or intercellular
freezing depending on the cooling rate and cell water permeability (Casey and Foy
1995). Loss of water occurs and the concentration of solutes in the unfrozen phase
increases as a result of increasing ionic concentrations and strengths causing damage
to cell membranes. Rapid freezing results in the formation of small ice crystals that
increase in size as temperature increases. The slower the temperature increase the
greater the effect (Casey and Foy 1995). Physical, chemical and mechanical damages
occur when the growing crystals penetrate and disrupt the structure of the dough
matrix, causing changes to the rheological properties of the dough and reduced yeast
activity (Sharadanant and Khan 2003a,b; Simurina 2011). Therefore, the stability of
frozen dough is influenced strongly by the freezing rate, temperature level and
steadiness as well as the storage period (LeBail et al., 1999). Ice crystal formation
and solute concentration effects in frozen doughs are strongly influenced by the
storage temperature, cooling rate and the temperature history during storage (LeBail
et al., 1999). Investigations on the effect of temperature fluctuations between freezing
and storage demonstrated that storage temperature lower than freezing temperature
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negatively influence frozen dough performance than freezing and storing at the same
temperature (Hsu et al., 1979). Large temperature fluctuations during storage and
distribution results in significantly more deterioration of the dough compared to
stable and colder temperatures (Phimolsiripol et al., 2008; Hsu et al., 1979).
Temperature fluctuations promote water migration and redistribution within the
dough network with associated dough deterioration (Kulp 1995). Although the
behaviour and stability of the dough during freezer storage is influenced by other
physical properties such as quality of raw material before freezing, process
parameters and packaging, storage temperature is the most important factor in
ensuring the stability of frozen bakery products during storage (Giannou et al., 2003).
Thawing time-temperature conditions and processes before baking also impact dough
behaviour since it allows the rehydration of gluten and yeast cells. A slow steady
increase in temperature is necessary to minimize the temperature difference between
the outside and the center of the dough (Giannou et al., 2003). However, defrosting
at warmer temperatures (e.g. 1h at 30 °C in a proof cabinet) was recommended for
enhanced yeast activity compared to thawing at refrigeration temperatures (Casey
and Foy 1995). Normal proofing temperatures for frozen doughs are between 32 – 42
°C at a relative humidity of 75% (Kulp 1995). The negative influence of freezing and
prolonged storage on frozen dough may be minimized using different additives or
ingredients such gums and emulsifiers (Ribotta et al., 2004).

2.1.3. Impact of formulation and processing conditions on frozen doughs
Ingredients used in frozen dough formulations influence the dough stability
(i.e. the ability of the dough to proof after thawing within an optimal time and give
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acceptable baked bread quality characteristics) during frozen storage (Wolt et al.,
1984; De Stefanis 1995). Flour is the key structure forming ingredient in frozen
doughs (Casey and Foy 1995). The flour used in frozen dough is usually high in
protein content (13.5-14.0%), quality and strength. Low protein (11.5-12.5%) flours
enhanced with vital wheat gluten may also be used (De Stefanis 1995). Another
important ingredient is the yeast as it is necessary for sufficient gas production for
dough leavening and flavour development of the final bread product (Casey and Foy
1995). Thus, the yeast type (strain) and processing conditions greatly control the
stability of frozen doughs (Hsu et al., 1979; Casey and Foy 1995). The quantity of
yeast used in frozen doughs is usually two times the standard levels used in nonfrozen dough formulations (Nemeth et al., 1996). Shortening (saturated or partially
saturated) which is known to improve dough performance and bread crumb
properties is also recommended at levels of 1-2% especially one that is formulated
for frozen doughs (De Stefanis 1995; Inoue et al., 1995). Ice crystallization was
found to reduce in a frozen dough product when higher levels of sugar and shortening
were used in the formulation (Casey and Foy 1995). Other ingredients used in frozen
dough formulations are dough strengtheners such as sodium or calcium stearoyl
lactylate and oxidants (ascorbic acid, potassium bromate etc.). These are known to
interact with gluten proteins and therefore improve dough rheology and hence
product quality (Casey and Foy 1995). Oxidants and enzymes (e.g. fungal α amylase)
have often been use collectively in frozen doughs to increased loaf volume and
improved crumb structure (De Stefanis 1995). In frozen dough processing, mixing
time and temperature have been shown to impact dough behaviour and product
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quality. Frozen doughs are generally prepared at temperatures below 24 ͦ C to lower
yeast activity during dough preparation. Lower temperatures however, may prevent
sufficient conditioning of the gluten in standard mixing times (Casey and Foy 1995).
Mixing time was found to play a key role in bread volume and best results were
obtained for fully developed doughs (longer mixing time) (Rouille et al., 2000).
According to De Stefanis (1995), frozen dough formulations consisting of high
protein flour, dough strengthener, saturated shortening and mixing at 17-19 ͦ C results
in doughs with improved stability at -23 ͦ C. Additives such as sodium stearoyl
lactylate, oxidants and enzymes have been used in frozen dough formulations to
impact dough stability during freezing by strengthening the dough structure or to
influence both structure and yeast viability by reducing ice crystallization during
frozen storage (Casey and Foy 1995). Investigation of various additives/ingredient is
necessary to obtain an ingredient that will efficiently stabilize dough in frozen
storage.

2.1.4. Quality of bread made from frozen dough
Bread quality is usually assessed by the loaf volume, crumb texture and
external appearance/colour (Kulp 1995). These properties have been associated with
the dough performance after proofing, baking conditions and the rheology of the
dough during baking (LeBail & Goff 2008). The dough performance is also
dependent on ingredients (dough formulation) and the fermentation process (yeast
activity, dough rheology, gas production) which are greatly influenced by processing
parameters such as mixing time and temperature as well as freezing and thawing
conditions (Giannou et al., 2003; Havet et al., 2000; Rouillé, et al., 2000; Zounis et
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al., 2002; LeBail & Goff 2008). Therefore bread made from frozen dough may have
increased proofing times, decreased loaf volume and poor textural properties
(Selomulyo and Zhou, 2007). Some studies have associated the loss of quality after
freezing and thawing of dough to the disruption of the three dimensional protein
networks (reduced gluten cross-linking) caused by ice recrystallization and water
redistribution/migration (Varriano-Marston et al., 1980; Berglund et al., 1991).
However others believe that it is due to decreased gas holding power which results
from the release of glutathione a reducing compound from dead yeast cells which
breaks disulfide cross-bonds and weakens the gluten structure (Hsu et al., 1979; Kulp
1995; Wolt et al., 1984; Ribotta et al., 2003a,b). The process results in dough
weakening and an increase in dough extensibility (Kulp 1995). It has been reported
that the quality of baked products made from frozen dough is not only influenced by
freezing, frozen storage and thawing conditions but also wheat flour quality, dough
additives, dough formulation and fermentation, in addition to processing parameters
such as dough mixing time (LeBail et al., 1999).

2.1.5. Work done in improving the stability of frozen dough
Throughout the years extensive research studies have been carried out which
have focused on improving frozen dough stability and reducing freezing damage.
Minimization of freezing damage could be achieved by the incorporation of
ingredients

(emulsifiers,

enzymes

and

oxidants,

proteins,

lipids,

starches,

hydrocolloids, antioxidants), through formulations and/or processing modifications and
also the use of suitable packaging materials such as plastic films with low permeability
to oxygen and water vapour (Selomulyo & Zhou 2007; Laguerre and Flick 2007;
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Mallikarjunan et al., 2010). Other investigations have looked at overcoming ice
recrystallization by employing fast freezing and the use of ice nucleating agents
(Anese 1996; Crevel and Fedyk 2002). The type of stabilizer used is dependent on
properties such as the formula components, pH, moisture and desired end product. For
example, Inoue et al., (1995) studied the effectiveness of three shortening systems on
baking and rheological properties of dough and observed that 40% oil in water
emulsion gave the best results for loaf volume, final proof time and gas holding
capacity after ten weeks of frozen storage. In another study the effects of diacetyl
tartaric acid ester of mono- and diglycerides (DATEM) and guar gum on
microstructure and rheology of dough was investigated (Ribotta et al., 2004). It was
observed that DATEM and guar gum improved the volume and texture of the frozen
dough bread but did not protect against structural damage due to frozen storage.
Asghar et al., (2009) also examined the effect of whey protein concentrates on the
dynamic mechanical properties of frozen dough and found that the addition of whey
protein influenced rheological and textural properties of baked products made from
frozen dough. Simmons et al., (2012) used soy ingredients to stabilize bread dough
during frozen storage and found that bread made from the dough did not differ
significantly from fresh dough bread after four weeks of storage. Yi et al., (2009)
observed that doughs made by replacing normal wheat flour with 15% waxy wheat
flour and 60% water had the highest volume after 90 days of frozen storage. They also
showed that staling rate decreased with higher levels of waxy wheat flour and lower
levels of water. Other investigations include: egg yolk and sugar esters, (Hosomi et al.,
1992), emulsifiers (Matuda et al., 2005), whole waxy wheat flour (Hung et al., 2007),
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locust bean gum and xanthan gum (Lo and Ramsden 2000; Sharadanant and Khan
2003a,b; 2006), sugar alcohols, carboxy methyl cellulose, guar gum and gum Arabic
(Asghar et al., 2009, 2005a, b; Sharadanant and Khan 2003a,b; Matuda et al., 2008;
Asghar et al., 2005). These additives influenced the stability of frozen dough in
varying degrees and have been used individually or in combination to enhance frozen
dough functionality. They impact frozen dough because of their ability to interact one
way or the other with the water, starch and gluten network in the dough system
(Asghar et al., 2009). Emulsifiers function as anti-staling agents, reducing the surface
tension of gas bubbles and preventing moisture migration (Selomulyo et al., 2007).
Oxidants such as ascorbic acid help to strengthen the gluten structure and hence
improve bread volume (Selomulyo et al., 2007). Hydrocolloids are known to bind
moisture released when the gluten network is disrupted during freezing and prolonged
storage. The strengthening and water binding properties of these additives are
important to control rheological and textural characteristics of the dough in frozen
storage (Sharadanant and Khan 2003a,b; Asghar et al., 2005). However, the properties
of these additives are unable to overcome the undesirable weakening of dough after
prolonged frozen storage. Deterioration in quality as a result of long term storage
remains a challenge in frozen storage of dough.

2.16. Glass transition temperature and cryoprotectants
An important physiochemical property of amorphous solids is the phenomenon
of glass transition (Roos, 2010). As mentioned previously, some of the total water
remains unfrozen during freezer storage and depending on the temperature and
available water within the food the unfrozen phase will either have a glassy or
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amorphous state (Roos, 2010). A frozen food system at an adequately low temperature
and under a suitable cooling rate will reach a point where maximum ice formation
occurs together with unfrozen phase. This is called maximum freeze concentration and
is represented by the symbol C’g (Fig 2-1) (Sablani 2010; Fessas and Schiraldi 2001).
The viscosity of the unfrozen amorphous phase increases during the freeze
concentration process and is transformed into the glassy state (Goff and Sahagian
1996, Levine and Slade 1991). The reversible transformation of the amorphous liquidlike and solid states of super cooled liquids is the glass transition and the temperature
at which this transformation occurs is known as the glass transition temperature (Roos,
2010). In a maximally freeze-concentrated frozen system, the glass transition
temperature and the temperature of ice melting are represented by Tg' and T’m
respectively as shown in the state diagram (Fig 2-1) (Levine and Slade 1991; Goff
1992, 1994; Fessas and Schiraldi 2001). The amorphous liquid and the solid glass
structures are not equilibrium states, indicating that properties of amorphous materials
may vary with time, and no stable glass can be attained (Roos, 2010). Glass transition
temperature and the temperature of ice melting therefore have been associated with
stability and changes in the quality of frozen food systems (Ross et al., 2005; Levine
and Slade 1991). It has been shown that if a food product is stored at a temperature
below Tg' it will consist of ice and a freeze-concentrated phase in a glassy state which
is important in establishing storage stability. On the contrary, if it is stored at a
temperature between Tg' and Tm, the freeze-concentrated phase will be diluted and
diffusion controlled reactions (e.g. moisture migration and ice recrystallization) easily
occur (Singh and Roos 2005; Sun 2011). Therefore increasing the glass transition
15

temperature above the storage temperature of the food can improve the stability of a
frozen product by preventing ice formation or recrystallization, moisture migration and
all other deleterious chemical reactions (Sablani et al., 2010). Glass transition
temperature values differ for all food products as a function of concentration,
ingredients and processing. It is an assumption that stability occurs in a glassy state
(Sablani et al., 2010) and greatly depends on the storage temperature. This suggests
that to understand frozen storage stability it will be necessary to understand mobility
within frozen food systems as a function of temperature formulation and processing
(Roos, 2010; Roos and Silalai 2011). Cryoprotectants are included in frozen food
formulations because of their ability to either increase the glass transition temperature
of the food to above normal storage temperatures or to keep the frozen products below
the glass transition temperature of the freeze-concentrate temperature matrix (Sun
2011). Fiber polysaccharides such as Arabinoxylan (AX) could function as potential
cryostabilzers and may be used to reduce the problem of loss of quality in frozen
doughs (Fessas and Schiraldi 2001).
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Concentration
Fig. 2-1. An example of a polymer-water binary system (adapted from Fessas and
Schiraldi 2001).

2.2. Wheat fiber
2.2.1. The wheat kernel

Wheat is one of the most grown and wildly consumed cereal foods (Andersson
et al., 2013). It is considered the most important cereal crop in the world (Manisseri
and Gudipati 2010). The wheat kernel consists of an outer protective multi layered
skin known as the pericarp. Milling separates the kernel into outer bran, an inner
starchy endosperm and a germ Fig. 2-1 (Matz 1991). The bran is composed of three
main layers; a fiber-rich pericarp, enzyme-rich testa and an aleurone layer which is
rich in vitamins, minerals and antioxidants (Hemery et al., 2009; Brouns et al.,
2012). The wheat bran like other bran products from cereal grains such as oat, barley
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and rye therefore contains nutrients that offer many health benefits (Amrein et al.,
2003). It is a high source of dietary fiber the portion of plant foods that is not
digested by enzymes in the human gastrointestinal tract and is necessary in
maintaining good health (Almeida et al., 2013). Dietary fiber can be divided in two
groups: soluble and insoluble. These two types of dietary fiber function differently,
but are both important in the body and together they make up the total dietary fiber.
Wheat bran is a good source of insoluble dietary fiber as it consist mainly of cell wall
polysaccharides (hemicellulose, cellulose and lignin) which are responsible for
normal laxation due to their ability to absorb water and increase stool weight
(Chawla 2010; Lazaridou and Balladeris 2007). This results in fecal bulking and
softening of the stool and easing bowl movement (Chawla 2010). It also contains
significant amounts of phenolic acid (mainly ferulic acid) and some proteins (Parker
et al., 2005). The use of wheat bran as a source of dietary fiber (DF) is rising due to
its prebiotic properties which are attributed to the hemicellulose Arabinoxylan (AX)
being the major DF component in the bran (Lu et al., 1999).

Fig. 2-2. Structure of the wheat kernel (adapted from Hemery et al., 2009).
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2.2.2. Arabinoxylans (AX)
Arabinoxylans are pentosans found largely in cereal grains (wheat, barley, rye,
etc.) and other plant tissues such as ryegrass and psyllium husk (lzydorczyk and
Biliaderis 1995; Fincher and stone 1986; Dervilly-Pinel et al., 2001). The
composition and properties of arabinoxylans however differ in these materials and
has been attributed to the impact of cultivar and environment. In the wheat grain,
arabinoxylans is located in the cell walls tissues of the endosperm, the aleurone layer
and the bran (Saeed et al., 2011; Lu et al., 2000; Ingelbrecht et al., 2002; Garcia et
al., 2007; Autio 2006; Adams et al., 2005; Neyrinck et al., 2012). Total
arabinoxylans ranges between 4% and 8% in the wheat grain (Hong et al., 1989). It
makes up about 70%, of the bran non-starch polysaccharides followed by cellulose
24% and beta glucan 6% (Ring and Selvendran 1980; Maes and Delcour 2002). As
shown in Fig. 2-1, the bran is composed of the pericarp, testa (seed coat) and the
aleurone layer and may have some fragments of the endosperm (Antoine et al.,
2003). Although the properties of the aleurone layer of wheat have been often
associated with the bran fraction, fractionation processes can be used to separate the
bran to obtain pericarp-rich and aleurone rich fractions (Hemery et al., 2009; Brouns
et al., 2012). The wheat aleurone layer consists mainly of arabinoxylan (about 6070%) followed by the pericarp and testa (Fincher and stone 1986; Ring and
Selvendran 1980).

2.2.3. Arabinoxylan: structural characteristics and composition
The structure of arabinoxylan consists of a β-(1, 4)-linked xylopyranosyl units
as the backbone chain which may be mono-substituted at C(O)-3 or di- substituted at
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C(O)-2,3 with α-L-arabinofuranose residues (Fig. 2-2). The presence of arabinose
linked to C(O)-2 of the xylose residue have also been confirmed in wheat endosperm
and beeswing bran of wheat kernel (Gruppen et al.,1993; Brillouet and Joseleau,
1987) The arabinose may be covalently linked at C(O)-5 via an ester linkage to
ferulic acid (Izydorczyk and Biliaderis 1995). In addition, arabinoxylan may have
other groups such as glucuronic acid, acetyl groups as minor components (Fincher
and stone 1986; Izydorczyk and Biliaderis 1991a,b; Gruppen et al., 1993; Cleemput
et al., 1993; Rose 2011). There are variations in the nature of substituent not only
amongst arabinoxylans of different origins but also between arabinoxylans of
different grain tissues of the same cultivar (Izydorczyk and Biliaderis 1991a,b).
These variations in arabinoxylan structure and composition are known to be
genetically controlled (Ordaz-Ortiz and Saulnier 2005). The arabinose to xylose ratio
(A/X) is an indicator of the average degree of arabinose substitution on xylose
residues and has been useful in characterizing the structure of Arabinoxylan
(Izydorczyk and Biliaderis 1995). In addition, arabinoxylans have been classified
based on their solubility and molecular weight (MW) (Fessas and Schiraldi 2001).
The differences in water extractability have been associated with their chemical
structure, substitution pattern, ferulic acid cross-links and structural conformation
(Fincher and stone 1986; Gruppen et al., 1992; Rose 2011). Water insoluble
arabinoxylans (WISAX) have higher water binding capacity and also serves as a
substrate for beneficial bacteria in the large intestine (Vardakou 2008; Francois
2012). Most of wheat arabinoxylans are water WISAX (70-80%) and about 20-30%
is water extractable (Courtin and Delcour 2002). The method of extracting water
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soluble arabinoxylan (WSAX) was found to affect its structure, bioactivity and
functional properties (Dervilly-Pinel et al., 2001). The MW of arabinoxylan is an
important determinant of their functional properties such as water holding capacity,
viscosity and gelling (Izydorczyk and Biliaderis 1992; Saulnier et al., 2007).
Depending on the method of extraction and determination, AX MW may vary
(Ragaee et al., 2001). The MW of WSAX in wheat ranged from 200–300 kD with a
polydispersity index (PDI) of 1.7-2 (Saulnier et al., 2007). The PDI is a measure of
broadness of a polymer MW distribution and larger values indicate wider molecular
weights. The large value observed above reflects the differing sizes of molecules in
the molecular weight distribution of water soluble wheat arabinoxylan ((DervillyPinel et al., 2001; Saulnier et al., 2007). The functional properties of arabinoxylan
depends primary on the conformation it adopts in solution (Saulnier et al., 2007).
Flexible random coils conformations of arabinoxylans in solution were observed by
Dervilly-Pinel et al., (2001). Degree of substitution was also shown to have no
influence on arabinoxylan conformational behaviour in solution (Dervilly-Pinel et
al., 2001). In addition, differences in the structural characteristics of arabinoxylan
were attributed to the amount of ferulic acid dimers present in the molecule
(Dervilly-Pinel et al., 2000). It is assumed that differences in the molecular structures
of arabinoxylan as a result of different substitution patterns, degree of branching and
ferulic acid content could influence the water behaviour and gelling properties of the
arabinoxylan (Saulnier et al., 2007). The suggested inhibition of cellular ice by
arabinoxylan which helps in the winter survivals of cereals was attributed to the
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impact of viscosity and mechanical interference of arabinoxylan gel network on ice
formation and growth (Kindel et al., 1989; Izydorczyk and Biliaderis 1995).

2.2.4. Differences in arabinoxylans from the different tissues of the wheat
kernel
Studies have shown that differences in degree of arabinose substitution exist
between AX within the different tissues of the wheat kernel. The bran tissues, with
the aleurone and seed coat were found to contain arabinoxylans with only low A/X
ratio of about 0.1-0.5, the outer pericarp has A/X ratio between 1.1 and 1.3 while the
endosperm had A/X of about 0.5-0.7 (Izydorczyk and Biliaderis 1992; Toole et al.,
2011). Lower degree of arabinose substitution of wheat aleurone allows it to be
easily hydrolyzed during enzyme degradation of wheat bran compared to the more
highly substituted pericarp AX (Van Craeyveld et al., 2010). However, less
substituted AXs may also aggregate easily which could impact solubility, isolation
and characterization (Saulnier et al., 2007). Wheat bran and aleurone also differ in
the concentration of phenolic acids as p-coumaric acid was mainly found in the
aleurone layer whereas a trimer of ferulic acid (dehydrotriferulic acid) was found to
be concentrated in the outer pericarp (Antoine et al., 2004). This may impact the
degree of phenolic-polymer cross-linking with other cell wall components and hence
enzyme degradation (Parker et al., 2005).
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Fig. 2-3. Structure of arabinoxylan (adapted from Dornez et al., 2009).

2.2.5. Arabinoxylan oligosaccharides (AXOS)

Hydrolysis of arabinoxylan produces arabinoxylan degradation products known
as (AXOS) which are receiving much attention in the literature as they have
demonstrated several health beneficial effects due to their prebiotics and
fermentation properties (Cloetens et al., 2008, 2010; Damen et al., 2011). AXOS are
mixtures of xylose oligosaccharides which may or may not be substituted with
arabinose (Broekaert et al., 2011). They have different degree of polymerization
(DP), arabinose substitution pattern, arabinose to xylose ratio and other substituents
(Van Craeyveld 2010). AXOS may be obtained by enzyme hydrolysis of wheat bran
and other cereal grain cell wall materials (Swennen et al., 2006). The enzyme, endo1-4- xylanase (EC 3.2.1.8) randomly hydrolyze (1-4) beta linkages in the
arabinoxylan backbone solubilizing the WISAX as well as reducing the molecular
weight of both WSAX and the solubilized AX (Courtin et al., 1999, 2001). Studies
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have shown that the yield and structure of products obtained from the enzyme
degradation of wheat bran AX depend greatly on the type of xylanase and the source
of wheat bran or wheat cultivar (Van Craeyveld et al., 2010). A combination of AXdegrading enzymes (arabinofuranosidase, xylosidase, ferulic acid esterase etc.) may
be used depending on their specificity and the type of bond to be cleaved (Fig. 2-4).
Xylanases that preferentially hydrolyze WISAX and leave WSAX and solubilized
AX un-degraded are beneficial for bread making (Courtin et al., 2001; Courtin and
Delcour 2002; Petit-Benvegnen et al., 1998). In vivo studies demonstrated that the
structure (average degree of polymerization (avDP)) of the AXOS has influence on
their prebiotic properties (Van Craeyveld et al., 2010). AXOS can be generated in the
colon of humans and animals by microbial degradation of AX and may be present in
processed foods including bread, pasta and cookies (Broekaert et al., 2011).

Fig. 2-4. Structure of AX showing the cleavage sites of different enzymes (adapted
from Dornez et al., 2009).
24

2.2.6. Arabinoxylan in bread making
The standard refined wheat flour for bread making has only about 1.5-2.5% total AX
(Wood et al., 1991; Lzydorczyk and Biliaderis, 1992; Biliaderis et al., 1995; Ragaee
et al., 2001, Courtin and Delcour 2002). However, this small amount of AX has
been shown to impact the rheological behavior of dough, thereby improving bread
quality characteristics such as crumb firmness, crumb structure and loaf volume.
This has been attributed to its water hydration, viscosity enhancing and gelling
properties (Meuser and Suckow 1986; Delcour et al., 1991). These properties of AX
influence flour water absorption (Meuser and Suckow 1986; Lzydorczyk et al.,
1991). AX may also influence the dough gas retention properties due to its viscosity
and interfacial activities which contribute to the strength of the films surrounding the
gas cells and hence impact the bread texture (Lzydorczyk et al., 1991). It is well
known that WISAX has a negative impact on bread characteristics, while WSAX has
positive impact (Rouau et al., 1994; Courtin et al., 2001). Therefore, the baking
industry often uses xylanase to convert WSAX into solubilized AX (SAX), which
strongly impact AX structure and functionality (Trogh et al., 2004). Conversion of
WISAX into solubilized arabinoxylan (SAX) by the addition of xylanase to wheatbarley composite bread (60% wheat flour and 40% hull-less barley flour) resulted in
significant increase in SAX and improved loaf volume (Trogh et al., 2004). The
beneficial effects of AX are dependent on optimum concentrations of AX in the
bread system, which also depends on the type of flour used and the MW of AX
(Delcour et al., 1999). AX effects on crumb texture have been related to increased
moisture and the ability to plasticize the gluten-starch matrix decreasing firmness in
25

final products due to its hydration properties (Biliaderis et al., 1995). The properties
of WSAX such as viscosity and interfacial activity result in better gas retention in the
dough, improved elasticity and strength of protein films which helps to stabilize the
protein foams during various stress conditions (mixing, heating etc.) leading to an
enhanced oven expansion while maintaining the desirable characteristics of the bread
(Izydorczyk and Biliaderis 1992; Cleemput et al., 1997).

2.2.7. Importance of AX and AXOS as fibers/prebiotics in bread

Bread is an essential traditional food in the Western world. The Euro monitor
International (2009) estimated daily bread consumption per person in Western Europe
to be 180 g per day. Consumers are increasingly showing concern with their health and
desiring tasty but healthier bread products. The baking industry is therefore trying to
develop dietary fiber (DF) enriched bread products which will have beneficial health
effects. The use of bread and other baked foods as a vehicle for delivering ingredients
that have functional properties mainly as fiber/prebiotics has received much attention
recently (Sivam et al., 2010; Ragaee et al., 2011). For example, Ragaee et al., (2001,
2011) incorporated different sources of dietary fibers in wheat bread to enhance its
health benefit and concluded that some fibers or sources of fibers may be incorporated
in bread at levels that will not change the desirable attributes and quality of end
product. Wheat flour (wholly or partly processed) used in bread making is a rich
source of fiber (Sivam et al., 2010). Bread can be enriched with DF with only minimal
change in sensory properties due to their neutral taste and colour (Ragaee et al., 2011).
In addition, DF may offer several advantages such as improving freshness and texture,
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increasing yield and enhancing freeze-thaw stability when used in bread
manufacturing. DF may enhance softness in foods, improve mouth-feel and may
prevent staling thereby extending the shelf life of the product. The particle sizes of
DFs, water binding and oil absorption (fat replacement) properties may also play an
important role in bread manufacturing (Guillon and Champ 2000; Charalampopoulos
et al., 2002). The Codex Alimentarius Commission (CAC) in its 2010 session defines
dietary fiber as carbohydrate polymers with ten or more monomeric units, which are
not hydrolyzed by the endogenous enzymes in the small intestine of humans. It may
belong to one of three categories: 1. Edible carbohydrates naturally occurring for
human consumption. 2. Carbohydrate polymers obtained from food raw material and
3. Synthetic carbohydrates proven to have physiological beneficial effects to health as
demonstrated by generally accepted scientific evidence (McCleary et al., 2011).
Depending on their water solubility, dietary fibers have been divided into soluble and
insoluble fractions. Examples of insoluble fiber include cellulose, hemicellulose,
lignin, and other components associated with non-starch polysaccharides. Whole grain
products such as cereals and bread are good sources of insoluble fiber and have been
linked to weight maintenance and reduction in the risk of cardiovascular disease and
diabetes (Liu et al., 1999). It has been demonstrated that regular intake of DF in the
diet promote regularity of bowel function by increasing fecal bulk, and reducing
frequent constipation (Guillon and Champ 2000; Chawla et al., 2010). DF improves
gut health benefits thus, reducing the risk of colon cancer and enhancing immune
function (Bourquin et al., 1996; Wolever 2006; Francois et al., 2012). In addition,
fermentation of soluble fiber in the gut results in the production of short chain fatty
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acids which is known to reduce the risk of cardio vascular diseases and some cancers.
DF improves blood glucose control by decreasing carbohydrate digestion in the gut
which helps in managing type II diabetes, (Guillon and Champ 2000; Chawla et al.,
2010).
AXs have shown great potential as dietary fiber constituents and a source for
producing prebiotic compounds (Lu et al., 2000). Prebiotics as defined by Gibson et
al., (2004), are non-digestible food ingredients that contribute to consumer’s wellbeing by selectively stimulating the growth and/or activity of beneficial bacteria in the
colon. Food fortification with prebiotics may result in the stimulation of the growth of
beneficial bacteria such as lactobacilli and bifidobacteria in the human gastrointestinal
and the production of short chain fatty acids which positively impact colon health
(Gibson and Roberfroid 1995; Delcour et al., 2007; Gibson et al., 2010). AX and
AXOS have been shown to behave like prebiotics and fermentable fibers impacting
colon health in animals and healthy humans based on their physiochemical properties
(Crittenden et al., 2002; Cloetens et al., 2008; 2010; Damen et al., 2011, 2012). AX
soluble fibers may reduce glucose and lipid absorption in the colon (Hopkins et al.,
2003; Lu et al., 2000; Saulnier et al., 2007). AX/AXOS are therefore well-recognized
probiotics with promising functional/health promoting benefits (Lu et al., 2000). Lu et
al., (2000) evaluated the effects of three breads containing 0, 6 and 12 g of AXenriched fiber, extracted from wheat bran, on induced post-prandial glycemic and
insulin responses for a normoglycemic population. It was observed that peak postprandial glucose concentrations after the meals containing 6 and 12 g of AX-rich fiber
were significantly lower than the control meal and no significant differences were
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observed between the meals containing 6 and 12 g of AX-rich fiber. They did not
observe any significant difference for plasma insulin concentration between meals
except for the 12 g of AX-rich fiber compared with the control meal at 45 min post
prandial. AXOS as potential prebiotics were produced in-situ in bread using xylanase
and fed to twenty-seven healthy subjects at a dose of 2.14 g of AXOS when they
consumed 180 g of wheat/rye in a recent study (Damen et al., 2012). It was observed
that consumption of breads with in-situ produced AXOS selectively increased the
fecal levels of bifidobacteria and stool frequency as well as a pronounced effect on
butyrate levels compared to bread without in-situ produced AXOS. Investigations on
dose-dependent effect of AX and AXOS suggest that AXOS at the dose of 10 g/day
are well-tolerated and impact beneficial effects as prebiotics on colon health (Cloetens
et al., 2010; Francois et al., 2012). Water soluble arabinoxylan may therefore help
reduce the problem of loss of quality in frozen dough and also ensure delivery of
additional health benefits associated with fibers.

2.2.8. Arabinoxylan as possible cryoprotectants
Fessas and Schiraldi (2001) demonstrated the cryostabilizing properties of
WSAX using aqueous solutions of pure WSAX of different molecular weights: low
(56 kDa) and high (410 kDa) but with the same degree of substitution. The stabilizing
behaviour of WSAX was attributed to their ability to inhibit ice crystal growth
attributed to their viscosity in the system (Fessas and Schiraldi, 2001). The
cryostabilizing potential of AX however, depended on the average molecular weight,
water binding and storage temperature since both forms of WSAX behaved differently.
It was assumed therefore that chemical or enzyme modified WISAX could exhibit
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different freezing behaviors (Fessas and Schiraldi, 2001). Laaksonen et al., (2001) also
examined the effects of WSAX on thermal behavior of frozen wheat doughs with
different ingredients (sucrose and NaCl) using differential scanning calorimetry
(DSC), dynamic mechanical analysis (DMA) and dielectric analysis (DEA). Addition
of 1% WSAX increased the glass transition temperature (T’g) for dough with sucrose
and NaCl. It was assumed that WSAX increase the amount of unfrozen water in the
dough liquid phase since higher levels (˃ 1%) of WSAX resulted in a decrease in
dough T’g. The cryostabilizing potential of AXs or sources of arabinoxylan in dough
and the impact on the bread has not been studied.

2.2.9. Summary
The use of frozen dough in bread making has increased and continues to grow.
However, bread products prepared from frozen dough mostly lose their desired
attributes due to changes that occur during frozen storage of dough. AXs play a
significant role in bread making performance and have unique physiochemical
properties for use as frozen dough additives. Their viscosity enhancing and high
water-holding capacity allow them to impact the liquid phase of dough which may
stabilize and improve dough and bread quality characteristics. In addition, they may
be used in the production of AX soluble fibers or oligosaccharides which may have
various useful physiological functions. The use of AX, AX soluble fibers or
oligosaccharides as frozen dough improvers however, has not been investigated in
enhancing frozen dough quality and functionality and will therefore be the focus of
this work. Structural characteristics of AX during frozen storage could have a positive
effect on the quality and functionality of frozen dough systems.
30

3. Impact of wheat fiber on frozen dough shelf life and bread quality*
Abstract
Freezing and prolonged frozen storage of dough results in constant deterioration in the
overall quality of the final product. In this study the effect of wheat bran and wheat
aleurone as sources of arabinoxylan (AX) on the quality of bread baked from yeasted
frozen dough was investigated. Wheat fiber sources were milled to pass through a 0.5
mm screen, pre-hydrated for 15 minutes and incorporated into refined wheat flour at
15% replacement level. Dough products were prepared from refined flour (control A),
whole wheat flour (control B), aleurone-composite flour (composite flour A), brancomposite flour, (composite flour B) and stored at -18 ˚C for 28 weeks. Dough
samples were evaluated for bread making quality at zero time, 14 weeks and 28 weeks
of storage. Quality parameters evaluated were loaf weight, loaf specific volume and
crumb firmness. Composite flour bread samples showed the most resistance to freeze
damage (less reduction in the overall product quality) indicating a possible role of
some fiber components (e.g. AX) in minimizing water redistribution in the dough
system and therefore lessening adverse modifications to the gluten structure. The data
suggest that the shelf life of frozen dough and quality of obtained bread can be
improved with the addition of an AX source.
* Adams, V. Ragaee, S., and Abdel-Aal, E-S. M. 2015. Impact of Wheat Fiber on
Frozen Dough Shelf Life and Bread Quality. Cereal Chemistry 92:370-377.
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3.1. Introduction
Wheat is one of the most grown and widely consumed cereal foods worldwide
(Andersson et al., 2013; Manisseri and Gudipati 2010). The wheat kernel consists of
endosperm, germ and an outer protective multi layered skin; the latter is separated on
milling as the bran fraction. The bran is composed of three main layers; pericarp,
testa and an aleurone (Pomeranz 1988; Hemery et al., 2009; Brouns et al., 2012).
Wheat bran pericarp and aleurone layers are rich in non-starch polysaccharides
particularly arabinoxylan (AX) (Benamrouche et al., 2002; Almeida et al., 2013).
Quality of frozen dough upon freezing and prolonged frozen storage has been
associated with damage to gluten structure due to water redistribution in the dough
system during storage (Bhattacharya et al., 2003; Huang et al., 2008; Asghar et al.,
2011; Hamed et al., 2014). Arabinoxylans have been shown to play a significant role
in fresh dough bread making performance and have some unique physiochemical
properties for use as food additives. They possess high water-holding capacity and
are able to stabilize protein foams (Courtin and Delcour 2002). The high water
holding capacity of arabinoxylan allows it to have a significant impact on the
behavior of water in flour-based products which would affect dough rheological and
functional properties (Fincher and Stone, 1986; Izydorczyk and Biliaderis, 1995).
There have also been investigations regarding their potential as possible cryostabilizers (Fessas and Schiraldi 2001). Thus we assume that the addition of
arabinoxylans to a baking recipe may improve the quality of frozen dough.
Additionally, arabinoxylan and Arabinoxylan oligosaccharides (AXOS) are well
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known prebiotics which may ensure the delivery of health benefits associated with
prebiotics (Kabel et al., 2002; Saulnier et al., 2007; Broekaert et al., 2011).
The functionality of arabinoxylan or sources of arabinoxylan have generally
been studied in fresh dough. Incorporation of wheat bran or its fractions into fresh
bread dough have shown negative effects on bread quality characteristics,
specifically crumb color, texture and loaf volume (Pomeranz et al., 1977; De Kock et
al., 1999). This has been attributed to both physical and chemical reasons. Some
assumptions made are that the addition of bran to bread dough dilutes the flour
proteins, weakens and/disrupts the cell structure reducing dough gas retention and
hence the loaf volume (Pomeranz et al., 1977, Gan et al., 1989, 1992). Other
researchers have attributed the negative effect of bran addition to fiber-gluten
interaction rather than gluten dilution and mechanical effects (Wang et al., 2003;
Noort et al., 2010). The negative effect of bran addition may be reduced with added
vital gluten, shortening and surfactants (Dubois 1978; Lai et al., 1989). Others have
shown that some physical and chemical treatments such as pre-hydration, heat
treatment, enzyme treatment, fermentation, extrusion, and variation in fiber particle
size may significantly enhance the final product quality (Moder et al., 1984; Lai et
al., 1989; Nelles et al., 1998; De Kock et al., 1999; Albers et al., 2009; Gomez et al.,
2011; Chinma et al., 2015).
In frozen dough, the addition of fiber sources such as inulin and oat fiber resulted
in an increased resistance to freezing and freeze damage (Leray et al., 2010). Hamed
et al., (2014) investigated the effect of β-glucan-enriched barley flour fraction on
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water behavior in frozen dough using proton NMR and DSC and found that water
mobility of dough decreased with added barley flour rich in β-glucan, which was
attributed to the presence of β-glucan in the flour. Almeida et al., (2013) studied the
effects of adding different dietary fiber sources (e.g. wheat bran and resistant starch)
on the quality parameters of frozen par-baked pan bread stored for 32 days at -15 ˚C
to -18 ˚C and observed that wheat bran did not alter specific volume, acceptance
score and purchase intention of par-baked bread.
At present there is not enough data available in the literature about the effect of
wheat fiber as a source of arabinoxylan on the quality of frozen dough bread. The
objective of this study therefore was to investigate the effect of wheat bran or wheat
aleurone as rich sources of arabinoxylans on the quality of bread made from yeasted
frozen dough.
3.2. Materials and methods
3.2.1. Materials

Refined hard wheat flour (72% extraction rate, control A), 100% whole hard
wheat flour (100% extraction rate, control B) and commercial wheat bran were
obtained from Parrheim Food-The P&H Milling Group, Halifax, Nova Scotia,
Canada. Wheat aleurone was obtained from Horizon Milling, LLC, Wichita, KS,
USA. Bakery yeast (Fleischmann’s, Traditional Active Dry Yeast) was purchased
from a local grocery. All assay kits and enzymes were purchased from Megazyme
(Megazyme Intl., Bray, Co. Wicklow, Ireland).
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3.2.2. Pre-treatment of wheat fiber materials and preparation of dough
Wheat aleurone (fiber A) and wheat bran (fiber B) were milled using UDY
Cyclone Sample Mill to pass through 0.5 mm screen. The wheat fiber materials were
pre-hydrated before incorporating into the dough formulas. The appropriate time for
pre-hydration was chosen by determining their water holding capacity after soaking
for various periods of time (15-90 min). Composite flours were prepared at 15%
replacement level of aleurone or bran, and then mixed thoroughly to produce
uniform flour samples (composite flour A and composite flour B, respectively).
Dough samples were prepared on a 100 g scale from control and composite flour
samples according to the approved method AACCI 10-10.03 (2011) using the
recommended 90-min fermentation and 33-min proof times.

3.2.3. Scanning electron microscopy (SEM)
The surface properties of whole wheat flour (control A & B) and wheat
aleurone (fiber A) and wheat bran (fiber B) were observed using Scanning Electron
Microscopy (SEM) at 30 kV accelerating voltage. Samples of flour and fiber were
mounted on aluminium stubs by means of a double sided adhesive tape, followed
by sputter coating with gold–palladium (˂30 nm) in an argon atmosphere to
increase their electrical conductivity during scanning. Images were digitally
captured from different locations and magnifications per sample and those selected
for discussion are considered to be representative.

35

3.2.4. Chemical composition of flour and fiber sources
Ash and total dietary fiber fractions (total, insoluble and soluble) for control
and composite flour samples were determined according to the AACC Intl.
approved methods, 08-01.01 and 32-07-01, respectively (AACCI 2011). Moisture
content was determined using a Moisture Analyzer (Ohaus Halogen Moisture
Analyzer, Ohaus, Switzerland). Protein was determined by Dumas (FP-528 Leco
Instrument Ltd Mississauga, ON. Canada) based on the combustion method. Starch
and arabinoxylan contents were analyzed using the Megazyme total starch and Dxylose (including xylan & Arabinoxylan) assay procedures (Megazyme
International, Bray, Co. Wicklow, Ireland).
3.2.5. Quality of flours
Brabender Farinograph (Brabender GmbH & Co. KG.

Duisburg,

Germany), equipped with a 50 g bowl was used to determine water absorption (%)
(14% moisture basis), dough development time (min), stability (min), and time to
breakdown (min) according to the AACC Intl. approved method 54-21-02 (AACCI
2011). GlutoPeak Tester (GPT) (Brabender GmbH and Co. KG. Duisburg,
Germany) was used to measure gluten strength according to procedure described
by Hamed et al., (2014). The torque (Brabender equivalents, BE) and peak
maximum time (PMT) resulting due to gluten aggregation were calculated using
GPT software (version 1, Brabender GmbH and Co KG, Duisburg, Germany).
Rapid Visco Analyzer (RVA-4) (Newport Scientific Pty, Ltd, Warriewood,
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Australia) was used to determine pasting properties of control and composite flours
following the method described by Ragaee and Abdel-Aal (2006).

3.2.6. Dough rheological properties
Extensibility of fresh dough was measured using Texture Analyzer
(TA.XT2. plus, Texture Technologies, Corp. Scarsdale, NY, USA) with Kieffer
extensibility rig and 5 kg load cell to measure the stretching properties of dough
following the procedure described by Yi and Kerr (2009). Fresh dough samples (~
50 g) was placed into a Teflon-coated block and cut into dough strips
approximately 7 mm in diameter and 60 mm in length using a mould cutter.
Samples were left to rest in a Teflon groove plate for 15 min. Next, the dough
strips were pulled at a crosshead speed of 3.3 mm/s for a distance of 75 mm. The
resistances to extension and extensibility from start to rupture of fresh dough were
automatically calculated from the force–deformation curves using Texture
Exponent 32 software (Texture Technologies, Corp. Scarsdale, NY, USA). Fresh
dough dynamic rheological analysis was performed using a controlled stress
Rheometer TA AR 2000 (TA Instruments, New Castle Del., U.S.A.). Dough
samples were placed between 2 parallel geometries (40-mm dia) with adjusting the
gap at 1 mm and extra dough was trimmed using a spatula. To prevent moisture
loss and drying during the measurement, the edge of the sample was coated with
Silicone oil (S159-500, Fisher scientific, Ottawa, ON, Canada). Strain sweep tests
at a constant frequency of 1Hz and a relative strain range of 0.01–100% after 2min
equilibration were performed to determine the linear viscoelastic region (Zhang et
al., 2011). Dynamic moduli were collected and plotted as a function of the applied
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strain. Oscillatory tests with a frequency sweep from 0.01 to 100Hz were
conducted at 25ºC for all the samples under a strain of 0.25%. The dynamic
rheological properties of samples obtained were storage modulus G′ (elastic
modulus), and the loss modulus G″ (viscous modulus). The tests were replicated
three times and values were analyzed using TA Rheology Advantage Data
Analysis software.

3.2.7. Frozen storage, thawing and baking conditions
Dough samples were weighed and put into polyethylene Zip-lock bags and
then put in a covered plastic box to control temperature. The plastic boxes were
stored in a freezer (Thermo Scientific Revco Value series, Calif., U.S.A.) at -35ºC
for 3 h followed by frozen storage in a -18ºC freezer (Traulsen, G-Series, U.S.A.)
for 28 weeks. Before analysis, frozen dough was allowed to defrost for 2 h at 31ºC
and 70% RH in a Hobart proofer (Hobart, Orting, WA, U.S.A.). Baking was done
at 215ºC for 24 min according to AACC Intl. approved method 10-10.03 (AACCI
2011). Analyses were conducted on week 0 (fresh dough, immediately after
mixing), week 14 and 28 for frozen-thawed dough. Bread samples were allowed
to cool for 1 h on a wired rack at room temperature, sealed in a polyethylene Ziplock bags and kept at room temperature for further analysis.

3.2.8. Analysis of bread samples
3.2.8.1. Loaf specific volume
Bread loaves were weighed in grams (g) using an analytical balance and
loaf volume was measured according to the rapeseed displacement method of
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measuring volume in cubic centimeters (cm3) as described by the AACC Intl.
approved method 10-05.01 (AACCI 2011). Specific volume was calculated as
cm3/g by dividing the volume (cm3) of the loaf by its weight (g).
3.2.8.2. Bread crumb firmness
Bread crumb firmness was analyzed using a Texture Analyzer (TA.XT2.
plus, Texture Technologies. Corp. Scarsdale, NY, USA) according to the standard
AACC Intl. approved method 74-09.01 (AACCI 2011). Loaves were sliced
manually (25 mm) and compressed (40% strain) with a 25 mm diameter Perspex
cylinder plunger. The test was conducted with a 5g trigger force and a test speed of
1.7 mm/sec. The results obtained were calculated using Texture Exponent 32
software (Texture Technologies Corp Scarsdale, NY, USA).

3.2.9. Statistical analysis
Statistical analyses were performed using SAS statistical software (version
9.4). For each experiment, analysis of variance (ANOVA) was used to study
significant differences among treatments. Significant differences between
treatments were calculated using Tukey’s multiple range test. The P value < 0.05
was considered as significant. All samples were tested at least in triplicate.
3.3. Results and discussion
3.3.1. Morphology and composition of fiber and flour samples
The surface properties of control flours and fiber sources obtained by SEM are
shown in Fig. 3-1 at two levels of magnifications. The SEM micrographs for control
flour A showed the typical structure of wheat flour consisting mainly of starch
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granules embedded in masses of flour protein matrices (Rojas et al., 2000). On the
other hand, control flour B exhibited other non-endosperm components (e.g. flake
particles of wheat bran) associated with whole wheat flour in addition to the starch
granules (Gan et al., 1989; Gangadharappa et al., 2008). The elongated flake-like
structure observed in the micrograph of control flour B may be components of the
wheat kernel epidermis. The structures are similar to the epicarp hairs described by
Gan et al., (1989). Fiber A (wheat aleurone) revealed particles rich in aleurone layer. It
is worth noting the uniformity of fiber A particles which could be an indication of high
purity of the aleurone fiber as previously shown (Stevens 1973; Harris et al., 2005).
Fiber B (wheat bran), however, showed smaller bran particles with some fragments of
starch granules.
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Fig. 3-1. Scanning electron microscope (SEM) micrographs of control flours (A=
refined flour & B = whole wheat flour) and fiber sources (C = wheat aleurone & D =
wheat bran) left column (low magnification) and right column (high magnification).

The chemical composition of fiber sources, refined, whole wheat and composite flour
samples are presented in Table 3-1. The main difference between the two fiber sources
is that fiber A (wheat aleurone) had, higher levels of total dietary fiber and
arabinoxylan but lower starch content compared to fiber B (wheat bran). For control
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and composite flour samples, as expected control A or refined flour contained the
highest starch content and lowest total dietary fiber, total arabinoxylan and total ash
compared to control B (whole wheat flour), composite flour A or B. On the other hand,
control B had the highest protein content compared with control A and composite
flours A and B. However, for optimum frozen dough quality, flour protein content is
considered less important than protein strength. It has been shown that strong flour
dough generally maintains its strength during freezing and frozen storage (Inoue and
Bushuk 1991, 1992; Bhattacharya et al., 2003).
Table 3-1. Chemical composition of fiber materials (A= wheat aleurone & B=wheat
bran), control flours (A= refined flour & B=whole wheat flour) and composite flours
(A= wheat aleurone & B = wheat bran, both at 15% flour replacement levels) (% dry
basis)

Content (% dry basis)
Constituent
Fiber A

Fiber B

Control A

Control B

Composite
A

Composite B

Starch

8.4 ± 0.5e

15.3 ± 0.2d

76.0 ± 0.20a

63.0 ± 0.10c

65.9 ± 0.2bc

67.0 ± 0.10b

Protein

17.4 ± 0.01b

18.3 ± 0.1a

13.4 ± 0.01e

15.5 ± 0.02c

14.1 ± 0.01d

14.3 ± 0.02d

Ash

7.1 ± 0.01a

7.0 ± 0.01b

0.5 ± 0.01e

1.9 ± 0.10c

1.5 ± 0.01d

1.5 ± 0.01d

Total dietary
fiber

58.7 ± 0.5a

55.6 ± 0.01b

3.5 ± 0.01e

13.0 ± 0.01c

11.8 ± 0.10d

11.3 ± 0.01d

Soluble
dietary fiber

4.7 ± 0.2a

4.1± 0.01a

1.6 ± 0.0c

2.2 ± 0.02b

2.1 ± 0.02bc

1.9 ± 0.01bc

TAX

24.0 ± 0.76a

20.2 ± 0.02b

1.8 ± 0.01e

5.9 ± 0.14c

3.6 ± 0.11d

3.0 ± 0.04de

TAX = Total arabinoxylan. Means in each row with the same letters for each parameter
are not significantly different at P < 0.05
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3.3.2. Effect of pre-treatment of wheat fiber materials
3.3.2.1. Water holding capacity
Water holding capacity after 15, 30, 60 and 90 min of soaking of fiber A and
fiber B is shown in Fig. 3-2. There were no significant differences in water holding
capacity among the different hydration time periods for each fiber source. In all the
time periods, fiber A and B held approximately 5 and 4 times their weight of water,
respectively. Therefore, the least time period (15 min) was chosen for wheat fiber
hydration before incorporation into the refined flour. The retention of water by fiber A
was significantly higher than fiber B perhaps due to differences in their fiber
components specifically arabinoxylan, where fiber A contained higher concentration

Water hydration capacity (g
water/g fiber)

of arabinoxylan (24%) than fiber B (20%) (Table 3-1).
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Fig. 3-2. Water hydration capacity (WHC) (g water/g fiber) of fiber A (wheat aleurone)
and B (wheat bran). Means in each graph or between graphs with the same letters are
not significantly different at P < 0.05. The error bars represent standard deviation of
the measurements.
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3.3.3. Bread quality
Bread quality is usually assessed based on loaf volume or loaf specific volume
(LSV), crumb texture and external appearance/color (Kulp 1995). LSV measurement is
considered as an indirect evaluation of crumb structure in which small LSV values
indicate a very compact and closed grain structure, while high LSV values indicate an
open grain structure (Sharadanant and Khan 2003a,b). Pre-hydration of fiber A before
adding it to refined flours resulted in a significant increase (6%) in LSV of composite A
bread compared to that when fiber was added without hydration (Table 3-2). Prehydration had no impact on LSV for composite B bread samples. Crumb hardness for
composite breads made from flour A or B was significantly reduced compared with
those made from control flour B or non-hydrated composite flours. Breads made from
control flour A (refined flour) exhibited the lowest crumb hardness among all breads.
Pre-hydration of wheat bran and aleurone may have resulted in a reduced competition
for water between fiber components (AX, cellulose, β-glucan) and flour components
(starch and gluten) lessening a negative impact on gluten formation and functionality,
thus improving the final product quality compared to that when fiber components were
not hydrated before incorporation in the formula. According to Nelles et al., (1998),
pre-hydration treatments of the bran activated the bran lipooxygenase which oxidizes
substances such as glutathione and methoxylhydroquinone in the fiber reducing their
negative effects on dough. The variation in the behavior of the two composite flours
may be due to differences in their nature and AX content. As seen in the SEM
micrograph (Fig. 3-1), fiber A, revealed more uniform surface particles compared to
fiber B and mainly contained aleurone cells which may have caused pre-hydration
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effects to be significantly more pronounced compared to fiber B flour samples.
Moreover, composite flour A had higher amount of AX content (3.6%) compared to
composite flour B (3.0%) which may have influenced bread baking performance. Also
the molecular weight distribution of AX in fiber A might be different from that in fiber
B. Certain MW of soluble AX could have a positive effect on loaf volume and crumb
texture of the obtained bread (Izydorczyk and Biliaderis 1992). The results support the
assumption that variation in outcomes obtained for pre-treatment (e.g. hydration) of
bran before incorporation into flour samples may be dependent on the cultivar,
composition, nature and amount of fiber present (Lai et al., 1989; Noort et al., 2010).
Surprisingly, bread baked from fresh dough made from composite flours containing
hydrated fiber A or B at 15% flour replacement levels had similar or significantly
higher LSV (Table 3-2) compared to that from whole wheat flour (control B).
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Table 3-2. Effect of pre-hydration of wheat aleurone and wheat bran on loaf specific
volume and crumb firmness of bread made from fresh dough prepared with composite
flours (non-hydrated and pre-hydrated) (A= wheat aleurone & B = wheat bran, both at
15% flour replacement levels) in comparison to control breads.

Treatment

Loaf Specific Volume
(cm3/g)
NonPrehydrated
hydrated

Crumb Firmness (g)
Non-hydrated

Pre-hydrated

Control A

4.1 ± 0.03a

N/A

186.9 ± 17.0b

N/A

Control B

3.5 ± 0.03c

N/A

371.3 ± 1.70a

N/A

Composite A

3.6 ± 0.07Bbc

3.8 ± 0.03Aa

447.8 ± 53.4Aa

343.9 ± 21.5Aa

Composite B

3.8 ± 0.04Ab

3.8 ± 0.05Aa

404.3 ± 24.5Aa

352.9 ± 24.3Aa

Means in each column with the same letters (superscript) or in a row (uppercase)
are not significantly different at p <0.05

3.3.4. Rheological properties of dough
As expected farinograph data showed that control A exhibited a considerably
long dough development time and mixing stability (Fig. 3-3). This indicates strong
gluten flour and therefore suitable for frozen storage analysis (Bhattacharya et al.,
2003). When control A was replaced with 15% fiber A or B, flour water absorption
increased by 5-6%, dough development time (peak time) reduced by 70-78% and
mixing stability decreased by 54-56%. The increase in water absorption is mainly due
to the non-starch polysaccharides (NSPs) in the composite flour samples. Because of
the high water-binding capacity of NSPs they would compete with other dough
constituents especially gluten for available moisture and affect water distribution in the
dough system. The NSPs may reduce the amount of free water in dough and therefore
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increase the amount of water required to reach a fully developed gluten network in the
dough (Rieder et al., 2012; Hamed et al., 2014). The decline in mixing stability may be
attributed to the dilution effect caused by the presence of higher amount of fiber in the
composite flours A and B compared to control A, which may have reduced the
formation of the intermolecular disulfide bridges that is responsible for longer stability
of dough during mixing (Autio et al., 2001). Consequently, the whole wheat flour
(control B) farinograph characteristics closely matched those of composite flours A
and B. However, previous studies have reported that when small amounts (4%) of
NSPs such as arabinoxylan and β-glucan were added separately to refined wheat flour,
dough strength increased with arabinoxylan having the greatest effect (Izydorczyk et
al., 2001).
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Fig. 3-3. Farinograph water absorption, peak time, time to break and dough stability of
control flours (A= refined flour & B = whole wheat flour) and composite (Comp)
flours (A = wheat aleurone & B = wheat bran, both at 15% flour replacement levels).
Means in each graph with the same letters are not significantly different at P < 0.05.
The error bars represent standard deviation of the measurements.

GPT analysis, which provides information on gluten quality of flour in an
aqueous solution, revealed higher maximum torque (MT) and shorter peak maximum
time (PMT) response for composite flour A and B compared to control A and B (Fig.
3-4). Short PMT and high MT are indications of strong gluten (Chandi and
Seetharaman 2012). This is because PMT and MT are obtained as a result of gluten
aggregation (gluten network formation) and basically the stronger the gluten quality of
the flour, the shorter the time required to reach a MT. But, the shorter PMT and higher
MT for the composite flours may also be due to the contribution of fiber to gluten
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aggregation. It is known that fiber polysaccharides such as arabinoxylan are capable of
forming rod-like conformations in solutions which may contribute to the overall
elasticity and strength of the dough (Izydorczyk et al., 2001). Flour samples with
moderately high gluten strength may be most typical for producing optimum quality
frozen dough, with superior dough rheological and baking properties (Bhattacharya et
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Fig. 3-4. GlutoPeak Tester (GPT) analysis of control flours (A = refined flour & B =
whole wheat flour) and composite flours (A = wheat aleurone & B = wheat bran, both
at 15% flour replacement levels). Means with the same letters for each parameter are
not significantly different at P < 0.05. The error bars represent standard deviation of
the measurements

Results obtained by RVA (Fig. 3-5) showed that the replacement of refined
flours with 15% wheat fiber resulted in a lower peak, break down, final and setback
viscosities compared to control A. Control B, however, exhibited the lowest values for
all parameters mainly because of the lower starch and higher fiber content compared
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with all other treatment samples. These results are in agreement with previous studies
on the addition of fiber fraction to wheat flour (Symons and Brennan 2004; Ragaee
and Abdel-Aal 2006; Sullivan et al., 2010). Ragaee and Abdel-Aal (2006) reported that
although replacing wheat flour with some levels of cereal fiber/flour modifies the
pasting properties of wheat flour, no significant detrimental effect was observed on
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Fig. 3-5. Rapid Visco Analyzer (RVA) analysis of control flours (A= refined flour & B
= whole wheat flour) and composite flours (A = wheat aleurone & B = wheat bran,
both at 15% flour replacement levels).

Extensional deformation results of fully developed fresh dough, obtained from
texture analyzer are shown in Fig. 3-6. Dough extensibility is essential in frozen dough
as it determines the expansion ability of dough caused by CO2 during proofing and
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thereby influencing the final loaf volume and oven spring (Bhattacharya et al., 2003).
The results indicated that the addition of wheat fiber products enhanced dough
resistance to extension compared to control A and B. This may be attributed to the
positive contribution of fiber components such as water soluble arabinoxylan to the
elastic cross-linked network formed by gluten proteins in the dough. The result is in
accordance with the GPT data as well as work done by Jelaca and Hlynka (1972)
which reported an improvement in dough resistance with the addition of native water
soluble arabinoxylan and a decrease in extensibility.
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Fig. 3-6. Resistance to extension and extensibility values of fresh doughs made from
control flours (A = refined flour & B = whole wheat flour) and composite flours (A =
wheat aleurone & B = wheat bran, both at 15% flour replacement levels). A 10 g
extension test was used. Means with the same letters for each parameter are not
significantly different at P < 0.05. The error bars represent standard deviation of the
measurements.
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Dough dynamic rheological properties indicated by the moduli G′ (elastic
modulus) and G″ (viscous) was used to describe the elastic and viscous state of the
dough samples (Fig. 3-7). Composite flour A showed more elastic and firmer dough as
indicated by the significantly higher G′ and G″ moduli compared to control A while
composite flour B exhibited almost similar viscoelastic properties as control A. The
result may be attributed to the specific interaction of fiber A components (mainly
arabinoxylan) with the available water and gluten in the dough system. Hamed et al.,
(2014) found that incorporation of 10% air-classified barley flour fraction rich in βglucan (about 25%) improve viscoelastic properties of frozen dough (e.g. increase G′
and G″ moduli) up to 4 weeks storage compared with their corresponding fresh dough.
Control B exhibited the weakest viscoelastic property which is an indication of weak
quality flour. In order to produce bread with desirable volume and crumb
characteristics the bread dough must exhibit optimum balance of extensibility and
elasticity (Hoseney 1994).
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Fig. 3-7. Small deformation rheological properties of fresh doughs made from
control flours (A = refined flour & B = whole wheat flour) and composite (Comp)
flours (A = wheat aleurone & B = wheat bran, both at 15% flour replacement levels).

3.3.5. Quality of bread baked from fresh and frozen dough
The appearance of breads baked from fresh and frozen dough stored for 14 and
28 weeks are presented in Fig. 3-8. After 14 weeks of dough frozen storage, bread
baked from control B flour exhibited the most reduction (40%) in LSV followed by
bread baked from control A flour (36% reduction in LSV) (Table 3-3). Interestingly,
both composite breads exhibited very low level of deterioration in bread quality, in
which, LSV was reduced by 3 and 5% for composite bread A and B, respectively.
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Additional freezing storage for 14 more weeks did not significantly change LSV of
bread loaves. LSV of control A bread had no change, while LSV of control B bread
exhibited a significant drop. Composite A bread loaves also remained unchanged after
28 weeks of frozen storage while composite B bread loaves showed an additional 5%
decrease in LSV. As expected, the lowest value (187.0 g) of crumb firmness was
observed for bread crumb from control A for fresh dough ( zero week), followed by
that of bread from composite B (307.3 g) and composite A (343.9 g), while bread from
control B exhibited the highest crumb firmness (492.4 g) at time zero among all breads
tested. After 14 weeks of dough frozen storage, the crumb of baked bread increased to
different extents, in which the lowest value (487.0 g) was obtained for crumb from
composite B, followed by that from composite A (660.5 g) and control A (1537.0 g),
while bread from control B had the hardest crumb (3497.8 g) among all breads.
Increasing the dough freezing storage period up to 28 weeks did not have significant
additional detrimental effect on all breads. This is in agreement with findings from
Giannou and Tzia (2007) who observed in their study that during the first 2 months of
frozen storage dough samples deteriorated quickly, but became stable after 2-3 months
and remain stable having acceptable quality characteristics even after 9 months of
storage.

54

Table 3-3. Loaf specific volume and crumb firmness values of bread made from fresh
and frozen-thawed doughs prepared with control flours (A = refined flour & B = whole
wheat flour) and composite flours (A = wheat aleurone & B = wheat bran, both at 15%
flour replacement levels)

Treatment

Loaf Specific Volume (cm3/g)
Week 0
Week 14
Week 28
a

2.7 ± 0.24

b

Control A

4.3 ± 0.19

Control B

3.3 ± 0.01a

2.0 ± 0.05b

Composite A 3.8 ± 0.03a

3.7 ± 0.02b

Week 0
187.0 ± 17.6c

1537.0 ± 122.7a

707.0 ± 7.07b

1.83 ± 0.02c

492.4 ± 24.1c

3497.8 ± 2.12a

3152.3 ± 48.7b

3.7 ± 0.03b

343.9 ± 21.5b

660.5 ± 28.7a

768.0 ± 42.1a

2.8 ± 0.03

b

Crumb Firmness (g)
Week 14
Week 28

Composite B 4.0 ± 0.01a 3.8 ± 0.02b 3.6 ± 0.03c 307.3 ± 54.7b
487.0 ± 68.6b
568.8 ± 29.3a
Means in each row with the same letters for each parameter are not significantly
different at P < 0.05

The reduction in LSV and hardening of bread crumb texture during the first
few months of frozen storage may be due to changes in the microstructure of starch
and gluten matrix. Changes in the gluten network during frozen storage of dough,
adversely impacts dough gas retention and crumb physical characteristics such as pore
size distribution and texture (Lu and Grant 1999). Lu and Grant (1999), Asghar et al.,
(2005a,b) and Yi (2008) observed less oven spring and loss of overall baking quality of
bread made from yeasted frozen dough stored for 8, 16 and 26 weeks, respectively.
The loss in quality with these storage times was attributed to the reduction in dough
strength, decreased yeast activity, lower gas retention and therefore a reduced bread
loaf volume (Kulp et al., 1995; Perron et al., 1999; Ribotta et al., 2001; Yi and Kerr
2009). The reduction in both yeast activity and the inability of the dough gluten
network to retain CO2 during proofing could be a result of ice crystallization and
recrystallization during freezing and frozen storage (Sharadanant and Khan 2003a,b).
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Low temperature SEM of dough stored for 24 weeks (Berglund et al., 1991) and for 8
weeks (Hamed et al., 2014) was found to result in a ruptured and discontinued gluten
network mainly due to movement of free water in the dough during frozen storage.
Addition of fiber to frozen dough may help reduce ice crystal formation and water
redistribution in the dough system (Sharadanant and Khan 2003a,b; Hui 2006; Hamed
et al., 2014). Leray et al., (2010) reported an increase in dough resistance to freezing
and frozen storage damage with the addition of a blend of dietary fiber (inulin and oat).
Also, Hamed et al., (2014) demonstrated that the addition of β-glucan-enriched barley
flour decreased dough water mobility. The impact of fiber in frozen dough systems
therefore may be attributed to their ability to interact with free water in the dough
system during frozen storage thus, preventing water redistribution and negative
influences on structure and functionality of starch and gluten (Asghar et al., 2009;
Hamed et al., 2014). In addition, water soluble arabinoxylan was found to stabilize
protein foams against thermal disruption (Izydorczyk and Biliaderis 1992). The ability
of AX to stabilize protein foams could provide additional strength to the gas cells
during fermentation and baking as observed in this study. In contrast to the added fiber
samples, control B (whole wheat flour) demonstrated an opposite effect in spite of its
high arabinoxylan content (6%). This may be attributed firstly to its weak nature as
shown by its poor rheological behaviors and secondly to the presence of nonendosperm components (e.g. bran-flakes and wheat germ). Microstructural studies of
crumbs of bread made from whole wheat flour have shown that the bran-flakes in the
flour (as indicated in the SEMs for this study) interrupt the gluten network and pierce
gas cells resulting in poor quality bread compared to its white flour counterpart.
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Pearling of wheat grain to remove the epidermis before milling into flour was
subsequently found to significantly reduce its negative impact on the bread baking
performance (Gan et al., 1989, 1992).

Week 0

Week 14

Week 28

Control A

Control B

Composite A

Composite B

Fig. 3-8 External appearance of bread made from fresh and frozen-thawed dough
prepared with control flours (A = refined flour & B = whole wheat flour) and
composite flours (A = wheat aleurone & B = wheat bran, both at 15% flour
replacement levels).
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3.4. Conclusions
Addition of wheat fiber rich in arabinoxylan to refined wheat flours resulted in
significant modifications of the flour and dough rheological properties specifically
dough water absorption, mixing stability, gluten aggregation and dough viscoelastic
properties. The effect was, however, dependent on the fiber type and composition. The
enhancement effect of pre-hydration of wheat fiber prior to incorporation into flour on
the quality of the final product also depends on the wheat fiber type and composition.
Aleurone and bran-composite flours demonstrated the most resistance against freeze
damage which indicates specific interactions of fiber components in the aleurone and
bran with free water in the dough system during frozen storage lessening water
redistribution. This effect leads to a reduction of the adverse modifications to gluten
structure and thereby improving gluten functionality during baking. These results also
indicated that the strength of the flour plays an important role in dough stability during
frozen storage as we see a constant deterioration of the whole wheat flour in spite of its
high arabinoxylan content due to its weak flour quality as well as the negative impact
of other fiber components. The study has demonstrated that the addition of
arabinoxylan fiber sources to refined flour may help reduce the adverse modifications
that occur in dough cell structures during freezing and prolonged frozen storage.
Further research is underway to better understand the contribution of arabinoxylan to
the improving effect during frozen storage.
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4. Rheological properties and bread quality of frozen yeasted dough enriched
with wheat fiber

Abstract
Frozen dough rheological characteristics are of great importance in bread making
quality. The effect of addition of commercial wheat aleurone and bran on rheological
properties and final bread quality of frozen stored yeasted dough was studied. Wheat
aleurone and bran containing 24 and 20% arabinoxylan (AX), respectively were
incorporated into refined wheat flour at 15% replacement level. Dough was prepared
from refined flour (control A), whole wheat flour (control B), aleurone-composite flour
(composite flour A), bran-composite flour, (composite flour B) and stored at -18 ˚C for
9 weeks. Frozen stored composite dough samples contained higher amounts of bound
water, less freezable water and exhibited fewer modifications in gluten network during
frozen storage based on DSC and NMR data. Bread made from composite frozen
dough had higher loaf volume compared to control A or B throughout the storage
period. The incorporation of wheat fiber rich in AX into refined wheat flour produced
dough with minimum alterations in its rheological properties during 9 weeks of frozen
storage compared to refined and 100% wheat flour dough samples.

59

4.1. Introduction
Bread dough undergoes quality loss during freezing and frozen storage. This may
result in a reduced yeast activity, decreased dough strength, lower gas retention and
finally reduced loaf volumes along with poor textural properties of the baked bread
(Kulp et al., 1995; Perron et al., 1999; Ribotta and et al., 2001). Improvement of the
quality characteristics of dough during frozen storage is therefore very important to the
frozen dough industry (Kulp et al., 1995). Although various additives have been
applied to reduce freeze damage to dough during frozen storage e.g. egg yolk and
sugar easter (Hosomi et al., 1992), hydrocolloids, gums and whey protein (Lo and
Ramsden 2000; Asghar et al., 2005a; 2005b, 2009) and inulin and oat fiber (Leray et
al., 2010), the need to explore other ingredients for improving quality of frozen dough
continuous to increase. This is driven by the fairly high consumption of bread per
person as a staple food which is 180 g/d in Western Europe (Euromonitor International
2009). One ingredient that has received much attention for fresh dough bread but has
not been evaluated extensively in frozen dough applications is arabinoxylan (AX). AX
is a non-starch polysaccharide that is found largely in cereal grains and other plant
tissues (Fincher and stone 1986; lzydorczyk and Biliaderis 1995). In fresh dough
bread; AXs have been shown to play a significant role in dough rheological properties
and bread making quality. They have high water-holding capacity and are able to
stabilize protein foams (lzydorczyk and Biliaderis 1992; Courtin and Delcour 2002).
The high water holding capacity of AX allows it to have a significant effect on water
behavior in flour-based products. It is also a possible cryo-stabilizer (Fessas and
Schiraldi 2001) and AX and its oligosaccharides (AXOS) are well known prebiotics
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with beneficial health effects (Broekaert et al., 2011). Wheat bran and aleurone are
rich in AX (Almeida et al., 2013) and may be incorporated into refined wheat flour to
increase its AX content and enhance it rheological properties. The rheological
characteristics of bread dough are very important indicators of the final product quality
(Ktenioudaki et al., 2010). Research has shown that addition of fiber such as inulin and
oat resulted in an increased resistance to freezing and freeze damage of non-yeasted
wheat dough (Leray et al., 2010). Recent research in our laboratory by Hamed et al.,
(2014) demonstrated the positive effects of β-glucan-enriched barley flours in reducing
water mobility of frozen yeasted-wheat dough which was attributed to the presence of
β-glucan in the flour. In addition, our previous study showed that AX-rich wheat fiber
is capable to reduce negative changes in frozen dough during storage, thus, improving
its bread loaf volume and crumb structure (Adams et al., 2015). However, the impact
of the fiber on the rheological properties of the frozen dough was not investigated.
Also the influence of the fiber on the bread quality for the first few weeks of frozen
storage was not examined. This is important as most of the key changes in dough
during frozen storage occur during the first 2 months of storage (Giannou and Tzia
(2007; Leray et al., 2010). The goal for this study therefore was to investigate the
effect of wheat bran or aleurone on rheological properties of frozen dough and quality
of bread products made from frozen dough stored at -18 ˚C for 9 weeks.
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4.2. Materials and methods
4.2.1. Materials

Refined hard wheat flour (72% extraction rate, control A), 100% whole grain
hard wheat flour (100% extraction rate, control B) and commercial wheat bran
(approximately 20% AX) were obtained from Parrheim Food-The P&H Milling
Group, Halifax, Nova Scotia, Canada. Wheat aleurone (approximately 24% AX) was
obtained from Horizon Milling, LLC, Wichita, KS, USA. Bakery yeast
(Fleischmann’s, Traditional Active Dry Yeast) was purchased from a local grocery. All
assay kits and enzymes were purchased from Megazyme (Megazyme Intl., Bray, Co.
Wicklow, Ireland).

4.2.2. Flour chemical composition
Ash and dietary fiber fractions (total, insoluble and soluble) for control and
composite flour samples were determined according to the AACC Intl. approved
methods 08-01.01 and 32-07-01, respectively (AACCI 2011). Moisture content was
determined using a Moisture Analyzer (Ohaus Halogen Moisture Analyzer, Ohaus,
Switzerland). Starch and arabinoxylan contents were analyzed using the Megazyme
total starch and D-xylose (including xylan & Arabinoxylan) assay procedures
(Megazyme International, Bray, Co. Wicklow, Ireland). Protein was determined by
combustion method using the Dumas (FP-528 Leco Instrument Ltd., Mississauga, ON,
Canada).
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4.2.3. Dough samples preparation
Bread dough was made on a 100 g scale from control and composite flours,
according to the approved method AACCI 10-10.03 (2011). Composite doughs were
prepared by replacing refined flour with 15% of either aleurone or bran. Prior to dough
preparation the fiber materials (300 g) were pre-hydrated for 15 min with a portion of
the total water (quantities as determined by the Brabender farinograph, Chapter 3)
required in developing the dough. Next, the pre-hydrated fiber material was mixed
thoroughly (5 min) with the refined flour (1700 g), salt (30 g), shortening (60 g) and
prepared yeast solution (106 g yeast activated with sugar 120 g and remaining portion
of water) to produce uniform dough samples (composite A and B, respectively).
Reference doughs: refined (control A) and whole wheat (control B) were prepared
similarly with 2000 g of either refined flour or whole wheat flour respectively.

4.2.4. Frozen storage, thawing and baking conditions
Dough samples (approximately 185 g) were weighed immediately after dough
preparation (to prevent pre-fermentation) into polyethylene Zip-lock bags and then
packed into large covered plastic containers to reduce temperature changes. The dough
samples were stored in a freezer (Thermo Scientific Revco Value series, Calif.,
U.S.A.) at -35 ºC until the core temperature reached -10 ºC (~ 3 h) after which samples
were kept in a -18 ºC freezer (Traulsen, G-Series, U.S.A.) for 9 weeks. Dough analyses
were conducted on fresh dough (soon after mixing) and week 1, 3, 6 and 9 for frozenthawed dough. Frozen doughs were thawed for 2 h at 31 ºC and 70% relative humidity
in a Hobart proofer (Hobart, Orting, WA, U.S.A.) prior to analysis. Baking was done at
215 ºC for 24 min according to the approved method AACCI 10-10.03 (AACCI 2011).
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Breads baked from fresh and frozen dough samples were allowed to cool for 1 h at
room temperature, sealed in a polyethylene Zip-lock bags and used for further analysis.

4.2.5. Dough sample analysis
4.2.5.1. Dough water activity, moisture content and weight loss
Dough water activity was measured using Water Activity Analyzer (Aqua Lab
4TE, NE Hopkins Ct., Pullman, WA U.S.A.). Moisture content was determined using a
Moisture Analyzer (Ohaus Halogen MB45, Ohaus, Switzerland). Dough samples (~
1.0 g) were placed in the moisture analyzer tray and moisture content tested at 130 ºC
for 5 min. Weight loss of frozen dough was determined according to Phimolsiripol et
al., (2008). Frozen dough samples were weighed immediately after removal from the
freezer and before thawing. The weight loss was the difference between the initial
weight of fresh dough and the final weight of frozen dough.
4.2.5.2 Dough microstructure
The surface properties (microstructure) of fresh and frozen thawed dough
samples were obtained using a scanning electron microscope (Hitachi S-570 High
Technologies, Tokyo, Japan) equipped with a cryogenic preparation system (Quorum
K1250X Technologies Ltd, Ashford, UK). Dough samples taken from the center of the
dough piece were fractured under liquid nitrogen and small pieces were placed in a
cryo-specimen holder. The holder was transferred into the cryo-unit in the frozen state
and under vacuum. The sample surface was partially freeze-dried in the cryo-chamber
at −80 ºC for 45 min to remove some of the ice. Analyses were performed for fresh
dough and after 1 and 9 weeks of frozen storage. Images were digitally captured at
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different angles and at several magnifications per sample and those selected for
discussion are considered to be representative of each sample.
4.2.5.3. Dough rheological properties
Dough extensibility and stickiness were estimated using Texture Analyzer
(TA.XT2. plus, Texture Technologies, Corp. Scarsdale, NY, USA) extensibility was
measured with a Kieffer extensibility rig and 5kg load cell as described by Yi and Kerr
(2009) while dough stickiness was measured with a Chen-Hoseney stickiness rig as
described by Chen and Hoseney, (1995). Dough samples were placed in a cylindrical
cell, which was then sealed by a lid with a perforated hole and a small amount of
dough was extruded through the hole. The cylindrical cell with the sample was placed
on the TA base. The TA with a 25 mm Perspex cylinder probe was used to provide a
constant compression force (40 g) and to measure the tension force within the probe
travel distance of (4 mm), the test speed was 2mm/s. Both the maximum force and the
area under the force-deformation curve were automatically calculated using the
Texture Exponent 32 software and values were used as a measure of dough stickiness.
Dough dynamic rheological analysis was performed using a controlled stress
Rheometer TA AR 2000 (TA Instruments, New Castle Del., U.S.A.) Dough samples
were placed between 2 parallel geometries (40-mm dia) with adjusting the gap at 1 mm
and extra dough was trimmed using a spatula. To prevent moisture loss and drying
during the measurement, the edge of the sample was coated with Silicone oil (S159500, Fisher scientific, Ottawa, ON, Canada). Strain sweep tests at a constant frequency
of 1Hz and a relative strain range of 0.01–100% after 2 min equilibration were
performed to determine the linear viscoelastic region (Zhang et al., 2011). Dynamic
65

moduli were collected and plotted as a function of the applied strain. Oscillatory tests
with a frequency sweep from 0.01 to 100Hz were conducted at 25 ºC for all the
samples under a strain of 0.25%. The storage modulus (G′), loss modulus (G″) and the
loss tangent (Tan σ) were obtained from the analysis. The tests were replicated three
times and values were analyzed using TA Rheology Advantage Data Analysis
software.
4.2.5.4. Dough freezable water content analysis
The freezable water content of fresh and frozen-thawed dough was investigated
using a differential scanning calorimetry (DSC TA Q1000 TA Instruments, New
Castle, DE, U.S.A.) equipped with an external cooling system and a purge system. The
DSC was calibrated with indium and sapphire. A sealed and empty aluminum pan was
accurately weighed and used as a reference. Dough samples (10 to 15 mg) in
hermitically sealed alodined aluminum pans were equilibrated at 25 ºC for 5 min,
cooled from 25 to –40 ºC at a rate of 10 ºC/ min, held for 5 min at –40 ºC, and then
heated to 25 ºC. The ice melting enthalpy was obtained with universal analysis
software (TA Instruments). Quantity of freezable water in percentage was calculated
by dividing the ice melting enthalpy (in J/g of product) by the latent heat of ice fusion
(333 J/g) and is presented as a percentage of total water in dough (Leray et al., 2010,
Jia et al., 2012, Lu and Seetharaman 2013).
4.2.5.5. Dough water mobility analysis
Transverse relaxation time (T2) analyses were performed using the Nuclear
Magnetic Resonance (NMR) spectrometer (Bruker Optics, Milton, ON, Canada) to
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determine water mobility in fresh and frozen-thawed dough as described by Lu and
Seetharaman (2013). Dough samples (~ 0.5 g) were weighed into an 18cm length
NMR tubes sealed with air-tight protective cap. The transverse relaxation time was
determined following the Carr–Purcell–Meiboom–Gill technique with the 90 to 180º
pulse sequence. Acquisition parameters were: pulse separation (τ) was 0.25, the
number of data points for fitting was 2000 and the number of echoes not fitted, where
no sampling points are collected, was 1. Four scans were accumulated to increase the
signal-to-noise ratio. The recycle delay was 5 s. The data obtained were analyzed with
the continuous distribution model (CONTIN) application along with Minispec
software (Minispec Application pool version 5.2 relaxation/contin t1t2, Bruker, Milton,
ON, CA). Peak fitting was performed with Igor Pro 6 software (Lake Oswego, OR,
U.S.A.), with the use of a Gaussian distribution and the ratio of bound to free water
was calculated using the area under the curve in a plot of T2 peak relaxation time
versus relative intensity obtained from Igor Pro 6 software.
4.2.6. Bread sample analysis
4.2.5.3. Moisture content and water activity of bread
Bread moisture content was determined using (Ohaus Halogen Moisture
Analyzer MB45, Ohaus, Switzerland). Bread sample (1.0 g) was placed in the MA tray
and moisture content tested at 130ºC for 4 min. Bread water activity was recorded
using Water Activity Analyzer (Aqua Lab 4TE, NE Hopkins Ct., Pullman, WA
U.S.A.).
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4.2.5.4. Bread loaf specific volume
Bread Loaves were weighed in grams (g) using an analytical balance and loaf
volume was measured according to the rapeseed displacement method of measuring
volume in cubic centimeters (cm3) as described by the approved method AACCI 1005.01 (AACCI 2011). Specific volume was calculated as cm3/ g by dividing the
volume (cm3) of the loaf by its weight (g).
4.2.5.5. Bread crumb firmness
Bread crumb firmness was analyzed using a Texture Analyzer (TA.XT2. plus,
Texture Technologies Corp., Scarsdale, N.Y., U.S.A.) according to the standard
approved method AACCI 74-09.01 (AACCI 2011). Loaves were sliced manually (25
mm) and compressed (40% strain) with a 25 mm diameter Perspex cylinder plunger.
The test was conducted with a 5g trigger force and a test speed of 1.7 mm/sec. The
results obtained were calculated using Texture Exponent 32 software (Texture
Technologies Corp Scarsdale, NY, USA).

4.2.6. Statistical analysis
Statistical analyses were performed using SAS statistical software (version
9.4). For each experiment, analysis of variance (ANOVA) was used to study
significant differences among treatments. Significant differences between treatments
were calculated using Tukey’s multiple range test. The P value < 0.05 was considered
as significant. All samples were tested at least in triplicate.
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4.3.

Results and discussion

4.3.1. Chemical composition of control and composite flour samples
The chemical composition of fiber sources, refined and composite flour
samples have been previously reported in Chapter 3 (Table 3-1). Farinograph results
(Chapter 3, Fig. 3-3) showed that the refined wheat flour (control A) had higher values
for dough development time and stability (16.1 min and 17.2 min, respectively) which
is an indication of strong gluten flour and therefore suitable for frozen dough. It has
been reported that strong flour dough generally maintains its strength during freezing
and frozen storage (Inoue and Bushuk 1991, 1992; Bhattacharya et al., 2003). On the
other hand, the whole wheat flour (control B) had weak farinograph properties, i.e.
dough development time and stability were 4.8 min and 9.4 min, respectively. Thus in
the current study new whole wheat flour exhibiting reasonable dough development
(8.0 min) and strong mixing stability (15.7 min) was used as a control B. Such dough
stability indicates suitability of the current whole flour for frozen dough (Bhattacharya
et al., 2003). The new whole wheat flour contained 63% starch, 17.0% protein, 15.8%
TDF, 6.1% total AX, 3.1% SDF and 1.9% ash on a dry weight basis. The amount of
total AX in the whole wheat flour is within the range reported in literature (Saulnier et
al., 2007).

4.3.2. Dough water activity, moisture content and weight loss
Overall, no significant (p < 0.05) changes were observed in water activity of
fresh and frozen-thawed dough stored at -18 ˚C for 9 weeks (Fig. 4-1). But, dough
moisture content remained constant during the first 3 weeks of frozen storage
followed by a significant (p < 0.05) decrease after 9 weeks of frozen storage for all
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samples (Fig. 4-1). Composite dough samples, however, retained significantly (p <
0.05) higher amount of moisture compared to the control samples. Consequently, a
significant loss in dough weight was observed after week 9 of frozen storage.
Phimolsiripol et al., (2011) reported a constant dough weight loss for different storage
temperatures (8-25 ˚C) during storage for up to 112 days. The authors observed that
dough weight loss increased with increasing storage time and increasing storage
temperature. Dough weight loss also increased with amplitude of temperature
fluctuations. Dough moisture and weight loss during frozen storage was linked to
bread quality reduction. This was attributed to water migration from dough to form ice
in the packaging material due to temperature differences between dough surface and
the packaging material. Once there is a difference in temperature between the bag and
dough, the water vapor will diffuse from the dough to the bag or vice versa due to the
changes in the saturated vapor pressure of water on the frozen dough surface
(Phimolsiripol et al., 2008, 2011). Dough weight loss is, therefore, storage temperature
dependent and may be reduced by decreasing temperature fluctuations during storage
and the use of low permeability plastic films (Laguerre and Flick 2007).
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Fig. 4-1. Water activity, moisture content and weight loss of fresh and frozen-thawed
dough made from control flours (A = refined flour & B = whole wheat flour) and
composite flours (A = wheat aleurone & B = wheat bran, both at 15% flour
replacement levels). The error bars represent standard deviation of the measurements.
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4.3.3. Dough microstructure
Microstructure of dough was performed to investigate the impact of freezing
and frozen storage on dough surface properties and structure (orientation and
distribution of gluten and starch granules). A typical dough structure has a continuous
gluten network with starch granules completely and uniformly embedded in the
network as revealed in the fresh (control A) dough sample (Fig. 4-2 top row). The
presence of fiber in the dough system resulted in less uniform gluten network with
fiber component disrupting the continuous protein network as seen in the whole grain
sample (control B) (Fig. 4-2 top row). The nature of the interruption is, however,
dependent on the fiber cell type (e.g. aleurone cells, bran particles etc.) It can be seen
from the micrographs that composite A and B revealed a much uniform gluten network
compared to control B due to differences in their cell types. This could be because of
the interaction (covalent cross-linking) between fiber components (non-starch
polysaccharides) and gluten proteins which may strengthen (soluble fiber) or disrupt
(insoluble fiber) the gluten-starch network formation (Leray et al., 2010). The gluten
network of control A after week 1 (Fig. 4-2 middle row) and week 9 (Fig. 4-2 bottom
row) of frozen storage at -18 ºC had lost it continuous and uniform structure with
starch granules displaced from their original position in the gluten-starch network.
However, frozen dough samples with added fiber showed less structural changes
compared to the control dough (Fig. 4-2, 3rd and 4th column). The disruption of dough
microstructure due to freeze damage has been attributed to water movement and
restructuring in the dough during freezing and frozen storage especially when
temperature fluctuations occur (Berglund et al., 1991). These results are similar to
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those obtained by Berglund et al., (1991) and Hamed et al., (2014). Berglund et al.,
(1991) showed that frozen bread dough (with or without yeast) stored under different
frozen storage conditions and times (up to 24 weeks) resulted in water being separated
from the gluten-starch network by forming large ice crystals on the inside of the dough
system. Likewise, Hamed et al., (2014) demonstrated that frozen storage of wheat flour
dough at -18 ºC for (1, 4 and 8 weeks), resulted in damage to the gluten network of the
dough. However, the addition of 10% air-classified barley flour enriched in β-glucan
reduced structural changes due to freeze damage compared to the control dough. Yi
and Kerr (2009) also studied the effect of different freezing rates (19-69 ºC/ h) and
frozen storage time (180 days) of wheat dough at four different temperatures (-10, -20,
-30 and -35 ºC) and concluded that freezing rate and temperature impact the extent of
structural damage during freezing and storage. The least changes in gluten network
were obtained from dough stored at low temperature (-30 and -35 ºC). Nevertheless,
the strength of gluten network decreased as frozen storage time increased for all
different freezing rates and temperatures.
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Fig.4-2. Microstructure of fresh week 0 (top) and frozen thawed week 1 (middle) and
week 9 (bottom) dough made from control flours (A = refined flour & B = whole
wheat flour) and composite flours (A = wheat aleurone & B = wheat bran, both at 15%
flour replacement levels).

4.3.4. Dough resistance to extension and extensibility
Resistance to extension or dough strength and extensibility of fully developed
fresh and frozen thawed dough samples are presented in (Fig. 4-3). The addition of
wheat fiber increased resistance to extension by about 50 and 8% for composite A and
B, respectively compared to control A for fresh dough samples. Composite as well as
control B dough samples exhibited higher dough resistance to extension compared to
control A throughout the storage period (9 weeks). Dough resistance to extension
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generally decreased with storage for the first three weeks for all treatments and then
increased for the high fiber samples (control B and composite A and B).
Similarly, dough extensibility reduced by 32 and 28% for composite A and B,
respectively compared to control A for fresh dough samples. There was a decrease in
dough extensibility during the first week of frozen storage for all treatments after
which an increase was observed after week 3 and week 1 for controls and composite
dough samples, respectively. The increase was however, significantly (p < 0.05) less
for high fiber dough samples compared to control A, which showed a continuous
significant increase in extensibility throughout the rest of the storage period. The result
demonstrated that some fiber components in control B and composite A and B
enhanced dough resistance to extension and reduced changes in dough extensibility
during frozen storage. The most abundant non-starch polysaccharide (NSP) in wheat
bran and aleurone is arabinoxylan (~70%) (Izydorczyk and Biliaderis 1995). Both the
water soluble and insoluble portions of arabinoxylan have very high water holding
capacity and therefore influence water behaviour and dough rheological properties
(Jelaca and Hlynka 1971; Izydorczyk and Biliaderis 1995). Water soluble
arabinoxylans in these samples may contribute positively to the elastic cross-linked
network formed by gluten proteins in the dough maintaining or even improving dough
desirable characteristics (such as improved gluten network) compared to control A
(Izydorczyk et al., 2001). This finding for the fresh (unfrozen) dough is in agreement
with the work done by Jelaca and Hlynka (1972) who reported an improvement in
fresh dough resistance to extension with the addition of native water soluble
arabinoxylan and a decrease in dough extensibility. The decrease in dough strength
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with frozen storage is in accordance with work done by Yi and Kerr (2009) for wheat
flour dough stored for 180 days. Sharadanant and Khan (2003a,b) also reported that
wheat refined flour dough extensibility increased with frozen storage time (16 weeks),
while resistance to extension decreased. Recent study in our lab (Hamed et al., 2014)
also demonstrated that the addition of 10% barley flour enriched in β-glucan to wheat
flour reduced changes in frozen dough extensibility and resistance to extension. The
decrease in resistance to extension has been attributed to the decline in dough strength
with frozen storage while the decline in dough strength is associated with the loss in
polymer cross-linking and de-polymerization of glutenin aggregates caused by ice
recrystallization (Ribotta et al., 2003a,b). Some authors also suggested that the
reduction of gluten cross-linking could be caused by the release of disulphide reducing
substances from dead yeast as well as the dehydration of gluten network induced by
freezing (Ribotta et al., 2001, Giannou et al., 2003, Angioloni et al., 2008). The
excessively high resistance to extension observed for control B after 3 weeks of frozen
storage is also an indication of the loss in dough desirable rheological properties. This
is because when the dough is too resistance to stretching it is unable to rise to an
optimum height during proofing (Yi and Kerr 2009). This could be a result of the
strong elastic cross-linked network formed by gluten proteins and non-starch
polysaccharides in control B or increased cross-linked between non-starch
polysaccharides (Courtin and Delcour 2002). Increased cross-linking between gluten
and non-starch polysaccharides may also be caused by the progressive dehydration of
the dough matrix due to water migration and the formation of ice crystals during
frozen storage. In the same manner, excessive extensibility results in soft and weak
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dough that would collapse during proofing or baking as a result of physical disruption
of the dough matrix (Rasanen et al., 1997; Lu and Grant 1999; Bhattacharya et al.,
2003a,b; Yi and Kerr 2009). Similarly, dough extensibility is essential in bread making
as it determines the expansion ability of dough caused by CO2 during proofing and
thereby influencing the final loaf volume and oven spring (Bhattacharya et al., 2003).
Desirable bread dough should therefore exhibit optimum balance of extensibility and
elasticity in order to produce bread with a desired volume and crumb characteristics
(Hoseney 1994). It is important therefore that the dough undergoes minimal changes
during frozen storage to maintain its quality upon freezing and frozen storage
(Simmons et al., 2012).
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Fig. 4-3 Resistance to extension (strength) and extensibility of fresh and frozen-thawed
dough made from control flours (A = refined flour & B = whole wheat flour) and
composite flours (A = wheat aleurone & B = wheat bran, both at 15% flour
replacement levels). The error bars represent standard deviation of the measurements.
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4.3.5. Dough stickiness
Dough stickiness was measured as the force required to separate a probe from
the dough surface after a compression test. Extremely sticky dough is difficult to
knead or handle as it adheres to all surfaces and results in loss of sample. Increase in
dough stickiness during frozen storage is the result of weakening of gluten structure
and may negatively influence final product quality. The stickiness values are presented
in Fig. 4-4. Composite B dough was the stickiest among all fresh dough samples. After
one week of frozen storage all samples exhibited a significant increase in dough
stickiness, but to different extents. This was followed by a significantly (p < 0.05)
large increase in stickiness values for control A during the rest of the freezing period
while control B and composite dough stickiness values remained unchanged. The
result revealed the ability of added wheat fiber (especially fiber A) to reduce the
stickiness properties of the control wheat dough during prolonged frozen storage.
Similar results were reported by Yi and Kerr (2009) and Hamed et al., (2014). Yi and
Kerr (2009) reported an increase in stickiness of frozen dough stored for 30, 90 and
180 days in the presence of waxy wheat flours. Increases in frozen dough stickiness
with storage time have been associated with a decline in dough strength as a result of
ice crystallization and water mobility. This eventually causes damage to the gluten
network as water is separated in the form of ice from the gluten and starch network.
When the dough is thawed, the ice crystals melt and increase the free water content in
the dough. The increase of free water in the dough and its relocation to the dough

79

surface results in increasing stickiness and adhesiveness observed with storage time
(Angioloni et al., 2008; Yi and Kerr 2009).
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Fig.4-4. Stickiness of fresh and frozen-thawed dough made from control flours (A =
refined flour & B = whole wheat flour) and composite flours (A = wheat aleurone & B
= wheat bran, both at 15% flour replacement levels). The error bars represent standard
deviation of the measurements

4.3.6. Dough viscoelastic properties
As a viscoelastic system, the elastic component of bread dough is measured by storage
modulus (G′) and the viscous element by loss modulus (G″) while the loss tangent (tan
δ) describes the increase in G″/ G′ ratio (change from solid to liquid-like behaviour) of
the dough (Leray et al., 2010). The dynamic rheological data indicate that fresh dough
samples with added wheat fiber as well as control B were significantly (p < 0.05) more
elastic and firmer (e.g. higher G′) than control A (Fig. 4-5). G′ increased by 17 and
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12% for composite A and B, respectively compared to control A for fresh dough
samples. These data support the results of dough strength indicating the positive role of
wheat aleurone or bran if added in a fully hydrated form. After 1 week of frozen
storage, significant (p < 0.05) reduction in G′ associated with an increase in G″
modulus and tan δ viscosity was observed for control A indicating reduction in dough
strength and elasticity. In other words, the dough became flowy and sticky. Contrarily,
control B showed an increase in G′ and G″ moduli compared to all treatment samples
which was significant (p < 0.05) after week 3 of frozen storage. Although a decrease in
G′ was observed for composite A and B after week 1 of frozen storage, it was to a
lesser extent compared to control A. This was followed by an increase in G′ in week 3
of frozen storage for composite A and B before remaining stable for the rest of the
storage period. The decrease in G′ during dough storage at -18°C supports the
empirical rheological data described above indicating the gradual loss in dough
strength with storage time. Meziani et al., (2011) observed similar results after freezing
100% wheat flour dough samples at different freezing rates (-20 °C,-30 °C,-40 °C and
immersion in liquid nitrogen). The results indicate that the weakening in dough
strength observed in control A after week 1 of frozen storage was reduced by 21 and
48% with the incorporation of fiber B and A, respectively compared to control A (Fig.
4-5). These results are in accordance with a study by Leray et al., (2010) which
reported that the addition of inulin or oat fiber to frozen dough stored at two different
temperatures, -18 ºC and -30 ºC, for 1, 7 and 28 days did not change dough rheological
properties compared to their fresh dough counterparts and control wheat flour dough.
In this study, however, an improvement was observed with the addition of wheat fiber
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materials. Recent study in our lab also demonstrated that wheat flour containing
barley flour (10%) rich in β-glucan (25%) resulted in less significant decrease in G′
and G″ moduli compared to the control flour (Hamed et al., 2014). The positive effect
of added fiber on frozen dough rheological properties in this study could be attributed
to the ability of arabinoxylan and/or other fiber substances in the fiber materials to
bind available water in the dough system. This inhibits the formation of ice crystals
and consequently their damaging effect to the gluten matrix. The results may be
supported by the freezable water and water mobility data discussed in the next section.

82

Elastic modulus (G', kPa)

40

Control A
Control B
Composite A
Composite B

30

20

10

0

Viscous modulus (G",
kPa)

40
30

Control A
Control B

20

Composite A
Composite B

10

Loss tangent (Tan, δ)

0
1.2
1.0
0.8

Control A

0.6
0.4

Control B

0.2

Composite A

0.0

Composite B
0

1

3

6

9

Storage period (weeks)

Fig. 4-5. Dynamic rheological analysis of fresh and frozen-thawed dough made from
control flours (A = refined flour & B = whole wheat flour) and composite flours (A =
wheat aleurone & B = wheat bran, both at 15% flour replacement levels). The error
bars represent standard deviation of the measurement.
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4.3.7. Freezable water content of dough
DSC analysis is a common method used to study the thermal properties of
bakery products (Sablani et al., 2002). The ice melting enthalpy (ΔH) obtained during
a freeze/thaw cycle is directly correlated to the amount and state of water in the food
system and used further to calculate the relative freezable water present in dough (Bot
2003, Sharadanant and Khan 2003a,b, Simmons et al., 2012). Fresh dough samples
showed different amounts of freezable water content with composite A having the
highest (73.6%) amount and composite B the least amount (61.2%) (Fig. 4-6). After
one week of frozen storage, ice melting enthalpy and hence relative freezable water
content increased for all dough samples but to different extents. In general, control A
and B dough samples exhibited the highest relative freezable water content after week
3 of frozen storage compared to the composite dough samples. This implies that
incorporation of 15% wheat fiber in the refined wheat dough system significantly
reduced the relative freezable water content for composite dough samples compared to
the control samples with prolonged storage (week 6 and 9). The increase in the content
of freezable water is the result of ice crystals formation in the dough system upon
freezing. This leads to changes in the dough initial water distribution as water becomes
less associated with protein and starch and consequent deterioration of the gluten
network compared to fresh dough system (Sim et al., 2012). The composition and
physical treatment of the wheat fibers may have allowed the composite dough samples
to immobilize water molecules and inhibit growth of ice crystals leading to less
freezable water content in the frozen dough system compared to control A and B. The
freezable water data obtained by DSC is considered only as relative, because the latent
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heat determined and the calculations differ from absolute thermodynamic values
(Laaksonen and Roos 2001). These results are in agreement with those reported in
literature (Sharadanant and Khan 2003a,b, Sim et al., 2012, Hamed et al., 2014).
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Fig. 4-6. Enthalpy of ice melting and freezable water measured by DSC of fresh and
frozen-thawed dough made from control flours (A = refined flour & B = whole wheat
flour) and composite flours (A = wheat aleurone & B = wheat bran, both at 15% flour
replacement levels). The error bars represent standard deviation of the measurements.
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4.3.8. Dough water mobility
NMR spectroscopy was used to provide information on dough water status or
mobility by obtaining spin-spin relaxation times (T2). The results obtained are
presented in (Fig. 4-7). Three “states” or populations of bound water were detected.
The first state has a relaxation time (T21) between 0.5~2 ms (tightly bound), the second
state (T22) between 10~15 ms (less tightly bound) and the third state (T23) between
(80~120 ms) (weakly bound) water. Jasrotia (2011) and Lu and Seetharaman (2013)
reported that the spin-spin relaxation times (T2), especially (T22), measurements are
better representative and sensitive indicator of the overall mobility of water molecules
in a dough system. The addition of wheat fiber decreased T22 from 15.9 ms for control
A to 11.2 and 12.3 ms for composite A and B fresh dough, respectively. In general,
composite dough samples and control B maintained shorter relaxation time during the
entire period of frozen storage compared to control A which is indication of less
movement of water in the system. Additionally, composite B and A had the highest
value (65.8%, 61.3%) for bound water for week 0 (unfrozen dough) followed by
control B and A (59.3 and 58.9%). In general, compared to control A (~55%), control
B and composite A and B contained significantly (p < 0.05) higher amount of bound
water (~59%) after the first week of frozen storage. This could imply that
arabinoxylans and/or other soluble fiber in the high fiber samples aided in
immobilizing the water in these dough samples during frozen storage. The results are
in agreement with previous NMR studies with added fiber samples reported by Jasrotia
(2011) and Lu and Seetharaman (2013) as well as Hamed et al., (2014). In addition, Yi
(2008) reported that frozen-thawed dough containing 15 and 30% waxy wheat flour
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had lower T2 values compared to the control. These results indicated that the damaging
effect of water redistribution on gluten, starch and other dough components during
frozen storage could be minimized by addition of optimum amounts of wheat fiber (≤
15%).
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Fig. 4-7. NMR T2 water population distribution, T2 relaxation time and (approximate
percentage of bound water of fresh and frozen-thawed dough made from control flours
(A = refined flour & B = whole wheat flour) and composite flours (A = wheat aleurone
& B = wheat bran, both at 15% flour replacement levels). The error bars represent
standard deviation of the measurements.
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4.3.9. Bread quality
Bread baking test is known to be the most suitable way for evaluating the
stability of a particular flour or dough sample (Koppel and Ingver 2010). Bread
moisture content and water activity are important parameters that influence bread
texture, quality and shelf life. Fig. 4-8 shows the moisture content and water activity of
bread samples made from fresh and frozen-thawed (1, 3, 6 and 9 week) dough. All
bread samples exhibited similar moisture content and water activity for fresh dough.
Bread produced from composite and control B frozen dough exhibited relatively higher
moisture content up to week 3 of frozen storage compared to control A bread samples.
In addition, all bread samples made from frozen dough samples maintained similar
levels of water activity compared to their fresh dough bread samples during the entire
frozen storage period (9 weeks). Addition of wheat fiber therefore increased the
moisture content of the bread crumb which showed significant influence on bread
crumb firmness as described below. According to Wang et al., (2002), incorporation of
dietary fiber to wheat flour alters the rheological properties of the dough and,
ultimately the moisture content and water activity of the final bread crumb.
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Fig.4-8. Moisture content and water activity of bread made from fresh and frozenthawed dough made from control flours (A = refined flour & B = whole wheat flour)
and composite flours (A = wheat aleurone & B = wheat bran, both at 15% flour
replacement levels). The error bars represent standard deviation of the measurements.

The most common and important assessment factor of bread quality is the loaf
volume (LV) and the experimentally established LV for a good bread quality flour
ranges from 500 to 600 cm3 per 100g flour (Koppel and Ingver 2010). Another
parameter for assessing bread quality is the loaf specific volume (LSV) which is the
ratio of the LV and the bread weight. It is an indirect evaluation of crumb structure.
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Smaller LSV is an indication of a compact and closed grain structure, while larger
LSV indicates a very open grain structure (Sharadanant and Khan 2003a,b). In this
study, LV and LSV of breads made from fresh and frozen-thawed (1, 3, 6 and 9 weeks)
dough are shown in (Fig. 4-9). There were no significant differences in LV and LSV
for fresh bread between all treatments and LV was within the established value range
of 500-600 cm3 for all samples. However, after one week of frozen storage LSV
decreased significantly (by 10%) (p < 0.05) for control A while composite and control
B bread samples remarkably exhibited an increase in LSV up to week 3 for control B
and up to week 6 for composite breads. Consequently, their LV exceeded the
established value by over 15%. It is worth mentioning that there was a significantly
large drop in LV as well as LSV for control B bread compared with control A and
composite A and B after week 3. Although a reduction in LV and LSV was observed
for all treatment samples with storage time, composite dough samples still maintained
a LV within the desired range of 500-600 cm3 throughout the storage period. The
reduction in LV and/or LSV with storage time may be attributed to decrease in both
yeast activity and the ability of the dough gluten network to retain CO2 during proofing
as a result of ice crystallization during frozen storage (Berglund et al., 1991). The
results are in agreement with Yi (2008) who concluded that LV for all breads
decreased with increased storage time for dough samples stored at different
temperatures (-10, -20, -30 and -35 ºC) and frozen storage time (up to 180 days). The
addition of wheat fiber to the frozen dough was able to overcome and reduced the
damage caused by ice crystal formation and water reallocation in the dough system
compared to both control A and B. These observations are similar to the results
90

obtained by Sharadanant and Khan (2003a,b). They incorporated hydrophilic gums
such as carboxymethyl cellulose and gum Arabic into wheat flour dough and stored
them at -23 ºC for up to 16 weeks and observed that the addition of the gums resulted
in a significant increase in LSV compared with the frozen control bread samples. The
results are in agreement with that found in our previous work for dough samples stored
for longer storage period (28 weeks) (Adams et al., 2015). In general, bread quality
characteristics were stable between week 14 and 28 of frozen storage; however, no
quality measurements were made during the first 9 weeks of storage. Giannou and Tzia
(2007) showed that deteriorative changes in frozen dough occur during the first 2
months of frozen storage and became stable after 3 months having acceptable quality
characteristics. In the current study we had similar observations in which quality of
control white bread deteriorated within the first week of storage followed by the whole
wheat flour bread (control B) within 6 weeks. The addition of wheat fiber, however,
lessened the harmful effect of frozen storage resulting in delaying deterioration until
after 9 weeks. This observation may be attributed to the impact of some the fiber
components in frozen dough systems. Work done by Jelaca and Hlynka (1972) and
Biliaderis et al., (1995), showed that addition of purified water soluble arabinoxylan
improved loaf volume and crumb structure. In addition, Delcour et al., (1999) found
loaf volume increased with the incorporation of rye material containing water soluble
pentosans and proteins to dough. Also Vanhamel et al., 1993 showed that addition of
2% high molecular weight rye water-soluble pentosans increased the loaf volume.
Water soluble AX was found to stabilize protein foams against thermal disruption
(Izydorczyk and Biliaderis 1992) which could provide additional strength to the gas
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cells during fermentation and baking, resulting in an improved LV as observed in this
study.
Because AX is the principal non-starch polysaccharide component in the wheat
fiber material used in this study, the increase in LSV observed for control B and
composite bread samples may be attributed to their influence on dough properties
during storage and baking. The ability to of these fiber substances in the bran to
interact with free water in the dough system during frozen storage thus, preventing
water movement and the negative impact on structure and functionality of starch and
gluten (Sharadanant and Khan 2003a,b; Asghar et al., 2009). Rosell et al., (2001) and
Sharadanant and Khan (2003a,b) also reported that the addition of hydrocolloids
increased the stability of the interface dough system during proofing, providing the
ability of the dough to rise to an optimum height during proofing and baking.
It is worth noting that control B behaved similar to composite samples up to
week 3 of frozen storage before deteriorating in the current study. This may be due to
the strong quality flour used in this experiment compared to the one used in the
previous study (Adams et al., 2015) and therefore confirmed the assumptions made in
our previous study that the impact of fiber materials (e.g. AX) depends on the flour
type. The rapid deterioration of control B after week 6 of frozen storage could be
attributed to the differences in fiber components (bran particles and germ) as well as
the amount of soluble and insoluble fiber portions. Control B contain high amount of
insoluble fiber content compared to control A and composite flour samples (Section
4.1.3).
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Fig. 4-9. Loaf specific volume and bread crumb firmness of bread made from fresh
and frozen-thawed dough made from control flours (A = refined flour & B = whole
wheat flour) and composite flours (A = wheat aleurone & B = wheat bran, both at 15%
flour replacement levels). The error bars represent standard deviation of the
measurements

Bread crumb texture is another key bread quality determinant as it influences
the eating quality (freshness and flavour) of the bread. Softer crumb texture is
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preferred by most consumers for pan breads (Korczyk–Szabo and Lacko–Bartosova
2013). The textural characteristics of bread crumb made from fresh and frozen-thawed
control and composite dough are shown in Fig. 4-9 and their appearance in Fig. 4-10.
No significant differences in the crumb texture were observed among all fresh dough
bread samples. Crumb firmness for control B and composite bread samples did not
change significantly up to week 3 of the dough’ frozen storage while control A
increased slightly. Bread baked from control B frozen dough, however, exhibited
significant (p < 0.05) large increase in crumb hardness after week 3 compared to
control A and composite dough samples. The results demonstrate that incorporation of
wheat fiber had no effects on the textural characteristics of bread crumb made from
freshly prepared dough. Also, frozen dough from composite A and B produced bread
with softer crumb texture (especially composite B) compared to control A throughout
the storage period (week 9). Firming of bread crumb and changes in crumb structure
(pore distribution) with prolong storage time has been associated with damage to
gluten network during frozen storage (Lu and Grant 1999). Lu and Grant (1999)
observed a rough internal structure and loss of overall baking quality of bread made
from frozen dough stored for 16 weeks. The significant large increase in bread crumb
firmness observed for control B after week 3 of frozen storage may be attributed to
deterioration in gluten structure leading to a denser crumb with reduced pore
distribution (Sharadanant and Khan 2003a,b; Asghar et al., 2005b) as observed in this
study (Fig. 4-10). The addition of 15% wheat fiber especially fiber B was found to
lessen these changes that occur during frozen storage compared to control A and B.
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Fig. 4-10. Appearance of bread made from fresh and frozen-thawed dough made from
control flours (A = refined flour & B = whole wheat flour) and composite flours (A =
wheat aleurone & B = wheat bran, both at 15% flour substitution levels).
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4.4.

Conclusion

Addition of wheat fiber to refined flour enhanced rheological properties of
dough and reduced the negative effect due to freezing and frozen storage with fiber B
or wheat bran being the most effective compared to fiber A (wheat aleurone). The data
suggest that AX and/or other gums in control B and composite flour samples was able
to bind water molecules released from the gluten-starch network during frozen storage
restricting their mobility and inhibiting ice crystals growth. This is evident by the
higher amount of bound water and less freezable water content in the frozen dough
system containing fiber materials compared to control A. Added fiber samples,
however, improved frozen dough bread quality characteristics up to week 9 of frozen
storage while control B behaved similar to the composite samples up to week 3 of
frozen storage but deteriorated significantly during the rest of the storage period. These
results suggest that the extent to which AX impact frozen dough stability, may be
dependent on flour type and/fiber cell type (whole wheat vs composite flour) and
composition (AX content and structure). Although the presence of AX indicated an
enhancing effect during frozen storage of the dough, there were still some changes in
the dough structure as frozen storage period increased (week 9). This was more
pronounced in the whole wheat dough samples and may be attributed to the high
amount of water insoluble AX in this sample compared to control A and composite A
and B. In summary, the addition of 15% wheat fiber was found to lessen changes in
rheological properties of frozen dough and produced bread with high LV and softer
crumb texture compared to controls (refined and whole wheat) flour samples.
However, further research is underway to understand the mechanism of AX in
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enhancing frozen dough rheological quality and also to reduce the damaging effect of
frozen storage on the dough structure during the first few weeks of frozen storage. It
will also be necessary to study the influence of isolated arabinoxylan on the frozen
dough properties as other component in the fiber materials may contribute to its
improving effect.
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5.

Properties of arabinoxylans in frozen dough enriched with wheat fiber

Abstract
Undesirable changes in bread dough caused by freezing and extended frozen storage
may be reduced by adding soluble fiber, specifically arabinoxylan due to its ability to
interact with dough components. This study aims to investigate changes in arabinoxylan
(AX) properties of yeasted dough enriched with 15% of either wheat aleurone or bran
(composite dough) during frozen storage. Composite dough samples were stored at -18
˚C for 9 weeks, together with refined and whole grain flour dough samples as references.
Water soluble arabinoxylan (WSAX) content in dough samples increased (19-33%)
during the first 3 weeks of frozen storage with the bran composite and whole wheat
dough exhibiting the highest values. Prolonged storage of dough (week 6 and 9),
however, caused a decline in WSAX content. Average molecular weight and intrinsic
viscosity of WSAX decreased during storage for all frozen dough samples. Arabinose to
xylose ratio also decreased by 11% and 6% for reference and composite dough samples,
respectively. There was a significant strong positive correlation (r= 0.89, p˂0.0001)
between WSAX content of dough and bread throughout the storage period. The results
suggested that changes in the content and structure of WSAX occur during frozen
storage. Depending on the storage period these changes could have either positive or
negative effect on the quality of baked breads.
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5.1. Introduction
Arabinoxylans (AXs) are polysaccharides found commonly in cereal grains
(rye, wheat, barley, etc.) and some grasses including rye and pangola grass (Fincher
and Stone 1986; Izydorczyk and Biliaderis 1995; Dervilly-Pinel et al., 2001). The
composition and properties of arabinoxylan in these materials vary which been
attributed to the impact of cultivar and environment. In wheat grain, arabinoxylan is
present in the cell wall tissues of the endosperm, aleurone layer and the bran (Lu et al.,
2000; Ingelbrecht et al., 2002; Adams et al., 2005; Autio 2006; Garcia et al., 2007;
Neyrinck et al., 2012; Saeed et al., 2011). Total arabinoxylan content ranges from 48% in the wheat grain (Hong et al., 1989). It makes up about 70% of the bran nonstarch polysaccharides (NSP) (Ring and Selvendran 1980; Maes and Delcour 2002).
Arabinoxylan has been described as water-soluble with molecular weight (≤ 106 Da)
and water-insoluble (WISAX) having molecular weight (˃ 106 Da) (Fessas and
Schiraldi, 2001). The different water behaviours of the two arabinoxylan groups have
been related to their chemical structure, substitution pattern, ferulic acid cross-links
and structural conformation (Fincher and stone 1986; Gruppen et al., 1992; Rose
2011). Most of wheat arabinoxylans are however water insoluble, about 70-80%
(Courtin and Delcour 2002). Structural differences in arabinoxylan have roughly been
characterized using the arabinose to xylose ratio (A/X). This has been shown to range
mostly from 0.5-0.6 for wheat flour water soluble arabinoxylan (WSAX). WSAX and
WISAX are documented to have similar structure with small variations in their average
MW and A/X ratios (Saulnier et al., 2007). The commonly used refined wheat flour
has between 1.5 and 2.5% total arabinoxylan (Wood et al., 1991; Lzydorczyk and
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Biliaderis, 1992; Biliaderis et al., 1995; Ragaee et al., 2001, Courtin and Delcour
2002). Although it is a small amount, it has been shown to impact the rheological
behavior of the dough and bread quality characteristics (Izydorczyk and Biliaderis
1995). This has been attributed to arabinoxylan viscosity enhancing, interfacial
activities and hydration properties. The impact could be positive or negative depending
on the fraction of arabinoxylan (WSAX and WISAX) and have been illustrated by
Courtin and Delcour (2002) from the mixing step to the end of baking. Addition of
WSAX to dough was shown to increase the viscosity of the aqueous medium
surrounding the gas cells resulting in increased gas retention, more stable foams and
hence improved final bread volume and crumb structure (Meuser and Suckow 1986;
Delcour et al., 1991; Courtin and Delcour 2002). The positive contribution of
arabinoxylan in fresh dough was however dependent on the quantity of arabinoxylan in
the dough system which basically depended on the type of flour used (Delcour et al.,
1999). Most studies have shown that WISAX has a negative impact on dough
and/bread characteristics (Rouau et al., 1994; Courtin et al., 2001). Solubilization of
WISAX into WSAX using xylanase therefore improved wheat bread dough
functionality resulting in an improved loaf volume (Courtin et al., 2001; Courtin and
Delcour 2002; Trogh et al., 2004).
Furthermore, the viscosity forming property of WSAX allow them to behave as
stabilizing agents in foods and pharmaceuticals by inhibiting ice crystal growth. This
property of arabinoxylan was also found to depend on the average molecular weight,
water binding and storage temperature (Fessas and Schiraldi, 2001; Laaksonen et al.,
2001).
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Until now, fiber materials used in frozen dough include inulin, oat, and βglucan enriched barley flours. These fibers resulted in decreased water mobility in the
dough system, which increased resistance to freezing and freeze damage (Leray et al.,
2010; Lu and Seetharaman 2012; Hamed et al., 2014) Our previous work also suggest
that addition of wheat fiber rich in arabinoxylan could reduce the negative impact of
frozen storage on dough rheological properties and thus improve bread quality
characteristics (Adams et al., 2015). Arabinoxylans with water soluble and water
insoluble portions may therefore help reduce the problem of loss of quality in frozen
doughs upon freezing and prolonged frozen storage. Moreover, arabinoxylan and
arabinoxylan oligosaccharides (AXOS) are well known prebiotics which may ensure
the delivery of health benefits associated with prebiotics (Kabel et al., 2002; Saulnier
et al., 2007; Damen et al., 2011).
No work has been done on the behaviour of arabinoxylan in dough upon
freezing and frozen storage. The goal for this study therefore is to understand the effect
of freezing and frozen storage on the properties of arabinoxylan in yeast leavened
frozen doughs made from refined wheat flour, whole grain flour and composite flour
samples prepared by substituting refined flour with 15% of either wheat aleurone or
bran.
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5.2. Materials and methods
5.2.1. Materials

Commercial wheat bran (~ 20% AX), 100% whole grain hard wheat flour
(100% extraction rate) and refined hard wheat flour (72% extraction rate) were
obtained from Parrheim Foods-The P&H Milling Group, Saskatoon, SK, Canada.
Wheat aleurone (~ 24%) was obtained from Horizon Milling, LLC, Wichita, KS, USA.
Enzymes used were α-amylase, Termamyl® 120L and bacteria protease, Neutrase®
0.8L (Novozyme, Bagsvaerd, Denmark), Amyloglucosidase from Aspergillus niger
(Megazyme International, Bray, Co. Wicklow, Ireland).

All enzyme units are as

specified by each supplier. D-Allose (internal standard) and sugar standards (Dglucose, D-xylose, D-arabinose, D-mannose and D-galactose) were purchased from
Sigma-Aldrich (Sigma-Aldrich Canada Cie. 2149 Winston Park Drive Oakville, ON
Canada). Shodex standards (P-82) pullulans were purchased from JM Science Inc.
(New York, USA) All chemicals used were of analytical grade.

5.2.2. Flour chemical composition
Starch content was analyzed using the Megazyme total starch assay procedures
(Megazyme International, Bray, Co. Wicklow, Ireland). Ash and dietary fiber fractions
(total, insoluble and soluble) for control and composite flour samples were determined
according to the AACC Intl. approved methods 08-01.01 and 32-07-01, respectively
(AACCI 2011). Protein was determined using the combustion method, with the Dumas
(FP-528 Leco Instrument Ltd., Mississauga, ON, Canada).
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5.2.3. Determination of xylanase activity

Apparent xylanase activity in control and composite flour samples was
measured as described by Courtin et al., (2005)

and Katina et al., 2012 using

Megazyme Xylanase AX tablets (Megazyme, Bray, Ireland). Fiber materials were
extracted with sodium acetate buffer (100 mM, pH 5.0, 1:10 w/v, sample/buffer) on a
magnetic stirrer (7.0 rpm, 60 min, 25 °C) and centrifuged (3000g, 20 min, 6 °C). The
supernatant (1 mL) was first incubated at 40 °C for 10 min before adding Xylazyme
AX tablet (Azurine-crosslinked wheat AX). Samples were incubated at 40 °C for 17 h
after which the reaction was stopped with 2.0% tris(hydroxymethyl)aminomethane
(TRIS) solution (10 mL). The absorbance at 590 (A590) values of the samples were
measured after filtration (Whatman no. 1 filter paper) against a control prepared by
incubating the sample supernatant without AX tablet and by adding the tablet after the
addition of (10 mL) TRIS solution. Xylanase activities were expressed in xylanase
units (U) per gram sample, where one unit of enzyme activity (1.0 U) is defined as the
amount of xylanase that yields an A590 of 1.0 g sample in 60 min under assay
conditions.

5.2.4. Sample preparation, frozen storage and analysis
5.2.4.1. Dough sample preparation, frozen storage, thawing and baking conditions
Yeasted bread dough was prepared on a 100 g scale from controls (refined and
100% whole wheat flour) and composite flours (refined flour substituted with either
aleurone or bran, both at 15% replacement levels) according to the approved method
AACCI 10-10.03 (2011). Frozen storage and thawing conditions were performed as
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described by Adams et al., (2015). Baking was done according to the approved method
AACCI 10-10.03 (AACCI 2011). Prior to analysis, fresh dough (before fermentation)
and frozen dough (right after removing from freezer) as well as bread samples (1 h
after baking) were freeze-dried (The Virtis Co., Gardiner, NY, USA). Freeze-dried
samples were ground into uniform fine particles following the procedure of Simsek
and Ohm (2009).

5.2.5. Sample analysis
5.2.5.1. Aqueous extracts
Aqueous crude extracts of flour, freeze-dried dough and bread samples were
prepared following the method of Saulnier et al., (1995) with some modifications.
Flour, freeze-dried dough and bread samples were heated (130 °C, 90 min), extracted
with deionized water (1:4 w/v, flour or dough/water and 1:6 w/v, bread/water) on a
magnetic stirrer (7.0 rpm, 90 min, 25 °C) and then centrifuged (3000g, 10 min). The
supernatant was transferred into a clean centrifuge tube and centrifuged again. The
clear supernatant was then filtered through a 0.45 µm membrane and used for crude
WSAX content, soluble protein, and size exclusion chromatography.
5.2.5.1. Total and crude water soluble arabinoxylan (WSAX) content
Total AX content was analyzed as alditol acetates, after hydrolysis with 1M
Sulphuric acid (H2SO4) for 2h at 100 °C as described by Englyst & Cummings (1984)
using 50 mg of heat treated (130 °C, 90 min) flour and freeze-dried dough samples.
Water soluble AX content was obtained by adding 0.2 mL of 12M H2SO4 to 1.8mL of
the aqueous extract and the concentration was adjusted to 1 M H2SO4 with water
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followed by hydrolysis in a boiling water bath for 2 hr. After cooling to room
temperature, D-Allose (0.5 mL of 2 mg/mL in water) was added as internal standard.
Alditol acetates of sugars obtained after hydrolysis and monosaccharide standards
(arabinose, xylose, glucose, galactose, and mannose) were prepared as described by
Englyst and Cummings (1984). Monosaccharide composition of alditol acetates were
analyzed using an Agilent 6890N gas chromatograph (GC) (Agilent Technologies)
equipped with a flame ionization detector. A WCOT CP Sil-88 column (50 m × 250
μm × 0.20 μm) was used and separation was achieved at 225 °C. The injection and
detector temperatures were 250°C with a run time of 35 min. The monosaccharides
were identified by using retention times of each specific standard and quantified with a
standard curve. WSAX content was corrected for the presence of arabinose from
arabinogalactans (considering an arabinose to galactose ratio of 0.7) using the formula
(% arabinose + % xylose – 0.7% * Galactose) × 0.88 (Dervilly-Pinel et al., 2001). All
analyses were made in duplicate.
5.2.5.2. Protein content of aqueous extracts
Soluble protein in aqueous flour and dough extract was evaluated using the
Dumas (FP-528 Leco Instrument Ltd., Mississauga, ON, Canada) method. The
conversion factor of 5.7 was used to estimate the protein content of the extracts
(AOAC International Method 992.23 (1998)).
5.2.5.3. Molecular weight (MW) of WSAX in aqueous extracts of dough and bread
Molecular weight distribution of soluble arabinoxylan in aqueous extracts of
dough and bread were analyzed using a high performance size-exclusion
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chromatographic (HPSEC) system (Shimadzu Scientific Instruments Inc., Maryland,
US) equipped with PolyAnalytik SB-806M GPC Column and PAA-G Guard column
(Polyanalytik Canada, London, Canada) maintained at 40°C. Prior to analysis, freezedried aqueous extracts obtained from 1:4 w/v flour or dough/water and 1:6 w/v
bread/water were dissolved in 0.1 M sodium nitrate buffer containing 0.05% (w/w)
sodium azide (NaN3). The samples were filtered through a 0.45 μm membrane and run
at a flow rate of 0.6 mL/min with the same buffer as the eluent. All measurements
were made from data obtained with a refractive index (RI) detector (Shimadzu RID10A) from Mandel Scientific (Guelph, Ontario, Canada). Values were calculated using
EZStart 7.4 software and weight average molecular weight (Mw) was acquired. P-82
pullulan standards with Mw range of 5900–788,000 Da were used to calibrate the
method. Molecular weight profile of the crude WSAX was also obtained using an
HPSEC triple detector system described below.

5.2.6. Isolation of water soluble arabinoxylan (WSAX)
Water soluble arabinoxylan (WSAX) was isolated from flour and freeze-dried
dough samples following the method of Ragaee et al., (2001) and Maes and Delcour
(2002) with some modifications. A suspension of flour and dough samples (1:10 w/v)
was heated to 90 ˚C with continuous stirring for 30 min. The suspension was treated
with Termamyl 120L (0.1 mL/g, 90 ˚C, 30 min). The pH of the suspension was
adjusted to 6.0 after cooling to room temperature and then heated (50-55 ˚C, 4 h) with
Neutrase (0.1 mL/g). After enzyme inactivation (30 min boiling), the suspension was
centrifuged (10000g, 30 min, 4 ˚C) to obtain the filtrate containing the water soluble
material. The filtrate was centrifuged again (10000g, 30 min, 4 ˚C) to remove residual
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solids and incubated with amyloglucosidase (0.1 mL/g) at 60 °C, overnight. The
solution was heated to 100 ˚C for 30 min, cooled to 25 °C and centrifuged (10000g, 30
min, 4 ˚C). This was followed by precipitation of WSAX with 95% ethanol (1:4 v/v)
overnight at 4 ˚C. The precipitate was centrifuged, (10000g, 30 min, 4 ˚C) washed with
ethanol and air-dried. The air-dried residue (mostly WSAX) was re-solubilized in
deionized water (1:10 w/v) and the solution was added to a suspension of silica gel
(1:4 w/v) to reduce protein content. The pH of the suspension was adjusted to 4.65,
stirred for 30 min at room temperature and centrifuged (10000g, 30 min, 4 ˚C). The
supernatant was dialyzed against deionized water (48 h, 4 °C). The dialyzed
supernatant was centrifuged (10000g, 30 min, 4 ˚C) and freeze-dried to obtain the
isolated WSAX fraction.
5.2.6.1. Isolated water soluble arabinoxylan (WSAX) content
The content of soluble arabinoxylan isolated from heat treated (130 °C, 90 min)
flour and freeze-dried dough samples was obtained using 5 mg of the isolated WSAX
material and D-Allose (0.2 mL of 2 mg/mL in water) as internal standard. Hydrolysis
and alditol acetates of sugars and monosaccharide standards were prepared as
described by Englyst and Cummings (1984).
5.2.6.2. Molecular weight distribution
Molecular weight distribution of isolated WSAX was analyzed using a high
performance size-exclusion chromatographic (HPSEC) system (Shimadzu Scientific
Instruments Inc., Maryland, US) with two AquaGel PAA-M columns and a
PolyAnalytik PAA-203 column (Polyanalytik Canada, London, Canada) in series
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maintained at 40°C. The column has a total volume of 34.9 mL. Prior to analysis,
samples and standards were prepared at a concentration of 1 mg/mL using 0.1 M
sodium nitrate buffer containing 0.05% (w/w) sodium azide (NaN3). The samples were
stirred continuously (overnight at 35 °C) and the solutions were filtered through a 0.45
μm membrane and run at a flow rate of 0.6 mL/min with the same buffer as the eluent.
All measurements were made from data obtained with a model 305 Triple Detector
Array from Viscotek (Viscotek TDA 305), which was comprised of a refractive index
(RI) detector, a differential pressure viscometer, a right angle laser light scattering
detector and a low angle laser light scattering detector. Values were calculated using
OmniSEC 4.6.1 software and weight average molecular weight (Mw), intrinsic
viscosity (η) and radius of gyration (Rg) were acquired. P-82 pullulan standards with
Mw range of 5900–788,000 Da were used to calibrate the method.
5.2.6.3. Nuclear magnetic resonance (NMR) spectroscopy of isolated WSAX
H NMR spectra of isolated WSAX was obtained at 40 ˚C following the method
described by Ragaee et al., (2001) using a BRUKER 600 MHz NMR spectrometer
(NMR Center University of Guelph, ON Canada) operating at 313 K. WSAX was
dissolved in D2O (2 mg/mL) and Number of scans used was 32. Relative amounts of
un-substituted, mono and di-substituted xylose residues were calculated from the
anomeric protons at the chemical shift region (5.2-5.4 ppm). Chemical shifts were
measured with reference to trimethylsilyl propionate (TSP).
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5.2.7. Statistical analysis
Statistical analyses were performed using SAS statistical software (version
9.4). For each experiment, analysis of variance (ANOVA) was used to study
significant differences among treatments. Significant differences between treatments
were calculated using Tukey’s multiple range test. The P value < 0.05 was considered
as significant. Correlation analyses (by determining the Pearson correlation) were also
performed to determine possible linear relationship between variables. All samples
were tested at least in triplicate.

5.3. Results and discussion
5.3.1. Flour quality
5.3.1.1. Flour chemical composition and xylanase activity
Protein, starch, dietary fiber and ash content of refined flour and fiber materials
have been previously presented (Table 3-1 and Chapter 4). Flour xylanase activity
results (Table 5-1) showed that composite flour B (15:85 w/w, wheat bran/refined
flour) exhibited the highest enzyme activity level (0.11 U/g) followed by control B
(whole grain flour) and composite flour A (15:85 w/w, wheat aleurone/refined flour)
(0.04 and 0.03 U/g, respectively) while control A (refined flour) had the lowest
enzyme activity (0.01 U/g). Substitution of refined flour with 15% wheat fiber
significantly increased the xylanase activity in the flour since endosperm flour has very
low levels of endo-xylanase compared to the bran tissues (Moore and Hoseney 1990).
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5.3.2. Total arabinoxylan content of control and composite flour samples
Total arabinoxylan (TAX) (g/100 g flour dry matter) of controls and composite
flour samples are presented in Table 5-1. TAX values ranged from 1.57-5.5 (g/100g
flour). Whole wheat flour (control B) had the highest TAX content while refined flour
(control A) had the lowest value. Substitution of refined flour with 15% wheat
aleurone or bran increased TAX in flour by 185% and 163%, respectively. The values
obtained for TAX content in the flour samples agree with literature values. For
example an average of 2.1% TAX is reported for refined wheat flour while TAX
ranges between 4 and 8% in the wheat grain (Hong et al., 1989; Saulnier et al., 1995;
Autio 2006; Saulnier et al., 2007). Kiszonas et al., (2015) also reported a range of
4.18–5.93% for TAX in five commercial whole wheat varieties. Total arabinoxylan
content and its arabinose to xylose ratio (A/X) were significantly higher for control B
and composite flour samples compared to refined flour (control A). This was expected
because AX makes up about 70% of the bran non-starch polysaccharides (Ring and
Selvendran 1980).
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Table 5-1. Total arabinoxylan contents (g/100g flour dry matter) and A/X ratio of
arabinoxylan from control (A = refined flour & B = whole wheat flour) and composite
(A = wheat aleurone & B = wheat bran both at 15% refined flour replacement levels)
flour samples
Total arabinoxylan
Sample

Xylanase activity
U/g

g/100
A/X
flour
Control A
1.57 ± 0.10c
0.30 ± 0.01b
0.01 ± 0.00d
Control B
5.50 ± 0.20a
0.43 ± 0.00a
0.04 ± 0.00b
Composite A
4.47 ± 0.11b
0.43 ± 0.01a
0.03 ± 0.00c
Composite B
4.13 ± 0.13b
0.41 ± 0.01a
0.11 ± 0.00a
A: Arabinose; X: Xylose; G: Galactose; A/X: Arabinose to xylose ratio; Total
arabinoxylan: 0.88*(%A+ %X -0.7* %G) of AX in g/100 g of flour dry matter and
A/X: (%A/%X) Means in each column with the same letters for each parameter are not
significantly different at P < 0.05.
5.3.3. Aqueous extracts (AE) of flour and dough
5.3.3.1. WSAX and soluble protein content of aqueous extracts
Crude WSAX, WISAX (g/100g dough dry matter) and extractability
(WSAX/WISAX) as well as soluble protein content of aqueous extracts from controls
and composite dough samples are represented in Table 5-2. WSAX content of aqueous
extracts from flour was 0.25, 0.27, 0.28 and 0.27 g/100g for control A, control B,
composite A and composite B respectively. Kiszonas et al., (2015) reported a range of
0.12-0.29% for five varieties of refined flour and 0.12-0.26% for whole wheat flour
while Saulnier et al., (1995) reported a range of 0.36 to 0.83% for WSAX from
aqueous extracts of a collection of 22 wheat grain varieties grown in France. WSAX
from dough aqueous extracts ranged from 0.23-0.33 g/100g. In general, dough WSAX
contents were significantly higher for frozen dough samples (week 1 to 3) compared to
fresh dough. There are no reported data for arabinoxylan in aqueous extracts of frozen
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doughs however values of fresh dough ranged between 0.11 and 0.37% for refined and
whole wheat flour doughs (Kiszonas et al., (2015). Changes in crude WSAX content of
dough as well as calculated WISAX and extractability with frozen storage are
discussed extensively in Section 5.3.5 along with the values of isolated arabinoxylan
from flour and dough samples. There was however a significantly weak positive
correlation (r= 0.58, p˂0.0001) between crude WSAX and bread loaf volume values
reported in Chapter 3 of this thesis suggesting a positive impact of WSAX on loaf
volume.
Soluble protein content in aqueous extracts of flour samples was higher for
control B (0.58%) followed by composite B (0.50%) while control A and composite A
had similar values (0.47 and 0.46%, respectively). This may be due to the higher total
protein content in control B (Chapter 4). In the aqueous extracts of doughs soluble
protein content increased for control B with increased storage up to week 6 (Table 52). This may suggest some level of breakdown of insoluble protein polymers during
frozen storage (Magana-Barajas et al., 2014). Protein content however remained stable
for control A and composite dough samples up to week 3 followed by a decline after
week 6 and 9 of storage. Soluble protein content had a positive correlation (r= 0.71
p˂0.0001) with WISAX content of aqueous extracts and total arabinoxylan content. It
also correlated negatively (r= -0.66, p˂0.0001) with aqueous extracts arabinoxylan
extractability values. In addition, soluble protein content had a positive relationship (r=
0.71, p˂0.0001) with A/X ratio of total arabinoxylan. These observations suggest a
direct interaction of arabinoxylan with flour proteins and other dough components.
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Literature results for aqueous extracts from refrigerated dough showed increase in
protein content with increased storage time from 0 to 34 days (Gys et al., 2003).
5.3.3.2. WSAX content of aqueous bread extracts
WSAX content (g/100g bread dry matter) of aqueous extracts from bread is
presented in Table 5-2. Values ranged from 0.24-0.35%. Control A had the lowest
values. There were no significant differences between WSAX values for control B and
composite A and B. Generally, bread WSAX contents were significantly higher for
those made from frozen dough samples compared to fresh dough due to breakdown of
WISAX during frozen storage. Similarly free sugar content (arabinose, xylose,
mannose, galactose and glucose) particularly glucose (%) increased with prolonged
storage for all samples (Table 5-3). This is an indication of hydrolysis of starch and
other complex carbohydrates during baking. Kiszonas et al., (2015) reported a range of
0.22-0.29% for WSAX of five varieties of refined flour bread crumb and 0.18-0.34%
for whole wheat flour bread crumb (i.e. unfrozen dough bread). There was a slight
increase in WSAX content of bread aqueous extract compared to WSAX from dough
aqueous extract suggesting some level of WISAX solubilization during the bread
making process. This may have occurred during the dough proofing/fermentation
process. Although the increase was insignificant after baking, it is possible that
significant amount of WISAX was solubilized but may have undergone complex
molecular interactions (covalent cross-links) between arabinoxylan molecules and
other flour components which is known to occur during bread baking (Courtin et al.
2001; Kiszonas et al., 2015). It could also be attributed to difficulties related to
extraction of the WSAX from the bread samples.
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Table 5-2. AX content (WSAX, WISAX) (g/100g dough dry matter), extractability,
protein (%) and bread WSAX (g/100g bread dry matter) from control (A = refined
flour & B = whole wheat flour) and composite (A = wheat aleurone & B = wheat bran
both at 15% refined flour replacement levels) bread aqueous extracts (AE)
Storage period
(weeks)
Control A
Fresh dough
Week 1
Week 3
Week 6
Week 9
Control B
Fresh dough
Week 1
Week 3
Week 6
Week 9
Composite A
Fresh dough
Week 1
Week 3
Week 6
Week 9
Composite B
Fresh dough
Week 1
Week 3
Week 6
Week 9

WSAX (%)
(Dough AE)

WISAX (%)
(Dough AE)

Extractability
(WSAX/WISAX)
(Dough)

Protein (%)
(Dough AE)

WSAX (%)
(Bread AE)

0.23 ± 0.00a
0.24 ± 0.01a
0.26 ± 0.01a
0.24 ± 0.00a
0.23 ± 0.01a

1.14 ± 0.05a
1.08 ± 0.10a
1.04 ± 0.10a
1.01 ± 0.04a
1.00 ± 0.03a

0.20 ± 0.01a
0.22 ± 0.03a
0.25 ± 0.01a
0.24 ± 0.01a
0.23 ± 0.00a

0.31 ± 0.01a
0.29 ± 0.01a
0.30 ± 0.01a
0.16 ± 0.01b
0.13 ± 0.00b

0.24 ± 0.00c
0.26 ± 0.00b
0.28 ± 0.00a
0.28 ± 0.01a
0.26 ± 0.00bc

0.25 ± 0.00b
0.27 ± 0.01b
0.33 ± 0.01a
0.28 ± 0.00b
0.25 ± 0.01

4.48 ± 0.0a
4.27 ± 0.1ab
3.98 ± 0.13bc
3.84 ± 0.01c
3.82 ± 0.09c

0.05 ± 0.00c
0.06 ± 0.00bc
0.08 ± 0.01bc
0.07 ± 0.01c
0.06 ± 0.01c

0.39 ± 0.01a
0.33 ± 0.00bc
0.36 ± 0.00ab
0.38 ± 0.01a
0.31 ± 0.00c

0.29 ± 0.00cb
0.31 ± 0.00b
0.34 ± 0.01a
0.30 ± 0.01b
0.27 ± 0.00c

0.25 ± 0.00d
0.27 ± 0.01c
0.33 ± 0.00a
0.29 ± 0.00b
0.25 ± 0.00d

3.54 ± 0.21a
3.29 ± 0.15b
3.25 ± 0.01b
3.18 ± 0.09b
3.14 ± 0.24b

0.07 ± 0.01c
0.08 ± 0.00bc
0.10 ± 0.00a
0.09 ± 0.00ab
0.08 ± 0.01bc

0.34 ± 0.01a
0.34 ± 0.00a
0.33 ± 0.00a
0.29 ± 0.00b
0.26 ± 0.01bc

0.28 ± 0.00c
0.30 ± 0.00c
0.35 ± 0.01a
0.30 ± 0.01b
0.29 ± 0.00c

0.25 ± 0.00b
0.27 ± 0.01b
0.29 ± 0.00a
0.26 ± 0.00b
0.26 ± 0.00b

3.27 ± 0.04a
3.06 ± 0.09ab
2.92 ± 0.00b
2.91 ± 0.10b
2.87 ± 0.04b

0.08 ± 0.00b
0.09 ± 0.01ab
0.10 ± 0.00a
0.09 ± 0.00a
0.09 ± 0.00a

0.36 ± 0.00a
0.34 ± 0.00ab
0.33 ± 0.00b
0.30 ± 0.01c
0.26 ± 0.01d

0.28 ± 0.01b
0.31 ± 0.00a
0.32 ± 0.00a
0.31 ± 0.00a
0.30 ± 0.00a

A: Arabinose; X: Xylose; G: Galactose; TAX: Total arabinoxylan; AE: aqueous
extract, WISAX: water insoluble AX; WSAX/WISAX = Extractability
WSAX: 0.88*(%A+ %X -0.7* %G) of AX extracted by water in g/100 g of dough/bread
dry matter
WISAX: (TAX – WSAX) and WSAX/WISAX = Extractability
Means in each column with the same letters for each parameter are not significantly
different at P < 0.05.
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Table 5-3 Sugar composition (g/100g bread dry matter) of bread WSAX from
control (A = refined flour & B = whole wheat flour) and composite (A = wheat
aleurone & B = wheat bran both at 15% refined flour replacement levels) bread
samples
Storage
period
(weeks)

Arabinose
(%)

Xylose
(%)

Mannose
(%)

Galactose
(%)

Glucose
(%)

Fresh dough

0.18 ± 0.00b

0.18 ± 0.00a

0.08 ± 0.00c

0.12 ± 0.01a

1.44 ± 0.02b

Week 1

0.19 ± 0.00b

0.19 ± 0.00a

0.08 ± 0.00c

0.13 ± 0.00a

1.57 ± 0.02b

Week 3

0.20 ± 0.00a

0.21 ± 0.00a

0.11 ± 0.00b

0.14 ± 0.01a

2.27 ± 0.08a

Week 6

0.20 ± 0.00a

0.21 ± 0.00a

0.12 ± 0.00b

0.14 ± 0.00a

2.26 ± 0.03a

Week 9

0.18 ± 0.00b

0.20 ± 0.01a

0.16 ± 0.01a

0.13 ± 0.01a

2.26 ± 0.02a

Fresh dough

0.21 ± 0.00c

0.22 ± 0.00c

0.07 ± 0.00c

0.14 ± 0.00b

1.20 ± 0.04b

Week 1

0.22 ± 0.00b

0.24 ± 0.00b

0.08 ± 0.00c

0.16 ± 0.01ab

1.42 ± 0.00b

Week 3

0.25 ± 0.00a

0.27 ± 0.00a

0.11 ± 0.00b

0.19 ± 0.03a

2.38 ± 0.25a

Week 6

0.22 ± 0.00b

0.23 ± 0.00b

0.17 ± 0.01a

0.16 ± 0.01ab

2.06 ± 0.08a

Week 9

0.19 ± 0.00d

0.21 ± 0.00d

0.17 ± 0.00a

0.13 ± 0.00b

2.37 ± 0.05a

Fresh dough

0.21 ± 0.00b

0.22 ± 0.00c

0.09 ± 0.00e

0.15 ± 0.00d

1.65 ± 0.00c

Week 1

0.22 ± 0.00b

0.23 ± 0.00c

0.12 ± 0.00d

0.15 ± 0.00c

1.81 ± 0.06c

Week 3

0.24 ± 0.00a

0.28 ± 0.00a

0.15 ± 0.00c

0.17 ± 0.00b

2.49 ± 0.02a

Week 6

0.23 ± 0.00a

0.23 ± 0.00b

0.18 ± 0.00b

0.16 ± 0.00a

2.37 ± 0.04a

Week 9

0.22 ± 0.00b

0.23 ± 0.00c

0.23 ± 0.00a

0.15 ± 0.00d

2.33 ± 0.10b

Fresh dough

0.19 ± 0.01b

0.22 ± 0.00b

0.08 ± 0.00e

0.13 ± 0.00b

1.66 ± 0.02d

Week 1

0.21 ± 0.00a

0.23 ± 0.00a

0.10 ± 0.01d

0.13 ± 0.00b

1.89 ± 0.01c

Week 3

0.23 ± 0.00a

0.24 ± 0.00a

0.14 ± 0.00c

0.15 ± 0.01a

2.22 ± 0.13bc

Week 6

0.22 ± 0.00a

0.24 ± 0.00a

0.17 ± 0.00b

0.16 ± 0.00a

2.62 ± 0.05a

Week 9

0.21 ± 0.00a

0.23 ± 0.00b

0.18 ± 0.01a

0.13 ± 0.00a

2.23 ± 0.05ab

Control A

Control B

Composite A

Composite B

Means across a row with the same letters for each parameter are not significantly
different at P < 0.05
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Kiszonas et al., (2015) observed a decrease in WSAX content during baking while
Cleemput et al., (1997) reported a 14-15% increase in WSAX content for three
varieties of wheat flour after baking. The inconsistency in these reports may be due to
the differences in the extraction/isolation procedures used for determination of the
WSAX contents. The increase in WSAX content after baking was attributed to heattreatment during baking. Bread WSAX values however correlated significantly with
WSAX from crude aqueous extracts of dough (r = 0.89, p˂0.0001) as well as bread
loaf volume values reported in Chapter 3 of this thesis (r = 0.59, p˂0.0001). This
again suggests a very strong influence of WSAX content on bread quality.
5.3.3.3. Molecular weight (MW) of WSAX in aqueous extracts of dough and bread
The HPSEC profiles of crude WSAX from different flour and dough are
presented in Fig. 5-1.

Two populations (high molecular weight HMW and low

molecular weight LMW) were observed. All dough samples (week 3 & 9) exhibited
higher intensity in LMW compared to their corresponding fresh doughs. Solubilization
of WISAX in the dough samples to obtain high MW soluble fraction was more evident
in dough stored for 3 weeks as shown by the high intensity of the HMW in the profile
particularly for the composite dough samples. Control A and composite A WSAX
exhibited the highest MW (~ 420 kDa) followed by composite B (~ 360 kDa) and
control B (~350 kDa) Table 5-4. Similarly WSAX from bread MW was higher for
control A and composite A WSAX (~ 360 kDa) compared to composite B and control B
(~ 320 kDa). The values were however lower for bread HMW (i.e. peak 1) WSAX
indicating further breakdown in arabinoxylan polymer during the bread making process.
The MW values of the LMW population (peak 2) for bread WSAX were however
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higher compared to their dough (peak 2) counterparts. This may be the result of
covalent cross-linking of arabinoxylan molecules with each other or with other flour
and dough component (Courtin et al., 2001; Kiszonas et al., 2015). These results are in
agreement with literature results (Courtin et al., 2001; Li et al., 2013; Cyran and
Dynkowska 2014). The MW results for the HMW population (peak 1) of dough WSAX
from aqueous extract correlated significantly with peak 1 (r = 0.70, p˂0.0001) and peak
2 (r = 0.79, p˂0.0001) of bread MW values. No simple relationship was observed
between molecular weight and dough rheological properties.
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Fig. 5-1. High performance size-exclusion chromatographic (HPSEC) profile of AX
extracted by water from control (A = refined flour & B = whole wheat flour) and
composite (A = wheat aleurone & B = wheat bran both at 15% refined flour replacement
levels) flour and dough samples. P-82 pullulan standards with a molecular (MW) range
of 5900–788,000 Da were used to calibrate the method.
118

25.83

26.9228.00

Table 5-4. Molecular weight (MW) (kDa) of controls (A = refined flour & B =
whole wheat flour) and composite (A = wheat aleurone & B = wheat bran both at
15% refined flour replacement levels) dough and bread aqueous extracts both high
molecular weight (MW) (HMW) and low MW (LMW) populations
Storage
period
(weeks)
Control A

Dough WSAX
(HMW)

Dough WSAX
(LMW)

Bread WSAX
(HMW)

Bread WSAX
(LMW)

Fresh dough

429 ± 0.6a

26 ± 0.4a

357 ± 4.8a

54 ± 0.9a

Week 1

418 ± 0.4b

26 ± 0.1a

349 ± 0.8a

50 ± 0.0a

Week 3

420 ± 5.7ab

26 ± 0.6a

362 ± 5.2a

52 ± 3.4a

Week 6

417 ± 0.3b

24 ± 0.4a

352 ± 8.7a

53 ± 3.9a

Week 9

417 ± 0.6b

26 ± 0.5a

371 ± 14.7a

52 ± 1.7a

Fresh dough

353 ± 0.5a

24 ± 0.9a

305 ± 1.7c

32 ± 0.9a

Week 1

352 ± 1.3a

24 ± 0.3a

336 ± 2.6a

37 ± 1.3a

Week 3

353 ± 0.8a

24 ± 0.1a

340 ± 2.6a

35 ± 0.4a

Week 6

351 ± 2.3a

24 ± 0.5a

320 ± 2.6b

38 ± 3.2a

Week 9

344 ± 0.8b

24 ± 0.3a

286 ± 0.0d

32 ± 0.3a

Fresh dough

426 ± 5.9a

28 ± 0.3a

355 ± 11.2ab

45 ± 1.3ab

Week 1

421 ± 0.8a

27 ± 0.4a

375 ± 10.7a

37 ± 0.0c

Week 3

425 ± 1.3a

26 ± 0.4b

350 ± 0.0ab

41 ± 1.3bc

Week 6

430 ± 1.2a

26 ± 0.3b

337 ± 8.3b

48 ± 0.4a

Week 9

431 ± 0.5a

28 ± 0.3a

324 ± 6.8b

46 ± 3.0ab

Fresh dough

362 ± 0.5a

28 ± 0.3a

305 ± 0.0c

32 ± 0.5a

Week 1

363 ± 0.9a

27 ± 0.5a

341 ± 2.1a

24 ± 1.6b

Week 3

362 ± 0.6a

26 ± 0.1a

313 ± 0.0b

25 ± 1.7b

Week 6

364 ± 0.5a

27 ± 0.9a

308 ± 0.0bc

23 ± 2.3b

Week 9

363 ± 1.0a

26 ± 0.3a

337 ± 3.1a

24 ± 0.8b

Control B

Composite A

Composite B

HMW: high molecular weight; LMW: low molecular weight. Means in column with
the same letters for each parameter are not significantly different at P < 0.05 within
treatment

119

5.3.4. Properties of arabinoxylan isolated from control and composite flour samples
Water soluble arabinoxylan was isolated from control and composite flour
samples to obtain pure arabinoxylan for further structural analysis and to support
results obtained from aqueous extract analysis. The properties of arabinoxylan
(WSAX, A/X) and their structural features are discussed for flour samples (Table 5-5).
The content of WSAX in the isolated fraction of flour samples ranged from 0.47-0.63
g/100g flour. Composite A and control B exhibited the highest values (0.63 and
0.62%) respectively for WSAX content followed composite B (0.55%) while control A
had the lowest (0.47%). Saulnier et al., (2007) reported a range of 0.26 to 0.75 for a
collection of 20 wheat flour cultivars while Delcour et al., (1999) reported a range of
0.35–1.38% for WSAX from 19 wheat mill streams. There were no significant
differences between the values for arabinose to xylose ratios (A/X) of WSAX isolated
from control and composite flour samples. Molecular weight (MW) parameters of the
major peak for all flour samples are presented in Table 5-5. Weighted average MW
was highest for control A flour (229 kDa) followed by composite B (207 kDa) while
there was no significant difference between control B (179 kDa) and composite A
(197). WSAX peak molecular weight (Mp) obtained by the refractive index detector
however was higher for control A and composite A compared to composite B and
control B. Intrinsic viscosity [η] number is defined as the limiting value of the ratio of
the solution’s specific viscosity and concentration at zero concentration (Pefferkorn
1999). The [η] measured in a specific solvent is related to the polymer molecular
weight by Mark-Houwink equation [η] = kMᵥa, where the constants k and a are
dependent on the polymer solvent and temperature (Wang and Cui 2005). Composite
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A flour had the highest [η] value (3.5 dl/g). This was followed by composite B (3.0
dl/g) and control A (2.9 dl/g) whereas control B had the lowest (2.3 dl/g). The
variability in [η] between the flour samples may be due to differences in their
arabinose substitution pattern and molecular size. Radius of gyration (Rg) which is an
indication of the size of the polymer coil was similar for control A and composite B
(52 nm) followed by composite A (40 nm) while control B exhibited the smallest
polymer size (25.3). Polydispersity (PDI) is a measure of broadness of a polymer MW
distribution and larger values indicate wider molecular weights distribution. The
polymers of control A and B arabinoxylan were more highly distributed (PDI = ~ 2.2)
compared to that of composite A and B (PDI ~1.8). The slope of Mark Houwink plot
(“a” value), which is an indication of polymer flexibility, suggests that the WSAX in
the flour samples are within the region of flexible chain (0.5 ≤ a ≤ 0.8). Varying
results have been reported for WSAX MW parameters depending on the method of
evaluation. The results obtained however are within the range of values in the literature
for wheat flour arabinoxylans (Izydorczyk and Biliaderis 1995; Saulnier et al., 2007).
Relative distribution of un-substituted (Un-sub), mono-substituted (Mono-sub)
and di-substituted (Di-sub) xylose residues in isolated WSAX from controls and
composite flour samples obtained from NMR analysis showed large variations in
arabinoxylan substitution pattern for all samples. Composite A flour WSAX had the
most unsubstituted xylose residues (57%) while control B had the least (44%). This is
consistent with literature as it is known that the aleurone WSAXs are lowly substituted
(Saulnier et al., 2007). The lower degree of arabinose substitution on the xylan
backbone of composite A WSAX polymer could therefore be the result of its high
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intrinsic viscosity since it is able to occupy a large volume in solution (Ragaee et al
2001). Also the high value of di-substituted xylose residues obtained for control B is in
harmony with its low molecular weight, intrinsic viscosity and radius of gyration. It is
reported in literature that highly di-substituted arabinoxylan polymers demonstrate
smaller hydrodynamic volume (i.e. the volume of a polymer coil in solution) (Ragaee
et al 2001).
It is obvious from the results that the starting flours (both controls and
composite samples) exhibit different arabinoxylan properties and may therefore behave
differently during frozen storage.
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Table 5-5. Isolated water soluble arabinoxylan (WSAX) content, A/X ratio and
molecular features of WSAX of controls (A = refined flour & B = whole wheat flour)
and composite (A = wheat aleurone & B = wheat bran both at 15% refined flour
replacement levels) flour samples
WSAX
properties

Control A

Control B

Composite A

Composite B

WSAX g/100
flour

0.47± 0.01c

0.62 ± 0.01a

0.63± 0.02a

0.55 ± 0.02b

0.83 ± 0.01a

0.83 ± 0.01a

0.83 ± 0.02a

0.82 ± 0.01a

Mw (kDa)

229 ± 10.6a

179 ± 6.3b

197 ± 0.6b

207 ± 8.8ab

(η) (dl/g)

2.9 ± 0.1b

2.3 ± 0.1c

3.5 ± 0.1a

3.0 ± 0.0b

Rg (nm)

52.6 ± 8.6a

25.3 ± 1.0c

40.0 ± 1.1b

52.0 ± 0.2a

PDI

2.1 ± 0.1ab

2.3 ± 0.1a

1.8 ± 0.1bc

1.7 ± 0.1c

a

0.6 ± 0.0a

0.6 ± 0.0a

0.6 ± 0.1a

0.6 ± 0.0a

Mp (kDa)
(HMW)

368 ± 2.6a

272 ± 10.0b

376 ± 0.0a

291.9 ± 15.5b

Mp (kDa)
(LMW)

22.5 ± 0.2b

21.1 ± 0.0b

22.2 ± 0.0b

40.7 ± 0.1a

Un-(sub) xylose
(%)

54

44

57

51

Mono - (sub)
xylose (%)

15

17

16

20

Di-(sub) xylose
(%)

31

39

27

29

Structural
features
A/X

A: Arabinose; X: Xylose; G: Galactose; WSAX: Water soluble AX; A/X: Arabinose to
xylose ratio; WSAX: 0.88*(%A+ %X -0.7* %G) of AX isolated in g/100 g of flour dry
matter A/X: (%A/%X) Mw: weight average molecular weight; [η]: intrinsic viscosity;
Rg: radius of gyration; PDI: polydispersity index (ratio of Mw/Mn); a: slope of MarkHouwink plot; Mp: peak molecular weight, HMW: high molecular weight, LMW: low
molecular weight. Means across a row with the same letters for each parameter are not
significantly different at P < 0.05.
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5.3.5. Dough analysis
5.3.5.1. Changes in total arabinoxylan (TAX) during frozen storage
TAX values for fresh and frozen dough samples ranged from 1.30-4.72 (g/100g
dough) (Table 5-6). Whole wheat flour dough (control B) had the highest TAX content
while refined flour dough (control A) had the lowest value. Frozen storage of dough
did not significantly alter TAX in the dough for control A and composite A. However,
TAX decreased for control B (by 5.1%) and composite B (by 3.6%) after week 3 of
frozen storage. The decrease in the TAX content may be attributed to interaction of
arabinoxylan (covalent cross-linking) with other dough components, thus reducing
their availability during hydrolysis of the dough samples (Kiszonas et al., 2015) or free
arabinose and xylose sugars may be used by other heterofermentative bacteria found in
the bran (Katina et al., 2012). TAX content and its A/X had strong significant negative
association (r= -0.84, p˂0.0001) and (r= -0.79, p˂0.0001), respectively with dough
water mobility values reported in Chapter 3 of this thesis. These observations suggest
that the quantity of AX in dough during frozen storage could be considered one of the
factors that would impact water behaviour in the dough system.
5.3.5.2. Changes in dough sugar composition and WSAX content
In general, arabinose and xylose (g/100 dough) of WSAX isolated from
composite and control dough samples increased for the first 3 weeks of frozen storage
followed by a decrease in week 6 and 9 (Table 5-7). Free sugars (mannose, galactose
and glucose) also increased for isolated WSAX up to storage week 3 (Table 5-7).
Correspondingly, an increased in WSAX by 19, 32, 23, and 33% was observed for
control A, control B, composite A and composite B, respectively during frozen storage
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period from week 0 to week 3. The increase observed in WSAX content for the first
few weeks of frozen storage may be due to solubilization of flour WISAX by the
actions of hydrolytic enzymes present in the flour samples. According to the literature
in the absence of added endoxylanases, a considerable amount of the WISAX (7-15%)
is solubilized at the dough mixing stage (Cleemput et al., 1997; Autio 2006). Therefore
the increase (19-23%) observed during frozen storage implied that solubilization
continued in the dough during frozen storage at a progressive rate for 3 weeks before
stabilizing. According to Cleemput et al., (1997), solubilization of the WISAX in the
dough after mixing may also be influenced by other factors such as the structure of
arabinoxylan in the dough samples. The decline after week 6 and 9 may suggest some
interaction (e.g. covalent cross-linking) of the solubilized arabinoxylan with dough
components making it unavailable during its isolation (Kiszonas et al., 2015) or free
arabinose and xylose sugars may be used by other heterofermentative bacteria found in
the bran (Katina et al., 2012). Variation in the amount of arabinoxylan solubilization
has been shown to depend mainly on wheat genetic makeup and arabinoxylan
structural features (Courtin 1998; Cyran and Dynkowska 2014). The values of dough
isolated WSAX are in the range of literature values for fresh dough samples (Yeh et
al., 1980; Gys et al., 2003; Ognean et al., 2008). Until now, there is no report on
arabinoxylan properties during frozen storage of dough. However, extensive work has
been performed on the structural changes of arabinoxylan during refrigeration of
dough (Gys et al., 2003; Courtin et al., 2005; Simsek and Ohm 2009; Simsek and et al.,
2011). Our results demonstrate similar behaviour of arabinoxylan in the dough during
frozen storage. Although solubilization/degradation of arabinoxylan occurred in frozen
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storage of dough, it was to a lesser extent compared to refrigeration storage. For
examples WSAX increased by 61% after 3 days of refrigerated dough storage (Gys et
al., 2003) while only 19-33% increase was observed for frozen dough (controls and
composite) after 3 weeks of storage. This is attributable to the very low enzyme
activity at freezing temperatures compared to refrigerated temperatures. In addition,
the changes observed in dough during refrigerated storage as a result of arabinoxylan
degradation were unfavorable (i.e. the loss of water holding capacity resulting in the
release of free water (syrup formation) which has been linked to arabinoxylan
degradation) for the dough properties while the changes observed in frozen dough with
added fiber and whole grain flour had a positive impact on the dough and ultimately
the bread volume and texture in the first few week of storage (1-3 weeks). There was a
significant negative correlation (r= -0.63, p˂0.0001) between WSAX and the water
mobility values reported in Chapter 3 of this thesis. Increased WSAX in the frozen
dough could increase the viscosity of the unfrozen phase and provide more stability to
the dough system as demonstrated graphically in (Fig. 5-2). It was proposed that
hydrocolloids in carbohydrate solutions make the unfrozen phase more viscous
resulting in a decrease in molecular mobility and reduction in diffusion kinetics (Goff
1993; Roos 2003; Singh and Roos 2005).
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Table 5-6. Arabinoxylan content (TAX, WSAX) (g/100g dough dry matter) and A/X ratio
as well as calculated WISAX and extractability values of controls (A = refined flour & B =
whole wheat flour) and composite (A = wheat aleurone & B = wheat bran both at 15%
refined flour replacement levels) fresh and frozen dough samples
Storage
period
(weeks)
Control A
Fresh dough
Week 1
Week 3
Week 6
Week 9
Control B
Fresh dough
Week 1
Week 3
Week 6
Week 9
Composite A
Fresh dough
Week 1
Week 3
Week 6
Week 9
Composite B
Fresh dough
Week 1
Week 3
Week 6
Week 9

TAX

A/X

WSAX

A/X

WISAX

WSAX/WISAX

1.37 ± 0.05a
1.32 ± 0.09a

0.27 ± 0.01ab
0.29 ± 0.01a

0.43 ± 0.02b
0.48 ± 0.00a

0.91 ± 0.023a
0.87 ± 0.006ab

0.94 ± 0.04a
0.84 ± 0.09ab

0.46 ± 0.00b
0.58 ± 0.06b

1.30 ± 0.01a
1.25 ± 0.04a
1.22 ± 0.04a

0.27 ± 0.00ab
0.25 ± 0.00b
0.27 ± 0.01ab

0.51 ± 0.02a
0.50 ± 0.00a
0.51 ± 0.01a

0.84 ± 0.008b
0.84 ± 0.005b
0.83 ± 0.007b

0.79 ± 0.02ab
0.75 ± 0.04ab
0.71 ± 0.03b

0.65 ± 0.04a
0.68 ± 0.04a
0.72 ± 0.03a

4.72 ± 0.00a
4.54 ± 0.09ab
4.31 ± 0.12bc
4.13 ± 0.01c
4.07 ± 0.07c

0.42 ± 0.00a
0.41 ± 0.02a
0.39 ± 0.01a
0.43 ± 0.02a
0.41 ± 0.01a

0.56 ± 0.00d
0.68 ± 0.01b
0.74 ± 0.01a
0.69 ± 0.01b
0.62 ± 0.01c

0.93 ± 0.01a
0.86 ± 0.00b
0.83 ± 0.00bc
0.81 ± 0.01b
0.83 ± 0.02bc

4.16 ± 0.01a
3.86 ± 0.10b
3.57 ± 0.11bc
3.44 ± 0.02c
3.45 ± 0.06c

0.14 ± 0.01c
0.18 ± 0.01b
0.21 ± 0.00a
0.20 ± 0.01ab
0.18 ± 0.01b

3.79 ± 0.21a
3.56 ± 0.15a
3.57 ± 0.01a
3.47 ± 0.09a
3.39 ± 0.24a

0.38 ± 0.02a
0.40 ± 0.01a
0.38 ± 0.00a
0.38 ± 0.00a
0.38 ± 0.02a

0.62 ± 0.01d
0.71 ± 0.00b
0.76 ± 0.00a
0.71 ± 0.00b
0.66 ± 0.00c

0.84 ± 0.02a
0.82 ± 0.00ab
0.82 ± 0.00ab
0.81 ± 0.01ab
0.79 ± 0.00b

3.18 ± 0.2a
2.86 ± 0.15b
2.81 ± 0.01b
2.76 ± 0.09b
2.73 ± 0.24b

0.19 ± 0.00c
0.25 ± 0.01ab
0.27 ± 0.00a
0.26 ± 0.01b
0.24 ± 0.00b

3.52 ± 0.04a
3.33 ± 0.08ab
3.21 ± 0.01b
3.18 ± 0.10b
3.13 ± 0.03b

0.38 ± 0.00a
0.38 ± 0.00a
0.35 ± 0.01b
0.36 ± 0.00ab
0.36 ± 0.01ab

0.58 ± 0.02c
0.73 ± 0.02a
0.77 ± 0.02a
0.66 ± 0.02b
0.65 ± 0.03b

0.86 ± 0.01a
0.82 ± 0.01b
0.83 ± 0.01ab
0.81 ± 0.01b
0.81 ± 0.01b

2.94 ± 0.02a
2.59 ± 0.1b
2.43 ± 0.02b
2.51 ± 0.09b
2.49 ± 0.02b

0.18 ± 0.00c
0.26 ± 0.00ab
0.28 ± 0.00a
0.24 ± 0.01b
0.24 ± 0.02b

A: Arabinose; X: Xylose; G: Galactose; TAX: Total arabinoxylan; A/X: Arabinose to
xylose ratio; WISAX: water insoluble AX; WSAX/WISAX = extractability
TAX: 0.88*(%A+ %X -0.7* %G) of AX in g/100 g of dough dry matter
WSAX: 0.88*(%A+ %X -0.7* %G) of AX isolated by water in g/100 g of dough dry matter
A/X: (%A/%X), WISAX: (TAX –WSAX) and WSAX/WISAX = Extractability
Means in each column with the same letters for each parameter are not significantly
different at P < 0.05
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5.3.5.3. Changes in dough arabinose to xylose ratio (A/X) of isolated WSAX
The level of branching/arabinose substitution of an arabinoxylan polymer chain
is represented by the arabinose to xylose (A/X) ratios. The value of A/X ratio may be
used to characterize the structure of the polymer but to a limited extent compared to
the use of the polymer substitution pattern which may be obtained from NMR analysis
(Saulnier et al., 2007). However, the A/X ratios may also reveal the level of
substitution on the xylan backbone (Dervilly-Pinel et al., 2001). High A/X ratio
indicates more substitution on the xylan backbone, low level of mono-substituted
xylan and a high proportion of di-substituted xylan residues (Cleemput et al., 1995).
The values for A/X ratios of dough prepared from control and composite fresh and
frozen dough samples are presented in (Table 5-6). The values ranged from 0.84-0.93
for fresh dough samples. Composite A and B had the lowest values (0.84, 0.86) while
control A and B showed the highest values (0.91, 0.93) respectively. This indicates that
the control dough sample arabinoxylan polymers were highly branched compared to
the composite dough samples. Arabinoxylan with high A/X ratios have been observed
to have increased solubility in water due to less aggregation compared to arabinoxylan
with low A/X ratios (≤ 0.43) (Saulnier et al.,. 2007). Studies however have shown that
variation in the A/X does not influence the behavior of the arabinoxylan in solution
(Dervilly-Pinel et al., 2004). Frozen stored samples (weeks 1 to 9) demonstrated a
decrease in A/X from week 1 to 9 suggesting loss of arabinose side chain. A/X
decreased from 0.84 to 0.79 for composite A and (0.86 to 0.83) for composite B while
control A and B decreased from 0.91 and 0.93 respectively to 0.83.
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Table 5-7. Sugar composition (g/100g dough dry matter) of WSAX (isolated), from of
controls (A = refined flour & B = whole wheat flour) and composite (A = wheat
aleurone & B = wheat bran both at 15% refined flour replacement levels) fresh and
frozen dough samples.
Storage period
(weeks)

Arabinose
(%)

Xylose
(%)

Mannose
(%)

Galactose
(%)

Glucose
(%)

Fresh dough

0.32 ± 0.01b

0.35 ± 0.02b

0.22 ± 0.01b

0.27 ± 0.02a

0.22 ± 0.01b

Week 1

0.35 ± 0.00a

0.40 ± 0.00b

0.24 ± 0.00a

0.28 ± 0.00a

0.23 ± 0.00b

Week 3

0.36 ± 0.01a

0.43 ± 0.01a

0.25 ± 0.00a

0.30 ± 0.00a

0.26 ± 0.00a

Week 6

0.35 ± 0.00a

0.42 ± 0.00a

0.25 ± 0.00a

0.28 ± 0.00a

0.25 ± 0.00a

Week 9

0.35a ± 0.01

0.42 ± 0.01a

0.24 ± 0.00a

0.27 ± 0.00a

0.19 ± 0.00c

Fresh dough

0.41 ± 0.01c

0.45 ± 0.01d

0.28 ± 0.00d

0.32 ± 0.01c

0.28 ± 0.01c

Week 1

0.47 ± 0.01b

0.56 ± 0.01b

0.30 ± 0.00c

0.36 ± 0.00b

0.29 ± 0.00bc

Week 3

0.51 ± 0.00a

0.61 ± 0.00a

0.35 ± 0.00a

0.40 ± 0.00a

0.38 ± 0.00a

Week 6

0.47 ± 0.00b

0.57 ± 0.01b

0.33 ± 0.01b

0.36 ± 0.01b

0.30 ± 0.00b

Week 9

0.42 ± 0.00c

0.51 ± 0.01c

0.26 ± 0.00d

0.33 ± 0.00c

0.23 ± 0.01d

Fresh dough

0.43 ± 0.00c

0.51 ± 0.01d

0.31 ± 0.01b

0.34 ± 0.00d

0.33 ± 0.01c

Week 1

0.47 ± 0.00b

0.58 ± 0.00bc

0.31 ± 0.00b

0.36 ± 0.00c

0.34 ± 0.00b

Week 3

0.53 ± 0.00a

0.64 ± 0.00a

0.34 ± 0.00a

0.43 ± 0.00a

0.38 ± 0.00a

Week 6

0.48 ± 0.00b

0.59 ± 0.01b

0.31 ± 0.01b

0.38 ± 0.01b

0.27 ± 0.00e

Week 9

0.44 ± 0.00d

0.56 ± 0.00c

0.30 ± 0.00b

0.36 ± 0.00bc

0.31 ± 0.00d

Fresh dough

0.40 ± 0.01d

0.47 ± 0.02d

0.25 ± 0.01e

0.30 ± 0.00d

0.25 ± 0.01d

Week 1

0.50 ± 0.01b

0.61 ± 0.02ab

0.32 ± 0.00b

0.38 ± 0.01b

0.29 ± 0.00b

Week 3

0.55 ± 0.01a

0.65 ± 0.02a

0.37 ± 0.00a

0.46 ± 0.01a

0.41 ± 0.00a

Week 6

0.45 ± 0.01c

0.55 ± 0.02bc

0.30 ± 0.00c

0.36 ± 0.00c

0.28 ± 0.00c

Week 9

0.42 ± 0.01e

0.52 ± 0.02cd

0.27 ± 0.00d

0.28 ± 0.00e

0.26 ± 0.00d

Control A

Control B

Composite A

Composite B

Means in each column with the same letters for each parameter are not significantly
different at P < 0.05.
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A decrease in A/X ratio from 0.47 to 0.33 and 0.88-0.74 was observed by Gys et
al., (2003) and Simsek and Ohm (2009) respectively for refrigerated stored dough from
0 to 34 days. The decrease in A/X with increase storage time was attributed to the
breakdown of arabinoxylan polymer by the action of arabinofuranosidase (Gys et al.,
2003).

Dough
unfrozen phase

Dough matrix

Dough matrix

Dough unfrozen phase

Ice crystals

WSAX

Ice crystals

Fresh dough
(Unfrozen)

Dough week 1
(frozen) increased
viscosity of
unfrozen phase

Dough week 3
(frozen) increased
viscosity of
unfrozen phase

Dough week 9
(frozen) decreased
viscosity of
unfrozen phase

Fig. 5-2. A prediction of the changes occurring in dough with added fiber (wheat
aleurone & wheat bran both at 15% refined flour replacement levels) and control
(whole wheat) during frozen storage at -18 for 9 weeks WSAX: water soluble
arabinoxylan.
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5.3.5.4. Changes in dough water insoluble arabinoxylan (WISAX) content
WISAX content was calculated as TAX-WSAX. Values ranged from 0.94 to
4.16% for fresh dough samples (Table 5-6). Whole wheat flour had the highest
WISAX content while refined flour had the lowest WISAX content. Frozen storage of
dough resulted in the reduction of WISAX in the dough samples due to solubilization
by endogenous enzymes. WISAX reduced by 16, 14, 13, and 17% for control A,
control B, composite A and B respectively in dough frozen stored for 3 weeks
compared to fresh dough. Although solubilization of WISAX occurred in frozen stored
dough samples, it was lower compared to those reported for refrigerated stored dough
samples. For examples 60% of flour WISAX was solubilized during the first 3 days of
refrigerated dough storage (Gys et al., 2003) while only 37% of dough WISAX was
solubilized for refined flour frozen dough after 3 weeks storage in the current study.
Lower levels of WISAX solubilization was observed for whole grain flour dough
(16%), composite A (20%) and composite B (22%) (Table 5-4). The main reason for
this observation is discussed in the next section. However, investigations by Courtin et
al., (2001) using two categories of endoxylanases to understand the functionality of
arabinoxylan in bread dough demonstrated that reduction of WISAX in dough is
beneficial for bread making. This is because WISAX interact negatively with gluten
protein in the dough during bread making by their ability to absorb large amount of the
water needed for gluten development and film formation (Courtin et al., 1999; Courtin
and Delcour 2002; Wang et al., 2003; Goesaert et al., 2005). There was significantly
strong negative correlation (r= -0.83 p˂0.0001) between WISAX and the water
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mobility values reported in Chapter 3 of this thesis supporting the high water
absorption capability of WISAX in the dough. In addition, WISAX had a positive
correlation (r= 0.71 p˂0.0001) with soluble protein content of dough aqueous extracts.
The extractability of WSAX is calculated as the ratio of WSAX/WISAX.
Extractability and water solubility of arabinoxylan is influenced by factors such as
bonding type (covalent vs. non-covalent bonds), cross linking with ferulic acid,
proteins, lignin and other flour components. Molecular features of the arabinoxylan as
well as the level and pattern of arabinose substitution and other physical interactions
also influence arabinoxylan solubilization (Courtin 1998; Courtin and Delcour 2002).
Extractability reduces when arabinoxylan is covalently bonded or cross-linked via
ester linkage to ferulic acid and proteins in the flour. The extractability values of fresh
dough samples are presented in Table 5-6. The values indicate variability in
arabinoxylan extractability for all samples and ranged from 0.14 to 0.46. Control A
demonstrated the highest extractability followed by composite A and B. Control B
flour arabinoxylan was the least water extractable. Upon freezing and frozen storage,
all samples showed an increase in WSAX extractability. Extractability was highest for
refined flour because the arabinoxylans are weakly bound at the cell wall surface of the
endosperm compared to arabinoxylans in the outer layer of the wheat kernel.
Extractability values for refined and whole wheat flour were similar to Wang et al.,
(2006). There was a rather strong significant positive correlation (r= 0.87 p˂0.0001)
between extractability and dough water mobility values reported in Chapter 3 of this
thesis. Statistical analysis also revealed a significant negative association (r= -0.63,
p˂0.0001) between extractability values and WSAX content. Extractability also
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correlated negatively (r= -0.92, p˂0.0001) with TAX content indicating that samples
with the highest AX content contain higher levels of bran materials which could not be
easily broken down (Ordaz-Ortiz and Saulnier 2005). There was also a negative
association (r= -0.75, p˂0.0001) between extractability and soluble protein content of
dough aqueous extracts indicating an interaction (covalent cross-linking through
diferulic acid bridges) of fiber components with flour proteins (Kiszonas et al., 2015).
It is noteworthy that WSAX, WISAX and extractability values of crude extracts were
strongly correlated (r= 0.80, 0.99, 0.98, p˂0.0001) respectively with values for isolated
WSAX. This implies that analysis of flour and dough crude aqueous extracts could
reveal changes in arabinoxylan contents during frozen storage of dough.
5.3.5.5. Changes in molecular weight (MW) parameters for isolated WSAX from dough
Arabinoxylan molecular features play an important role in determining quality
and stability of dough during frozen storage. HPSEC profile and MW characteristics of
WSAX isolated from controls and composite dough samples after mixing (fresh) and
after frozen storage (week 3 and 9) are presented in Fig. 5-3. As indicated previously,
two populations of WSAX were observed for the four dough samples. The major peak
is the high molecular weight (HMW) population with an elution volume between 24
and 25 mL and the low molecular weight (LMW) population eluting at 25-27 mL.
Both populations were within the elution volumes of pullulan standard in this study
(MW between 5-800kDa). Peak molecular weight (Mp) values obtained for the two
peaks in the HPSEC chromatograph from the refractive index (RI) detector varied for
all samples (Table 5-8). Mp for fresh dough was higher for control A followed by
composite A and B, while control B had the least value which remained constant
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throughout the storage period. Upon frozen storage of dough, significant reduction in
Mp was observed for composite A and B after week 3 compared to control A. This
may be due to further breakdown of solubilized AX in these samples by the
endogenous enzymes present in the outer layers of the grain. The observed increase in
Mp for composite A and B after 9 weeks of frozen storage may be due to solubilization
of the high molecular weight fractions of arabinoxylan as revealed in their HPSEC
chromatographs (Fig. 5-3). Similarly, Weight average molecular weight (MW)
obtained from the triple detection characterization of the major peak varied for all
dough samples. The values were found to decrease with increasing storage time (week
3 and 9) for all samples (Table 5-9). Intrinsic viscosity [η] and radius of gyration (Rg)
followed the same trend. WSAX polymer for all dough samples demonstrated similar
chain flexibility in solution as there were no significant differences in their MarkHouwink values (a) which were within the region of flexible chain (0.5 ≤ a ≤ 0.8).
There was a significantly strong negative relationship (r = -0.73, p< 0.0001) between
WSAX peak molecular weight (major peak (i.e. HMW)) and isolated WSAX content.
No simple relationship was observed between molecular weight parameters and dough
rheological properties whereas Rg values (an indication of polymer size and
conformation) was negatively correlated (r = -0.78, p< 0.0001) with bread firmness.
This could reflect the influence of the WSAX polymers on the dough aqueous phase
viscosity and hence the crumb structure after baking (Izydorczyk and Biliaderis 1992).
It is believed that the functional properties of arabinoxylan depends primary on the
conformation they adopt in solution (Saulnier et al., 2007). It was observed from the
previous Chapter 3 that dough samples from fresh to week 3 produced bread with
134

better dough and bread quality characteristics (loaf volume and crumb texture). The
molecular features (MW, intrinsic viscosity, and Rg) of WSAX from these samples in
general were significantly different from their corresponding WSAX from dough
samples stored for 6 and 9 weeks (Table 5-6 and 5-7). The values however varied
depending on the flour type used to prepare the dough. Therefore, it may be suggested
that the amount of solubilized arabinoxylan in the dough during frozen storage as well
its molecular features influence dough characteristics during frozen storage. Thus, the
extent of impact depends greatly on the type of flour used and hence the fine structure
of the arabinoxylan. These observations agree with previous findings on the
functionality of arabinoxylan in bread making (Delcour and Courtin 1998; Cleemput et
al., 2000; Courtin et al., 2001; Goesaert et al., 2005). Work done by Courtin et al.,
(2001) indicated that solubilization of WISAX with medium to high molecular weight
was beneficial for bread making. WSAX with average molecular weight of between
201-555kDa greatly influence dough water absorption and development time in
comparison to lower molecular weight (50-135kDa) WSAX (Biliaderis et al., 1995;
Delcour and Courtin 1998; Goesaert et al., 2005).

135

Control A

Control B

80.0%

80.0%

70.0%

70.0%

Refractive Index (mV)

100.0%
90.0%

Refractive Index (mV)

100.0%
90.0%

60.0%
50.0%
40.0%
30.0%

60.0%
50.0%
40.0%
30.0%

20.0%

20.0%

10.0%
0.0%

10.0%
0.0%
15.0016.25

17.50

18.75

20.00 21.25 22.50 23.75
Retention Volume (mL)

25.00

26.25

27.50

B B

28.7530.00

15.0016.08

17.17

18.25

Composite A

23.67

24.75

25.83

26.9228.00

23.67

24.75

25.83

26.9228.00

Composite B
100.0%
90.0%

80.0%

80.0%

70.0%

70.0%

Refractive Index (mV)

100.0%
90.0%

Refractive Index (mV)

19.33 20.42 21.50 22.58
Retention Volume (mL)

60.0%
50.0%
40.0%
30.0%

60.0%
50.0%
40.0%
30.0%

20.0%

20.0%

10.0%

10.0%

0.0%

0.0%
15.0016.08

17.17

18.25

19.33 20.42 21.50 22.58
Retention Volume (mL)

23.67

24.75

25.83

26.9228.00

15.0016.08

17.17

18.25

19.33 20.42 21.50 22.58
Retention Volume (mL)

Flour
Fresh dough
Dough week 3
Dough week 9

Fig. 5-3. High performance size-exclusion chromatographic (HPSEC) profile of AX
isolated from control (A = refined flour & B = whole wheat flour) and composite (A =
wheat aleurone & B = wheat bran both at 15% refined flour replacement levels) flour
and dough samples. P-82 pullulan standards with a molecular (MW) range of 5900–
788,000 Da were used to calibrate the method.
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Table 5-8. Peak molecular weight (Mp) of isolated WSAX from controls (A = refined
flour & B = whole wheat flour) and composite (A = wheat aleurone & B = wheat bran
both at 15% refined flour replacement levels) dough samples both high molecular weight
(MW) (HMW) and low MW (LMW) populations
Storage period (weeks)
Peak molecular weight (Mp, kDa)
Sample

Fresh dough

Fresh dough

Week 3

Week 3

Week 9

Week 9

HMW

LMW

HMW

LMW

HMW

LMW

Control A

173 ± 6.0A

23.2 ± 0.1c

159 ± 0.3AB

26.3 ± 0.1a

149 ± 2.3B

23.8 ± 0.0b

Control B

107 ± 7.6A

21.5 ± 0.0c

90 ± 0.2A

26.4 ± 0.2a

91 ± 5.0A

24.9 ± 0.1b

Composite A

166 ± 0.3A

26.1 ± 0.2a

77 ± 0.7C

25.4 ± 0.2b

154 ± 0.9B

25.6 ± 0.0ab

Composite B

162 ± 2.7A

25.9 ± 0.2ab

80 ± 2.5C

26.3 ± 0.1a

145 ± 2.8B

25.6 ± 0.30b

Means in each row with the same letters (upper case) and (lower case) respectively for
each population are not significantly different at P < 0.05
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Table 5-9 Macromolecular parameters of isolated WSAX from control (A = refined
flour & B = whole wheat flour) and composite (A = wheat aleurone & B = wheat bran
both at 15% refined flour replacement levels) dough samples
Storage period
(weeks)
Control A
Fresh dough
Week 3
Week 9
Control B
Fresh dough
Week 3
Week 9
Composite A
Fresh dough
Week 3
Week 9
Composite B
Fresh dough
Week 3
Week 9

Mw -(Daltons)

IV - (dl/g)

Rg (nm)

Mark-Houwink a

191.0 ± 8.0a
137.6 ± 1.9b
113.1 ± 15.8b

2.2 ± 0.1a
2.0 ± 0.4a
1.6 ± 0.2a

22.5 ± 0.7a
19.9 ± 1.7ab
17.1 ± 0.3b

0.6 ± 0.0a
0.7 ± 0.1a
0.6 ± 0.1a

159.6 ± 3.3a
130.9 ± 5.6b
104.8 ± 2.5c

2.2 ± 0.0a
1.8 ± 0.0b
1.2 ± 0.1c

21.5 ± 0.2a
19.3 ± 0.2ab
12.8 ±2.9b

0.6 ± 0.0a
0.7 ± 0.0a
0.5 ±0.1a

157.8 ± 1.5a
135.6 ± 7.0b
117.6 ± 1.4c

2.3 ± 0.0a
2.0 ± 0.1a
1.2 ± 0.2b

21.6 ± 0.1a
19.8 ± 0.9a
16.1 ± 0.9b

0.6 ± 0.0a
0.6 ± 0.0a
0.6 ± 0.0a

181.6 ± 10.8a
106.6 ± 3.7b
109.8 ± 1.7b

1.9 ± 0.0a
1.3 ± 0.0b
1.3 ± 0.0b

21.8 ± 0.6a
15.6 ± 0.2b
16.2 ± 0.1b

0.4 ± 0.0a
0.5 ± 0.0a
0.7 ± 0.2a

Mw: weight average molecular weight (η): intrinsic viscosity; Rg: radius of gyration; a:
slope of Mark-Houwink plot
5.3.5.6. NMR analysis
NMR analysis is used to characterize the distribution pattern of arabinose
residue on the xylan backbone which is an important AX structural feature as the
behaviour of AX is greatly influenced by how the arabinose are distributed on the
xylan residues (Saulnier et al., 2007). The anomeric carbon and proton region 5.4 to
5.2 ppm of substituted arabinose on xylose residues in the NMR chromatograph (Fig.
5-4) revealed four different peaks. The peaks at 5.2 and 5.3 ppm is assigned to
arabinose linked O-2 and O-3 of the same xylan residue while the peak at 5.4 ppm is
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arabinose attached to O-3 of the xylan residue. The peak at 5.26 ppm is from terminal
arabinose residues in arabinogalactan (Cleemput et al., 1995). Similarly, the peaks at
5.1, 5.09, and 5.02 ppm represent di-substituted, mono-substituted and un-substituted
xylose residues respectively (Simsek and Ohm 2009). The level of un-substituted,
mono-substitution at O-3 and di-substitution at O-2 and O-3 positions on the xylan
backbone varied for all flour samples and are presented in Table 5-10 and Fig. 5-4.
Relative proportion of unsubstituted xylose residue increased with extended storage
period (week 0 to week 3) for all dough samples except control B suggesting removal
of arabinose by the action of endogenous arabinofuranosidase (Simsek and Ohm 2009)
while the proportions of di-substitution on the xylan residue decreased with storage
time (week 0 to week 3). Di-substitution on the xylan backbone increased for control B
while mono-substitution decreased indicating that the arabinofuranosidase in control B
preferably removed arabinose from position O-3 of the xylan backbone (Simsek and
Ohm 2009). These observations are in agreement with literature (Simsek and Ohm
2009).
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Dough week 9

Dough week 3

Fresh dough

Control A flour

Dough week 9

Dough week 3

Fresh dough

Control B flour
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Dough week 9

Dough week 3

Fresh dough

Composite flour A
flour

Dough week 9

Dough week 3

Fresh dough

Composite flour B

Fig. 5-4. NMR spectra of the anomeric carbon and proton region of arabinose residues
in isolated WSAX from control (A = refined flour & B = whole wheat flour) and
composite dough (A = wheat aleurone & B = wheat bran both at 15% refined flour
replacement levels) flour and dough sample.
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Table 5-10. Relative distribution of un-substituted (Un-sub), mono-substituted (Monosub) and di-substituted (Di-sub) xylose residues in isolated WSAX from control (A =
refined flour & B = whole wheat flour) and composite (A = wheat aleurone & B =
wheat bran both at 15% refined flour replacement levels) dough samples obtained from
NMR analysis
Storage period
(weeks)
Control A

Un-(sub) (%)

Mono - (sub)
(%)

Di-(sub) (%)

Fresh dough

53

17

30

Week 3

54

19

27

Week 9

52

20

28

Fresh dough

56

17

27

Week 3

50

14

36

Week 9

56

15

29

Fresh dough

50

17

33

Week 3

55

16

29

Week 9

49

16

35

Fresh dough

47

19

34

Week 3

51

17

32

Week 9

53

15

32

Control B

Composite A

Composite B
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5.4. Conclusion
This study revealed significant differences in arabinoxylan properties for all
starting flour samples. Whole grain flour water soluble arabinoxylan had the lowest
molecular weight, intrinsic viscosity and radius of gyration. It also had the most disubstituted xylose residues. In contrast, composite A flour water soluble arabinoxylan
exhibited the highest intrinsic viscosity and had the least substituted xylose residues
compared to composite B. and control A. The study also indicated that, solubilization
of WISAX, reduction in arabinoxylan molecular weight and decrease in intrinsic
viscosity occurred during frozen storage of dough for 9 weeks. The influence of
freezing and frozen storage on arabinoxylan properties depended greatly on the type of
flour used and hence the fine structure of the arabinoxylan. The change in WSAX
content during frozen storage correlated positively with bread loaf volume (LV)
described in the previous chapter (Chapter 3). Dough samples demonstrated varied
behaviours in arabinoxylan properties during frozen storage, which may be due to
differences in arabinoxylan fine structure in the initial flour materials as well as their
interaction with other flour and dough components. It was observed in the study that
composite dough and whole wheat dough samples exhibited similar levels of
solubilized arabinoxylan throughout the storage period. However as shown in Chapter
3 whole wheat flour deteriorated significantly after week 6 and 9 of frozen storage
compared to composite samples which demonstrated greater resistant to frozen storage
throughout the 9 weeks storage period. The significant deterioration observed in the
whole wheat sample after week 6 therefore may be attributed to the arabinoxylan
structural properties in its starting flour which were clearly different from the
143

composite flour samples. It could also be due to the large amount of WISAX
remaining in the whole grain sample in the absence of further solubilization. The
differences in the behaviour of the two fiber materials, aleurone and bran may also be
attributed to differences in their arabinoxylan properties. The results therefore
demonstrated that the levels of solubilized arabinoxylan and WISAX in the dough
during frozen storage as well its structural features influence dough characteristics
during frozen storage.
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6. Modification of arabinoxylan in wheat fiber and its impact on frozen dough
bread quality

Abstract
Water soluble arabinoxylan (WSAX) in dough produces high viscous solution which is
known to enhance dough gas retention and improve bread quality attributes. The effect
of modified arabinoxylan in wheat bran and wheat aleurone on yeasted frozen dough
bread quality was investigated in this study. Arabinoxylan in wheat fiber was modified
by natural fermentation, yeast fermentation and endoxylanase treatment. Composite
bread dough samples were prepared with refined flour enriched with 15% of the
modified high-arabinoxylan wheat fiber. Dough samples were stored for 9 weeks at 18 ˚C. Fermentation of either wheat bran or aleurone resulted in the solubilization of
the water insoluble arabinoxylan (WISAX), reduction in WSAX molecular weight and
arabinose to xylose ratio (A/X) in the wheat fiber at varying levels depending on the
type of modification. Treatment with xylanase from Trichoderma viride produced the
highest amount of solubilized arabinoxylan and increased the intensity of low
molecular weight water soluble AX (WASX). Bread made from fresh dough (week 0)
with yeast and enzyme modified arabinoxylan exhibited the highest loaf volume (LV).
Interestingly, LV increased with increasing storage time for un-modified and enzyme
modified wheat fiber (both aleurone and bran) up to week 6 of frozen storage followed
by a decline after week 9, while yeast and naturally modified arabinoxylan bread
samples deteriorated progressively with extended frozen storage. The results suggest a
strong relationship between the fine structure of WSAX and its improving effect on
stability of the dough during frozen storage and ultimately the final bread quality.
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6.1. Introduction
Wheat bran is the outer layer of the wheat kernel and usually makes up nearly
15% of the kernel weight (Maes and Delcour 2002). The aleurone is the one cell layer
in between the outer pericarp of the kernel and the starchy endosperm and is included
in the bran during milling of white flour. Aleurone layer may be separated from bran
components through novel milling and fractionation processes (Brouns et al 2012).
Wheat bran and aleurone fiber fractions consist mainly of arabinoxylan (AX)
(Benamrouche et al 2002; Almeida et al 2013). The arabinoxylans are partly water
extractable, but most of the arabinoxylan in the wheat bran and aleurone are water
insoluble. The insoluble arabinoxylans (WIAX) are bond to other cell wall components
such as glycoproteins, β-glucan, cellulose and polyphenols (Rouau and Moreau 1993).
Water soluble arabinoxylan (WSAX) forms high viscosity solutions which are known
to impact dough and bread attribute throughout the baking process (Courtin and
Delcour 2002). Our previous work has shown that arabinoxylan is also able to reduce
detrimental changes in frozen dough, improving its rheological properties, bread
volume and crumb structure (Adams et al 2015; Chapter 4). The positive impact of
arabinoxylan in frozen dough was dependent on the fraction of arabinoxylan (WSAX
or WISAX), their levels and molecular features (Chapter 5). The results obtained in
Chapter 5 suggest that higher levels of WSAX (≥ 0.7%) for isolated and (≥ 0.3%) for
aqueous extracts resulted in higher loaf volume, soft and fine crumb structure for
frozen dough. Work done by Courtin and Delcour (2002) also demonstrated that
reduction in the level of WISAX in the flour enhanced bread volume and textural
characteristics. The influence of enzymes (e.g. pentosanase) on dough components and
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baking properties has been studied extensively (Kulp 1968; Rouau and Moreau 1993;
Courtin and Delcour 1999, 2001; Steffolani et al 2008, 2010; 2012). Enzyme
modification of the water insoluble portions of wheat arabinoxylan to obtain an
optimum concentration of water soluble arabinoxylan (between 0.5 - 1% w/w) and
molecular weight of between (201-555 kDa) based on results from Chapter 5 and
literature (Biliaderis et al 1995; Delcour and Courtin 1998; Goesaert et al 2005) before
and during frozen storage may help reduce the negative effect on dough gluten
structure and functionality. Katina et al (2012) also demonstrated that fermentation of
wheat fiber resulted in solubilization of arabinoxylan which enhanced the bread
properties (loaf volume and texture) depending on the type of fermentation. However,
the molecular weight of the arabinoxylan in the wheat fiber and the impact of the
modified arabinoxylan on frozen dough bread were not explored. This study was
therefore designed to evaluate the influence of modified arabinoxylan in wheat fiber on
yeasted frozen dough bread quality. Arabinoxylan in wheat bran or aleurone was
modified with various methods (e.g. natural fermentation, yeast fermentation and
enzyme treatment).

6.2. Materials and methods
6.2.1. Materials

Commercial wheat bran and refined hard wheat flour (72% extraction rate) was
obtained from Parrheim Food-The P&H Milling Group, Halifax, Nova Scotia, Canada.
Wheat aleurone was obtained from Horizon Milling, LLC, Wichita, KS, USA.
Endoxylanase (endo-1,4-β-d-xylanase; EC 3.2.1.8, CAZy GH family 11) from
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Trichoderma viride (Megazyme International, Bray, Co. Wicklow, Ireland) was used
for fiber modification. The enzyme has specific activity 230 U/mg (40°C, pH 4.5,
wheat flour arabinoxylan as substrate). β-D-Allose (internal standard) and sugar
standards (D-glucose, D-xylose, D-arabinose, D-mannose and D-galactose) were
purchased from Sigma-Aldrich (Sigma-Aldrich Canada Cie. 2149 Winston Park Drive
Oakville, ON Canada). Shodex (P-82) pullulan standards were purchased from (JM
Science Inc., New York, US). All chemicals used were of analytical grade.
6.2.2. Chemical composition
Ash and dietary fiber in refined flour and fiber materials (wheat aleurone and
bran) were determined according to the AACC Intl. approved methods 08-01.01 and
32-07-01, respectively (AACCI 2011). Protein was determined by Dumas (FP-528
Leco Instrument Ltd., Mississauga, ON, Canada) method. Starch and arabinoxylan
contents in flour samples were analyzed using the Megazyme total starch assay
procedures (Megazyme International, Bray, Co. Wicklow, Ireland).
6.2.3. Determination of xylanase activity
Apparent xylanase activity in control and composite flour samples was
measured as described by Courtin et al., (2005)

and Katina et al., 2012 using

Megazyme xylanase AX tablets (Megazyme, Bray, Ireland). Fiber materials were
extracted with sodium acetate buffer (100 mM, pH 5.0, 1:10 sample/buffer, w/v) on a
magnetic stirrer (7.0 rpm, 60 min, 25 °C) and centrifuged (3000g, 20 min, 6 °C). The
supernatant (1 mL) was first incubated at 40 °C for 10 min before adding Xylazyme
AX tablet (Azurine-crosslinked wheat AX). Samples were incubated at 40 °C for 17 h
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after which the reaction was stopped with 2.0% tris(hydroxymethyl)aminomethane
(TRIS) solution (10 mL). The absorbance at 590 (A590) values of the samples were
measured after filtration (Whatman no. 1 filter paper) against a control prepared by
incubating the sample supernatant without AX tablet and by adding the tablet after the
addition of (10 mL) TRIS solution. Xylanase activities were expressed in xylanase
units (U) per gram sample, where one unit of enzyme activity (1.0 U) is defined as
increase in A590 of 1.0 g sample in 60 min under assay conditions.

6.2.4. Composite flour farinograph properties
Rheological properties of composite flour samples were evaluated using the
Farinograph (Brabender® GmbH & Co. KG) according to the approved method of the
AACC Intl., Method 54–21.02 (AACCI

2011) and water absorption (WA),

development time (DT), stability (STB) and time to break (TTB) were obtained.

6.2.5. Arabinoxylan (AX) modification
The conditions for arabinoxylan modification were obtained based on work
done by Katina et al (2012) which suggest that yeast fermentation of wheat bran
resulted in the solubilization of arabinoxylan in the bran. In addition, fermentation over
a 20 h period at 20˚C gave acceptable results. Thus these conditions were applied in
this study. Wheat aleurone and bran were fermented as described by Katina et al
(2012). Three types of modification were used in this study to modify arabinoxylan in
the wheat fiber materials (aleurone and bran). These include natural fermentation,
yeast fermentation and enzyme treatment in addition to unfermented wheat fiber
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(wheat aleurone or bran) used as a reference sample. This gives a total of 8 treatment
samples; four for each fiber type (wheat aleurone or bran). In natural fermentation,
aleurone or bran materials (400 g) were mixed with deionized water (1600 g) and
incubated at 20 ˚C for 20 h. Yeast and enzyme modification were performed in the
same manner but with the addition of regular active dry yeast (5 g) and xylanase with
specific activity of 230 U/mg (1.0 mL) respectively. Immediately after fermentation,
the samples were frozen at -80˚C, lyophilized and used for further analysis.
6.2.6. Aqueous extracts of arabinoxylan
Aqueous crude extracts of AX were prepared from lyophilized fiber materials
and their composite flour samples following the method of Saulnier et al (1995) with
some modifications. Fiber and composite flour samples were heated (130 °C, 90 min),
extracted with deionized water (1:6 wheat fiber w/v) on a magnetic stirrer (7.0 rpm, 90
min, 25 °C) and then centrifuged (3000g, 10 min). The supernatant was transferred
into a clean centrifuge tube and centrifuged again. The clear supernatant was then
filtered through a 0.45 µm membrane and used for the determination of AX content
and size exclusion chromatography.
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6.2.7. Total arabinoxylan (TAX) and water soluble arabinoxylan (WSAX) content of
wheat fiber aqueous extracts
TAX content was analyzed as alditol acetates, after acid hydrolysis with 1M
Sulphuric acid (H2SO4) for 2 h in a boiling water bath as described by Englyst &
Cummings (1984) using 50 mg of heat treated (130 °C, 90 min) fiber materials and
composite flour samples. Water soluble AX content was obtained by adding 0.2 mL of
12M H2SO4 to 1.8 mL of the aqueous extract (described previously) and the
concentration was adjusted to 1 M H2SO4 with water followed by hydrolysis in a
boiling water bath for 2 h. After cooling to room temperature, D-Allose (0.5 mL of 2
mg/mL in water) was added as internal standard. Alditol acetates of sugars obtained
after hydrolysis and monosaccharide standards (arabinose, xylose, glucose, galactose,
and mannose) were prepared as described by Englyst and Cummings (1984).
Monosaccharide composition of alditol acetates were analyzed using an Agilent 6890N
gas chromatograph (GC) (Agilent Technologies) equipped with a flame ionization
detector. A WCOT CP Sil-88 column (50 m × 250 μm × 0.20 μm) was used and
separation was achieved at 225 °C. The injection and detector temperatures were
250°C with a run time of 35 min. The monosaccharides were identified by using
retention times of each specific standard and quantified with a standard curve. WSAX
content was corrected for the presence of arabinose from arabinogalactans (considering
an arabinose to galactose ratio of 0.7) using the formula (% arabinose + % xylose –
0.7% * Galactose) × 0.88 (Dervilly-Pinel et al., 2001).
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6.2.8. Molecular weight distribution
Molecular weight distribution of crude soluble arabinoxylan in aqueous
extracts of fiber materials were analyzed using a high performance size-exclusion
chromatographic (HPSEC) system (Shimadzu Scientific Instruments Inc., Maryland,
US) equipped with PolyAnalytik SB-806M GPC column and PAA-G guard column
(Polyanalytik Canada, London, Canada) maintained at 40°C. Prior to analysis, freezedried aqueous extracts obtained from 1:6 (sample: water ratio) were dissolved in 0.1 M
sodium nitrate buffer containing 0.05% (w/w) sodium azide (NaN3). The samples were
filtered through a 0.45 μm membrane and run at a flow rate of 0.6 mL/min with the
same buffer as the eluent. All measurements were made from data obtained with a
refractive index (RI) detector (Shimadzu RID-10A) from Mandel Scientific (Guelph,
Ontario, Canada). Values were calculated using EZStart 7.4 software and weightaverage molecular weight (Mw) was acquired. P-82 pullulan standards with Mw range
of 5900–788,000 Da were used to calibrate the method.
6.2.9. Dough sample preparation, frozen storage, thawing and baking conditions
Composite dough samples were prepared by replacing refined flour with 15%
of either wheat aleurone or bran (un-fermented, naturally fermented yeast fermented
and enzyme modified). Yeasted bread dough was prepared on a 100 g scale from
composite flours, according to the approved method AACC Intl. 10-10.03 (AACCI
2011). Prior to dough preparation freeze-dried fermented fiber materials where prehydrated for 15 min before incorporation into the dough mix. Frozen storage and
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thawing conditions were performed as described by Adams et al., (2015). Baking was
done according to the approved method AACC Intl. 10-10.03 (AACCI 2011).

6.3. Results and discussion
6.3.1. Chemical composition and xylanase activity of flour and fiber materials

Ash, protein, starch and dietary fiber content of refined flour and fiber
materials have been previously presented (Table 3-1). Apparent xylanase activity of
fiber materials and composite flour sample are presented in (Table 6-1). Xylanase
activity was higher (approximately 19 times) in wheat bran (fiber B) compared to
wheat aleurone (fiber A). Outer tissues of wheat bran are known to contain higher
endogenous enzyme activity than the inner tissues (Bonnin et al., 1998). Natural and
yeast fermentation of fiber A did not significantly alter endogenous xylanase activity
in the fiber material. In contrast, natural and yeast fermentation of fiber B lowered the
enzyme activity of the fiber material while xylanase activity increased for the enzyme
treatment due to the added enzyme. Natural and yeast fermentation of fiber B may
have modified the microbial community of the fiber material resulting in a lower
xylanase activity compared to the unmodified fiber (Katina et al., 2012). Similar
endogenous enzyme activity trends as observed in fiber A and B were obtained for
their composite flour samples.
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Table 6-1 Xylanase activity of fiber materials (A = wheat aleurone & B = wheat bran)
and composite flours (A = wheat aleurone & B = wheat bran both at 15% refined flour
replacement levels)
Fermentation type

Xylanase activity (U/g)
Fiber material

Composite flour

Un-modified

0.03 ± 0.00b

0.01 ± 0.00b

Naturally- modified

0.03 ± 0.00b

0.01 ± 0.00b

Yeast- modified

0.03 ± 0.00b

0.01 ± 0.00b

Enzyme- modified

0.26 ± 0.00a

0.09 ± 0.00a

Un-modified

0.56 ± 0.04b

0.11 ± 0.00b

Naturally- modified

0.12 ± 0.00c

0.03 ± 0.00c

Yeast- modified

0.12 ± 0.00c

0.03 ± 0.00c

Enzyme- modified

0.67 ± 0.00a

0.14 ± 0.00a

Fiber A

Fiber B

Means in each column with the same letters for each fiber type are not significantly
different at P < 0.05

6.3.2. Effect of arabinoxylan modification on farinograph properties of composite
flour samples
Farinograph water absorption, dough development time, stability time and time
to break for both aleurone and bran composite flour samples are presented in (Table 62). Water absorption is the amount of water required to fully develop the dough.
Development time also known as the peak time is the optimum mixing time for the
fully developed dough. Dough stability time and time to break down expressed in
minutes both describe the strength of the dough. Longer time indicates stronger dough.
Modification of fiber A (aleurone) and the modification type did not change dough
water absorption and dough development time of the composite flour-water system.
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Stability and time to break down, however increased to different extents for composite
flour-water systems containing modified aleurone depending on the type of
modification
Modification of fiber B (bran) on the contrary, decreased water absorption for
all composite flour-water systems containing modified bran. However, all other
farinograph properties remained un-changed except for composite flour-water system
containing yeast fermented bran, which exhibited less resistant to break-down. Overall,
water absorption, dough development time, stability time and time to breakdown
values were significantly higher for composite flour containing fiber B compared to
those containing fiber A. This may be attributed to differences in their fiber
components and AX properties. The decrease in water absorption for modified bran
composite flour-water system may be due to the decrease in AX molecular weight after
fermentation. Dough water absorption and development time were found to be greatly
influenced by WSAX with high average molecular weight (201-555 kDa) compared to
low molecular weight (50-134 kDa) arabinoxylans (Biliaderis et al., 1995; Delcour and
Courtin 1998; Goesaert et al., 2005).
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Table 6-2. Rheological properties of composite flour (A = wheat aleurone & B =
wheat bran both at 15% replacement levels) using the Brabender Farinograph
Fermentation type
Water
absorption (%)

Dough
development
time (min)

Stability time
(min)

Time to break
down (min)

66.5 ± 0.35a

5.6 ± 0.53a

5.3 ± 0.21b

7.6 ± 0.25b

67.0 ± 0.00a

5.7 ± 0.49a

10.5 ±0.04a

12.3 ± 0.60a

67.7 ± 0.11a

4.8 ± 0.00a

6.9 ± 0.18b

9.7 ± 0.18ab

67.2 ± 0.14a

5.4 ± 0.25a

9.5 ± 0.57a

10.6 ± 0.74ab

Un-modified

71.6 ± 0.21a

7.0 ± 0.35a

9.4 ± 0.88a

11.5 ± 0.32a

Naturally- modified

66.6 ± 0.25b

7.2 ± 0.46a

8.5 ± 0.11a

11.1 ± 0.21a

Yeast- modified

67.8 ± 0.07b

5.2 ± 0.21a

6.0 ± 0.18a

7.9 ± 0.00b

Enzyme- modified

67.4 ± 0.07b

7.9 ± 0.60a

9.7 ± 0.25a

11.4 ± 0.42a

Fiber A (Aleurone)
Un-modified
Naturally- modified
Yeast-modified
Enzyme-modified
Fiber B (Bran)

Means in a column with the same letters for each fiber type are not significantly
different at P < 0.05
6.3.3. Properties of arabinoxylan after modification
The properties of arabinoxylan evaluated in this study were arabinoxylan
content, arabinose to xylose ratio (A/X) and molecular weight (MW). The behaviour of
arabinoxylan in dough is found to be governed by the arabinoxylan molecular features
and the levels of soluble and insoluble arabinoxylan. Work done by Courtin et al.,
(2001) indicated that medium to high molecular weight (≥ 201 kDa) WSAX was
beneficial for bread making. Solubilization of arabinoxylan in wheat fiber may be
attained by various means including fermentation or enzyme treatment (Ordaz-Ortiz
and Saulnier 2005; Katina et al., 2012). Arabinoxylan structural differences may also
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be characterized by the A/X ratios although to a limited extent compared to the use of
the polymer substitution pattern (Saulnier et al., 2007). The A/X ratios reveal the level
of substitution on the xylan backbone (Dervilly-Pinel et al., 2001). High A/X ratio
indicates more substitution on the xylan backbone, low levels of mono-substituted
xylan and a high proportion of di-substituted xylan residues (Cleemput et al., 1995).
The changes in the arabinoxylan content and structural feature (A/X and
molecular weight) are presented in Tables 6-3 and 6-4 for both fiber materials (fiber A
and B) as well as composite flour samples (composite A and B), respectively. Total
arabinoxylan (g/100g fiber dry matter) for unmodified fiber A was 28%. Modification
by natural fermentation, yeast or enzyme treatment did not change total arabinoxylan
content in the fiber samples. The trend was the same for composite A flour (4.4 g/100g
composite flour dry matter). Similarly, total arabinoxylan content in fiber B was 26%
and no change was observed after modification. Composite B flour samples also did
not vary in total arabinoxylan except for the naturally fermented arabinoxylan which
exhibited lower TAX values (3.9%). Some of the free arabinose and xylose sugars in
naturally fermented bran may be used by heterofermentative bacteria found in the bran
(Katina et al., 2012). The results for total arabinoxylan content observed in the fiber
and flour samples are consistent with literature results (Katina et al 2012). Total
arabinoxylan was however significantly higher for all fiber A samples compared to
fiber B.
Water soluble arabinoxylan (WSAX) content of aqueous extracts from wheat
fiber and composite flour samples (Table 6-3 and 6-4) ranged from 0.46 to1.10 g/100g
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for fiber and 0.29 to 0.53 g/100g for composite flour samples for all the four treatments
(un-modified, naturally-modified, yeast-modified and enzyme-modified). There were
significant variations in WSAX values among all the four treatments and between fiber
materials suggesting differences in the extractability of the two fiber materials as well
as the influence of the modification type. Among treatments WSAX content was
highest for enzyme modified wheat aleurone (fiber A) or bran (fiber B) and lowest for
un-modified samples. Fiber A demonstrated higher values of WSAX content for both
naturally modified and yeast modified compared to fiber B. This may be due to the
variation in the fine structure (degree and pattern of substitution) of arabinoxylan in
fiber A and B and the way they are linked to other flour or fiber components.
A/X ratio of WSAX was typically lower for fiber A compared to fiber B which
allowed the enzyme to interact easily with the polymers resulting in higher
arabinoxylan solubilization. These observations are in agreement with the literature as
it is reported that WSAX from aleurone are less substituted than those from the bran
tissues (Izydorczyk and Biliaderis 1994; Ordaz-Ortiz and Saulnier 2005; Saulnier et
al., 2007). Enzyme modification of the fiber materials produced the highest levels of
solubilized arabinoxylan which implies that solubilization of arabinoxylan in the
samples may be the result of endogenous enzyme activities. The degradation product
may however vary depending on the type of enzyme used. Endoxylanase from
Trichoderma was used in the present study as it has been used often to degrade
arabinoxylan (Kulp 1968; Petit-Benvegnen et al., 1998; Gruppen et 2002; Ordaz-Ortiz
and Saulnier 2005). According to Kulp (1968) endoxylanase from Trichoderma
solubilized more of the WISAX fractions in wheat flour compared to endoxylanase
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from Aspergillus. However, Hilhorst et al., (2002) has shown that endoxylanase from
Trichoderma had higher preferences for WSAX compared to the water insoluble
fraction.
The values of A/X ratio indicates that the WSAX of aqueous extracts of unmodified fiber A was highly branched (A/X = 0.83) followed by that of yeast modified
(A/X = 0.71), naturally modified (A/X = 0.67) and enzyme modified (A/X = 0.63),
respectively. This may suggest that modification with enzyme resulted in solubilized
arabinoxylan products that were less substituted compared to all other modification
methods. Similar behaviour was obtained for fiber B.
Molecular weight (MW) of arabinoxylan from fiber A was also significantly
lower (both low and high populations) for the enzyme-modified arabinoxylan
compared to yeast and un-modified arabinoxylan (Table 6-3). The molecular weight of
the yeast-modified WSAX was however higher than the un-modified suggesting the
solubilization of high molecular weight WISAX during the yeast fermentation of fiber
A. Molecular weight of WSAX of fiber B was similar for naturally modified, yeast
modified and enzyme modified arabinoxylan but slightly lower than that of the unmodified arabinoxylan. Molecular weight values were significantly higher for fiber A
compared to fiber B. Low molecular weight has been reported in the literature for
wheat bran WSAX (Maes and Delcour 2002). Characterization of arabinoxylans from
hull-less barley milling fractions revealed that molecular weight was higher for WSAX
from aleurone fraction compared to the bran (Zheng et al., 2011).
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Substitution of refined flour with 15% of the modified arabinoxylan gave
similar trends for total and WSAX contents as in the fiber samples. There was no
variation in A/X ratio for WSAX obtained from the aqueous extracts of all the four
composite flour samples of fiber A. High molecular weight (HMW) AXs values were
however lower for naturally-modified, yeast-modified and enzyme-modified compared
to un-modified, while the low molecular weight (LMW) values for enzyme modified
AX was much lower compared to naturally-modified, yeast-modified and un-modified
suggesting further break down of high molecular weight (HMW) population.
Generally, similar behaviour was observed for arabinoxylan molecular weight
properties of fiber B composite flour samples. Again, molecular weight values were
also significantly higher for fiber A composite flour samples compared to fiber B
composite flour samples. It is worth mentioning that a substantially large rise in
intensity of the LMW AXs was observed in the high-performance size exclusion
chromatography (HPSEC) of all modified samples of both fiber A and B composite
flour samples (Fig. 6-1). It was however higher for enzyme-modified arabinoxylan
samples. This finding may support the result of Hilhorst et al., (2002) who also found
that endoxylanase from Trichoderma preferably degrade WSAX. It has, however, been
reported that endoxylanases that degrade the WSAX has less effect on bread quality
(Courtin et al., 1999; Courtin and Delcour 2001).
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Table 6-3. Changes in arabinoxylan (AX) content (Total AX & WSAX) (g/100g
composite flour dry matter) and some structural properties of AX (A/X ratio and
molecular weight) after modification of fiber materials
AX Properties

Unmodified

Naturallymodified

Yeast-modified

Enzymemodified

27.8 ± 0.43a

27.6 ± 0.31a

28.9 ± 0.76a

28.5 ± 0.27a

0.46 ± 0.00d

0.69 ± 0.01c

0.86 ± 0.06b

1.06 ± 0.01a

0.83 ± 0.00a

0.67 ± 0.00c

0.71 ± 0.01b

0.63 ± 0.01d

663.6 ± 6.4b

590.9 ± 6.4c

696.0 ± 0.9a

590.3 ± 5.9c

19.0 ± 0.4a

13.5 ± 0.5b

11.7 ± 0.4c

11.2 ± 0.1c

26.2 ± 1.35a

25.7 ± 1.26a

25.9 ± 0.43a

26.2 ± 0.69a

Aleurone (Fiber A)
Total AX
Water soluble
(WSAX)
Arabinose to xylose
ratio (A/X )
Molecular weight
(kDa) (HMP)
Molecular weight
(kDa) (LMP)
Bran (Fiber B)
Total AX

Water soluble
0.49 ± 0.02a
0.58 ± 0.02b
0.78 ± 0.01c
1.10 ± 0.02d
(WSAX)
Arabinose to xylose
0.91 ± 0.00a
0.72 ± 0.01b
0.70 ± 0.01b
0.64 ± 0.01c
ratio (A/X )
Molecular weight
542.7 ± 0.8a
525.7 ± 4.2b
521.8 ± 0.3b
522.6 ± 0.1b
(kDa) (HMP)
Molecular weight
11.5 ± 0.5a
11.2 ± 0.4a
11.6 ± 0.6a
11.2 ± 0.4a
(kDa) (LMP)
Total AX: calculated as 0.88*(%A+ %X -0.7* %G) of AX in g/100 g of fiber, WSAX:
calculated as 0.88*(%A+ %X -0.7* %G) of AX extracted by water in g/100 g of fiber
and A/X: calculated as (%A/%X)
Means in each row column with the same letters for each parameter are not
significantly different at P < 0.05.
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Table 6-4. Properties of arabinoxylan (AX) (Total AX & WSAX) (g/100g composite
flour dry matter), A/X ratio and molecular weight) after incorporation of either
modified aleurone or bran both at 15% refined flour replacement levels (composite
flour)
AX Properties

Unmodified

Naturallymodified

Yeast-modified

Enzymemodified

4.40 ± 0.01a

4.35 ± 0.22a

4.46 ± 0.12a

4.36 ± 0.00a

0.29 ± 0.00d

0.41 ± 0.01c

0.44 ± 0.00b

0.49 ± 0.01a

0.66 ± 0.00a

0.65 ± 0.01a

0.66 ± 0.00a

0.64 ± 0.00a

427.9 ± 3.9a

359.0 ± 0.3b

360.5 ± 3.2b

358.3 ± 0.4b

26.1 ± 0.4a

23.3 ± 1.3a

23.6 ± 0.1a

9.3 ± 1.30b

4.27 ± 0.06ab

3.92 ± 0.17b

4.31 ± 0.02a

4.27 ± 0.03ab

Composite flour A
Total AX
Water soluble
(WSAX)
Arabinose to xylose
ratio (A/X )
Molecular weight
(kDa) (HMP)
Molecular weight
(kDa) (LMP)
Composite flour B
Total AX

Water soluble
0.29 ± 0.00d
0.39 ± 0.01c
0.40 ± 0.00b
0.53 ± 0.01a
(WSAX)
Arabinose to xylose
0.68 ± 0.00a
0.64 ± 0.02b
0.64 ± 0.00ab
0.65 ± 0.00ab
ratio (A/X )
Molecular weight
363.8 ± 0.4a
307.0 ± 0.5b
307.8 ± 0.4b
307.5 ± 0.8b
(kDa) (HMP)
Molecular weight
23.6 ± 0.3a
16.0 ± 1.3b
18.4 ± 0.5b
8.7 ± 0.3c
(kDa) (LMP)
Total AX: calculated as 0.88*(%A+ %X -0.7* %G) of AX in g/100 g of flour, WSAX:
calculated as 0.88*(%A+ %X -0.7* %G) of AX extracted by water in g/100 g of flour
and A/X: calculated as (%A/%X).
Means in a row column with the same letters for each parameter are not significantly
different at P < 0.05.
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Composite flour A

Composite flour B

UM: un-modified, NM: naturally- modified, YM: yeast- modified, EM: enzymemodified
Fig.6-1. High performance size-exclusion chromatographic (HPSEC) profile of AX
extracted with water from fiber materials (A = wheat aleurone & B = wheat bran) and
composite flour (A = wheat aleurone & B = wheat bran both at 15% replacement
levels). P-82 pullulan standards with a Mw range of 5900–788,000 Da were used to
calibrate the method
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6.3.4. Impact of modified arabinoxylan on bread quality characteristics
The quality attributes of bread evaluated were loaf volume, loaf specific
volume crumb texture and appearance. The most commonly used assessment factor of
bread quality is the loaf volume or the loaf specific volume which is the ratio of the
loaf volume and the bread weight (expressed as cm3/g). The experimentally established
loaf volume value for “good” bread quality flour is between 500 and 600 cm3 per 100g
flour (Koppel and Ingver 2010). Loaf volume and specific volume of bread made from
fresh and frozen-thawed (1, 3, 6 and 9 weeks) composite dough samples prepared from
un-modified, naturally modified, yeast modified and enzyme modified arabinoxylan of
fiber A and B are shown in Table 6-5 and 6-6, respectively. The loaf volume for fresh
dough of un-modified fiber A bread sample was 567 cm3. Natural fermentation of
arabinoxylan in the fiber had no effect on the loaf volume. Yeast and enzyme
modification of arabinoxylan however resulted in higher loaf volume for fresh dough
bread with enzyme modified arabinoxylan bread exhibiting the highest loaf volume
(618 cm3). Similar trend was observed for fiber B composite fresh bread samples with
values ranging from (573-625 cm3) for all types of modification. Upon one week of
frozen storage loaf volume increased significantly (p < 0.05) for un-modified and
naturally modified arabinoxylan composite bread samples by (14, and 6%) respectively
but was insignificant for enzyme modified composite bread (by 2%) while composite
bread from yeast modified arabinoxylan decreased significantly (by 3%). Longer
storage time (week 3) resulted in an increase in loaf volume for un-modified, yeast
modified and enzyme modified composite bread while naturally modified composite
bread exhibited significant (p < 0.05) drop in loaf volume (29%) which reduced further
164

with extended frozen storage (9 weeks). The trend was similar for the un-modified and
modified bran composite bread. All samples exhibited reduced loaf volume after 9
weeks of storage. It is noteworthy that although a reduction in loaf volume was
observed for all treatment samples with storage time, un-modified and enzyme
modified bread samples for both fiber A and B still retained a loaf volume within the
desired range of 500-600 cm3 throughout the storage period. The trend was the same
for loaf specific volume for all bread samples.
Natural and yeast modification of arabinoxylan in fiber A and B resulted in
bread with poorer loaf volume throughout the frozen storage period (week 9). This
observation may be attributed to several reasons. The first reason may be that other
components of the fiber material also influence the final bread quality results.
Secondly, the different modification treatments may have altered the bran properties in
different ways which also impacted frozen storage stability differently. Also natural
fermentation could cause an increase in the growth of microbes which may alter the
pH of the dough system (Katina et al., 2012) and hence influence its frozen and quality
behaviour compared to the unfermented samples. Thirdly, the various modified
samples may have exhibited deferent arabinoxylan structures after mixing of dough
and during frozen storage which was not evaluated and may therefore impact the
behaviour of the dough during storage and hence its final bread quality. According to
Cleemput et al., (1997), solubilization of the WISAX in the dough after mixing may
also be influenced by other factors such as the structure of arabinoxylan in the dough
samples. Furthermore solubilized arabinoxylan may have been degraded further as
seen in the HPSEC graph to lower molecular weight values which may decrease the
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viscosity of the system and thereby make the dough less resistant to frozen storage.
Water soluble arabinoxylan and enzyme solubilized arabinoxylans are known to form
highly vicious solutions which have positive effect on dough structure (Izydorczyk and
Biliaderis 1995). This behaviour is known to be governed by the structural properties
of the arabinoxylan. The increase in solution viscosity caused by WSAX as well as its
interaction (e.g. covalent cross-linking of WSAX through diferulic acid bridges) with
proteins in dough aqueous phase is believed to stabilize protein films against thermal
disruption. During the bread baking process therefore the WSAX strengthen the gas
cells and improve bread volume and crumb texture (Izydorczyk and Biliaderis 1992;
Gan et al., 1995; Courtin et al. 2001). The observation obtained for loaf volume may
also be the result of the differences in the fine structure (e.g. substitution pattern) of the
arabinoxylan products of hydrolysis after dough mixing and during storage. The
impact of arabinoxylan in frozen dough systems therefore may be attributed to their
ability to interact with free water in the dough system during frozen storage thus,
preventing water movement and negative impact on structure and functionality of
starch and gluten (Sharadanant and Khan, 2003a,b; Asghar et al., 2005; Hamed et al.,
2014). Similar reasons may be attributed to the reduction in loaf volume and/or loaf
specific volume with storage time in addition to decrease in yeast activity as well as
the weakening of dough structure as a result of ice crystallization during frozen storage
(Berglund et al., 1991). The results are consistent with the literature (Yi and Kerr
2009).
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Table 6-5. Loaf volume (cm3) of bread samples made from composite flour (A =
wheat aleurone & B = wheat bran both at 15% replacement levels)
Storage time
Un(weeks)
modified
Composite A
Fresh dough 566.7 ± 2.9d
1
643.3 ± 2.8c
3
693.3 ± 5.8a
6
661.7 ± 2.9b
9
525.0 ± 5.0e
Composite B
Fresh dough 573.0 ± 2.8d
1
628.3 ± 5.7c
3
691.7 ± 2.9a
6
655.0 ± 5.0b
9
538.3 ± 5.8e
Means in each column with the same
different at P < 0.05

Naturallymodified

Yeastmodified

Enzymemodified

551.7 ± 2.8b
585.0 ± 0.0a
418.3 ± 2.8c
403.3 ± 2.9d
387.5 ± 10.6e

581.7 ± 7.6a
565.0 ± 5.0b
581.7 ± 2.9a
568.3 ± 2.9ab
486.7 ± 5.77c

618.3 ± 2.9c
631.7 ± 2.9c
736.7 ± 5.8a
650.0 ± 8.7b
516.7 ± 2.8d

565.0 ± 5.0b
591.7 ± 2.8a
625.0 ± 5.0c
591.7 ± 2.9a
546.7 ± 2.8d
651.7 ± 2.8b
440.0 ± 0.0c
568.3 ± 2.9b
740.0 ± 0.0a
408.3 ± 2.9d
558.3 ± 2.9c
621.7 ± 2.9c
382.5 ± 3.5e
481.7 ± 2.8e
511.7 ± 2.9d
letters for each parameter are not significantly

Table 6-6. Specific volume (cm3 /g) of bread samples made from composite flour (A =
wheat aleurone & B = wheat bran both at 15% replacement levels)
Storage
UnNaturallyYeastEnzymetime (weeks)
modified
modified
modified
modified
Composite A
3.83 ± 0.02a
3.64 ± 0.04ab 4.15 ± 0.04b
Fresh dough 3.96 ± 0.05c
1
4.19 ± 0.01b
3.82 ± 0.01a
3.54 ± 0.03c
4.06 ± 0.01b
3
4.45 ± 0.02a
2.61 ± 0.03b
3.68 ± 0.01a
4.72 ± 0.02a
6
4.24 ± 0.02b
2.44 ± 0.02c
3.57 ± 0.03bc 4.13 ± 0.05b
9
3.35 ± 0.03e
2.34 ± 0.04d
2.99 ± 0.04d
3.22 ± 0.04c
Composite B
3.71 ± 0.04b
3.75 ± 0.02a
4.13 ± 0.06c
Fresh dough 3.77 ± 0.03d
1
4.10 ± 0.02c
3.87 ± 0.02a
3.52 ± 0.01c
4.29 ± 0.01b
3
4.44 ± 0.00a
2.75 ± 0.01c
3.60 ± 0.02b
4.74 ± 0.02a
6
4.22 ± 0.03b
2.50 ± 0.04d
3.45 ± 0.02d
3.92 ± 0.01d
9
3.39 ± 0.04e
2.32 ± 0.02e
3.00 ± 0.01e
3.08 ± 0.02e
Means in each column with the same letters for each sample are not significantly
different at P < 0.05
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The textural characteristics (crumb texture) of bread made from fresh and
frozen-thawed composite dough samples measured in gram (g) are shown in Table 6-7
as well as their physical appearance in Fig. 6-2. Significant (p < 0.05) variations in
crumb texture were observed among all fresh dough bread samples for all types of
modifications. Among fiber A composite fresh bread samples, crumb firmness was
significantly (p < 0.05) lower for enzyme modified arabinoxylan bread (295 g)
followed by un-modified arabinoxylan (341 g), yeast modified (384 g) and naturally
modified arabinoxylan (637 g). Crumb firmness for fiber B composite fresh bread
samples had different order, un-modified (241 g), enzyme modified (262 g), yeast
modified arabinoxylan (442 g), and naturally fermented (568 g). Generally, bread
crumb texture increased for all samples with increasing storage time. The changes in
crumb texture was however very low for un-modified and enzyme modified
arabinoxylan compared to yeast and naturally fermented samples. Crumb firmness
increased excessively for both fiber A and B naturally fermented bread samples with
prolong freezing storage period of the dough. The results demonstrate that
modification of wheat fiber had varying effects on the textural characteristics of bread
crumb depending on the type of modification (enzyme versus fermentation) and fiber
source (aleurone versus bran). Un-modified and enzyme modified treatments produced
bread with softer crumb texture compared to yeast and naturally fermented samples
throughout the frozen storage period of the dough (9 weeks). Firming of bread crumb
and changes in crumb structure (pore distribution) with prolong storage time has been
associated with damage to gluten network during frozen storage (Lu and Grant, 1999).
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Lu and Grant (1999) observed a rough internal structure and loss of overall baking
quality of bread made from frozen dough stored for 16 weeks. The significant large
increase in bread crumb firmness observed for naturally fermented sample after week 3
of frozen storage may be attributed to deterioration in gluten structure leading to a
denser crumb with reduced pore distribution (Sharadanant and Khan, 2003a,b; Asghar
et al., 2005) as observed in (Fig 6-2). It may also be due to the decreased in water
binding capacity of arabinoxylan in the dough as a result of the enzyme action and
hence increasing water movement interfering with dough structure (gluten proteins)
(Ribotta and Le Bail 2007). Enzyme modification of arabinoxylan to obtain
arabinoxylan with an optimum molecular weight may help minimize the changes that
occur in dough texture during frozen storage of dough.
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Table 6-7. Crumb firmness (g) of bread made from composite flour (A = wheat
aleurone & B = wheat bran both at 15% replacement levels)
UnModified

NaturallyModified

Yeast-Modified

EnzymeModified

Composite A
Fresh dough
341.4 ± 6.2b
637.0 ± 10.9d
384.1 ± 12.3d
294.5 ± 11.4d
1
286.1 ± 6.6d
538.7 ± 23.7e
867.4 ± 8.7b
328.7 ± 2.0c
3
313.9 ± 14.2c
1052.1 ± 20.5c
364.4 ± 10.4d
281.2 ± 16.2d
6
366.6 ± 5.2b
1885.3 ± 28.3b
476.1 ± 3.9c
391.0 ± 10.0b
9
426.4 ± 13.1a
2973.9 ± 67.0a
913.5 ± 3.9a
474.6 ± 11.0a
Composite B
Fresh dough
241.2 ± 7.0d
568.1 ± 1.0d
441.6 ± 15.3c
262.0 ± 3.0d
1
250.8 ± 4.2d
401.2 ± 7.1e
601.2 ± 19.5b
243.8 ± 9.9e
3
281.6 ± 6.2c
763.1 ± 26.9c
359.3 ± 26.6d
329.7 ± 1.4c
6
430.9 ± 9.4b
1050.9 ± 6.5b
560.0 ± 2.4b
494.6 ± 3.0b
9
460.0 ± 6.1a
1267.6 ± 35.5a
670.0 ± 8.0a
526.0 ± 6.8a
Means in each column with the same letters for each sample are not significantly
different at P < 0.05
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Week 0

Week 1

Week 3

Week 6

Week 9

UM

NM

YF

EF

UM: un-modified, NM: naturally-modified, YM: yeast-modified, EM: enzymemodified
Fig.6-2. Appearance of bread made from fresh and frozen-thawed dough made from
composite flour A (wheat aleurone at 15% flour substitution level).

171

6.4. Conclusion
Modification of arabinoxylan in wheat fiber resulted in varying changes in
WSAX content and some structural properties depending on the type of modification.
Enzyme modification resulted in greater solubilization of arabinoxylan compared to
yeast and natural fermentation of the fiber materials. Enzyme modification also
exhibited the lowest A/X ratio and molecular weight for wheat aleurone fiber samples.
All forms of modifications resulted in lower molecular weight of arabinoxylan
compared to the un-modified fiber samples and higher intensity of the low molecular
weight arabinoxylans. Modification of arabinoxylan in wheat fiber resulted in
significant changes in frozen dough bread loaf volume and crumb texture compared to
bread baked from un-modified arabinoxylan. Enzyme-modified arabinoxylan in wheat
fiber resulted in the most enhancement effect but it was similar to that of unmodified
arabinoxylan. Although yeast and enzyme modification of the arabinoxylan only
improved the fresh dough bread samples compared to the unmodified bread samples the
study provides insights about possible ways to modify arabinoxylan structural
properties to produce dough that may be more resistance to frozen storage. Because the
un-modified arabinoxylan dough still performed better during frozen storage compared
to the modified dough samples, it may be suggested that higher molecular weight
solubilized arabinoxylans has greater impact on frozen dough behaviour than low
molecular weight arabinoxylans. In this regard more research is needed to study effects
of high molecular weight WSAX on frozen dough versus low molecular weight WSAX.
Appropriate modification of arabinoxylans in wheat fiber is critical for further quality
improvement of frozen dough bread. More research is needed to determine the right
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enzyme and its optimal concentration. In addition, modification of arabinoxylan in
wheat fiber with other enzyme types that affect mainly the water insoluble fraction and
a combination of enzymes such as xylanase and arabinofuranosidase will help to better
understand the mechanism by which arabinoxylan impact dough during frozen storage.
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7. Conclusions and future research
This research was designed to understand the impact of arabinoxylan-rich
wheat fiber on frozen dough and subsequent influence on bread quality. The high
water holding capacity and viscosity forming properties of arabinoxylan in the fiber
could affect water behaviour in the dough system and consequently dough rheological
and functional properties. Wheat fiber sources used in the current study include wheat
aleurone and wheat bran containing high amount of AX (approximately 20 and 24%
respectively). The fiber materials were incorporated into refined wheat flour at 15%
replacement level in a pre-hydrated or modified form to improve their functionality in
frozen dough. Currently, little or no information is available on the role of AX in
frozen dough. In a preliminary study we found that composite flour bread samples
were the most resistance to freeze damage indicating a possible role of AX in
minimizing water redistribution in the dough system and therefore lessening adverse
alterations to the gluten structure. The role of AX in wheat fiber on dough water
behaviour and rheological properties were evaluated for dough frozen stored for 9
weeks at -18 ˚C. Frozen stored composite dough samples contained higher amounts of
bound water, less freezable water and exhibited fewer modifications in gluten network
during frozen storage based on data from differential scanning calorimetry (DSC) and
nuclear magnetic resonance (NMR) spectroscopy. Bread made from composite frozen
dough had higher loaf volume compared to the reference samples throughout the
storage period. The incorporation of wheat fiber rich in arabinoxylan into refined
wheat flour produced dough with minimum alterations in its rheological properties
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during 9 weeks of frozen storage compared to refined and 100% wheat flour dough
samples.
To further understand the mechanism by which arabinoxylan-rich wheat fiber
influence frozen storage behaviours, the structural changes in arabinoxylan in the
dough during frozen storage at -18 ˚C for 9 weeks were examined. Water soluble
arabinoxylan (WSAX) content in dough samples increased (19-33%) during the first 3
weeks of frozen. Prolonged storage of dough (week 6 and 9), however, caused a
decline in WSAX content. Average molecular weight and intrinsic viscosity of WSAX
decreased during storage for all frozen dough samples. Arabinose to xylose ratio also
decreased from 0.93 to 0.83 and 0.86 to 0.81 for reference and composite dough
samples, respectively. The increase in viscosity of the dough aqueous phase and
reduction in WISAX levels during frozen storage of dough was proposed to be the
reason for the enhanced final bread quality of composite flours compared to reference
dough samples.
The final part of the study explored the effect of modified AX in wheat bran and
aleurone on bread quality upon frozen storage. Arabinoxylan in wheat fiber was
modified by natural or yeast fermentation and endoxylanase modification. Composite
bread dough samples prepared with refined flour enriched with 15% of the modified
arabinoxylan wheat fiber were stored for 9 weeks at -18 ˚C. Fermentation of either
wheat bran or aleurone resulted in the solubilization of the water insoluble
arabinoxylan (WIASX), reduction in WSAX molecular weight and arabinose to xylose
ratio (A/X) in the wheat fiber at varying levels depending on the type of modification
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treatment. Enzymatic modification produced the highest amount of solubilized
arabinoxylan and increased the intensity of low molecular weight water soluble
arabinoxylan (WASX).

Bread made from fresh dough with yeast and enzyme

modified arabinoxylans produced bread with the highest loaf volume. Bread samples
containing unmodified and enzyme modified arabinoxylans maintained their quality
throughout the storage period. The results again suggest the influence of arabinoxylan
fine structure in dough on stability of the dough during frozen storage and ultimately
the final bread quality. The study has demonstrated that the addition of arabinoxylan
fiber sources to refined flour may help reduce the adverse alterations that occur in
dough cell structures during freezing and prolonged frozen storage. Further research is
however necessary to better understand the contribution of arabinoxylan in enhancing
frozen dough rheological quality and also to increase shelf life of frozen dough. In
particular to study functionality of high molecular weight WSAX versus low molecular
weight WSAX in frozen dough to clarify the role of AX in improving the quality of
frozen dough and prolonging its shelf life.
To add to the findings from this study it will be important to study the impact
of the wheat fiber on the “state” of water throughout the flow process for dough
preparation, frozen storage and baking using thermal analysis such as dielectric
thermal analysis (DEA) and dynamic mechanical analysis (DMA) (Goff 1995) in
addition to molecular mobility by nuclear magnetic resonance spectroscopy (NMR)
(Roos 2003). This is because literature has shown that it is the “state” or “availability”
of the water in a food product that governs its stability (Levine and Slade 1991). The
ability to understand how AX impact the state of water in the dough before frozen
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storage, at freezing temperatures and throughout the bread making process is necessary
in determining the quality of frozen dough during freezer storage. Another important
physiochemical property to probe is the glass transition behaviour of the fiber enriched
dough samples. To understand the freezing process and predict the stability of frozen
foods during storage requires evaluation of the glass transition behaviour of the
amorphous glass phase of the food product (Goff 1992, 1994; Sablani et al., 2010). It
is postulated that stability occurs in a glassy state (Sablani et al., 2010).
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