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a b s t r a c t

B-glucan is one of the components that differentiate oats from other cereals and that contribute to the
health-related value of oats. However, so far oats cannot easily be applied in bread-like products without
loss of product quality. Here we have studied how the content and viscosity of oat b-glucan affect the
technological properties of oat dough in both a gluten-free and a gluten-containing system. In both
systems, increasing the b-glucan concentration resulted in an increase of dough stiffness and in a
reduction of dough extensibility. b-glucan negatively impacted the elastic properties that additional
wheat gluten conferred to oat dough. This effect was smaller for medium-viscosity b-glucan than for
high-viscosity b-glucan. Interestingly, dough made from low b-glucan flour (<2%) had increased gas
retention capacity. Overall, the impact of b-glucan on the properties of oat dough systems was governed
by concentration and viscosity, with or without additional wheat gluten. Our findings indicate that b-
glucan is a key component that determines the rheology of oat-based dough systems and, with that, the
technological functionality of oat in dough systems.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Oat constitutes a healthy basis for food products. Oat has gained
relevance in human nutrition because it is one of the few cereals
with a high content of soluble fibre -namely b-glucan-, and is a
good source of proteins, vitamins, and minerals (Butt et al., 2008).
Oat consumption enriches the nutritional quality of the diet,
especially of those that suffer from celiac disease (Butt et al., 2008;
Londono et al., 2013; Pulido et al., 2009), a chronic inflammatory
disorder of the small intestine produced by ingestion of gluten
proteins. People suffering from celiac disease have to follow a
gluten-free diet. This diet often provides insufficient nutrients and
fibres because gluten-free (GF) bakery products are commonly
based on starches that have a lower nutritional quality than their
cereal counterparts that include gluten (Thompson, 2000).
ing, P.O. Box 386, NL-6700 AJ

.M. Londono), luud.gilissen@
Visser), rene.smulders@wur.
В-glucans are polysaccharides composed of b-(1 / 4)-linked
glucose units separated every two to three units by a single b-
(1 / 3)-linked glucose (Bell et al., 1999). Oat b-glucan is a very
interesting component because it helps to reduce cholesterol and
post prandial glucose (PPG) levels in blood (Othman et al., 2011).
High cholesterol and PPG levels are considered important risk
factors for coronary heart disease and diabetes type II respectively
(Mathews, 2011; Othman et al., 2011). The positive physiological
effect of oat b-glucan has been attributed to the increased viscosity
b-glucan confers in the intestine, which slows down the intestinal
transit and the absorption of sterols and glucose (Anderson and
Chen, 1986). Because of that, the American Food and Drug
Administration (FDA,1997) and the European Food Safety Authority
(EFSA, 2010) granted a health claim about oat b-glucan. The rec-
ommended intake is 3 g/day (FDA, 1997).

Oat b-glucan is used as a functional food ingredient, but can also
be used to enhance viscoelastic properties of GF bread formulations
(Lazaridou and Biliaderis, 2007). Rheological studies of b-glucan
extracted from different oat varieties showed a positive correlation
between total b-glucan content and water viscosity. The highest
viscosity was obtained from oat lines with the highest molecular
weight b-glucan (Colleoni-Sirghie et al., 2003).
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Oats are used mainly as flakes, porridges and as a component of
breakfast cereals. Applications that require more processing, such
as bread-making, have been explored, but knowledge on the
technological properties of oat flour/meal is scarce. This limits
product innovation such as the development of breads that comply
with consumer standards regarding volume, structure and texture.

The potential of oats for GF bread applications has been studied
in formulations based on batter systems (Hüttner et al., 2010).
Recently Londono et al. (2014) developed a standard dough system
using gluten in the formulation, resulting in a dough system with
similar rheological characteristics as wheat dough with respect to
its extensibility properties. Differences among oat varieties
regarding bread-making potential have been reported for batter as
well as dough systems (Hüttner et al., 2011; Londono et al., 2014). In
this paper, we aim to understand how b-glucan content and vis-
cosity affect the extensibility properties of oat dough both in a
gluten-free and in a gluten-containing system. The results from this
comparative study will help to better manage the technological
properties of oat flour, and to determine whether oat varieties with
high b-glucan content, which are preferred for health purposes, are
compatible with bread making applications.

2. Materials and methods

2.1. Materials

The materials used were commercial oat meal (De Vlijt, Wage-
ningen, the Netherlands), vital gluten (provided by Cargill, the
Netherlands), and oat b-glucan of high and medium-viscosity
(Megazyme, lots 86608c and 31205a, respectively). The purity of
the b-glucan extracts was more than 94%, and the average molec-
ular weights were 361 Kd for the high-viscosity and 272 Kd for the
medium-viscosity samples.

2.2. Flour mixtures

The oat meal was sieved using a series of sieves of 0.500, 0.300,
0.250 mesh. Sieving was done to eliminate bran particles, which
can have detrimental effects on dough rheology (Noort et al., 2010).
The sieved fine fraction of oat meal (<0.250 mm diameter) is what
we refer to as ‘oat flour’ in this study. This flour contained 16%
moisture, 8.7% protein, 1.2% b-glucan, and 72% starch. Since the
major proportion (~80%) of the b-glucan was present in the bran,
the sieved flour was substantially lower in b-glucan. This enabled
us to study the effect of a wide range of b-glucan concentrations by
adding the b-glucan.

We performed two types of experiments to study the effect of b-
glucan on dough properties: the first type was based on a standard
Table 1
Overview of experiments. The total content of b-glucan corresponds to the sum of the am

System Flour type Oat meal % Oat flour % Addition
b-glucan HV

With gluten Oat meal 87.2 e e

Oat flour (control) e 87.2 e

Oat flour þ 0.8% HV e 86.4 0.8
Oat flour þ 0.8% MV e 86.4 e

Oat flour þ 3.8% HV e 83.4 3.8
Oat flour þ 3.8% MV e 83.4 e

Gluten-free Oat meal 100 e e

Oat flour (control) e 100 e

Oat flour þ 3.8% HV e 96.2 3.8
Oat flour þ 3.8% MV e 96.2 e

a HV: Refers to high-viscosity b-glucans.
b MV: Refers to medium-viscosity b-glucans.
c NaCl (2%) was added to all mixtures (Method 54-21, AACC).
dough system containing 12.8% gluten, developed by Londono et al.
(2014). The extensibility properties of this system are similar to
those of a weak wheat flour. In the other type of experiment, gluten
was excluded from the system. We prepared flour mixtures using
oat flour (1.2% b-glucan) and we added b-glucan of high and
medium-viscosity to test both the effect of b-glucan content and
the effect of its viscosity properties on dough extensibility. In the
gluten-containing system the b-glucan concentration was
increased to 2 and 5%, by adding 0.8 and 3.8% of b-glucan, respec-
tively. In the gluten-free system, the concentrationwas increased to
5% only.

In order to further demonstrate the effect of b-glucan, we
designed an experiment in which b-glucan was enzymatically
degraded by endo- and exo-glucanase (Megazyme, Lots 91102a and
91101, respectively) as follows. Prior to the experiment, a glucanase
solution was prepared by dissolving 60 mL endo- and 60 mL exo-
glucanase in 20 mL distilled water. This solution was used to treat
the dough mixture containing 5% b-glucan of high-viscosity. An
overview of the experimental conditions is presented in Table 1.

2.3. Dough preparation and extensibility test

Dough was prepared with a Micro-Farinograph (Brabender in-
struments, Mod.-No. 8110, Germany), using a 10 g mixer head.
Water was added to prepare a dough system containing glutenwith
a consistency of 850 ± 20 Brabender units (BU) or a gluten-free
system with a consistency of 650 ± 20 BU. The reason for the dif-
ference in consistency is that flours containing gluten and extra b-
glucan were very sticky and difficult to handle at consistencies
<850 BU. The dough was mixed until the consistency reached the
peak level in the gluten-containing system (from two to five mi-
nutes), or until the consistency became stable in the gluten-free
system (from 2.5 to 10 min). The mixing time depended on the
experimental conditions because the process of hydration to reach
the desired consistency was slower for flours with high b-glucan
content and also for the commercial oat meal. Each system, with
and without gluten, was compared to its respective control at the
same consistency.

After mixing, the dough was allowed to relax in a sealed plastic
container within an incubator for 20 min at 30 �C and 85% relative
humidity. Then, the complete dough was moulded into a ball by
hand (Fig.1) and pressed between two oiled lubricated and grooved
Teflon blocks tomake dough strips. The strips were allowed to relax
again for 40 min within the mould in a plastic container at 24 �C
and 80% relative humidity. Subsequently, the dough strip was
placed in its holder and maximum resistance to extension (g),
extensibility at maximum resistance (mm) and total extensibility
(mm) of each strip were measured using a Texture Analyser fitted
ount of b-glucan present in the oat flour (1.2%) plus the amount of b-glucan added.

a %
Addition b-glucan MVb % Total b-glucan

concentration %
Gluten % Totalc %

e 5.5 12.8 100
e 1.2 12.8 100
e 2.0 12.8 100
0.8 2.0 12.8 100
e 5.0 12.8 100
3.8 5.0 12.8 100
e 5.5 e 100
e 1.2 e 100
e 5.0 e 100
3.8 5.0 e 100



Fig. 1. Dough appearance of flour mixture containing 5% high viscosity b-glucan and gluten. Water was added to reach a consistency of 650 BU (upper row) and 850 BU (bottom
row). It was impossible to manipulate the dough at 650 BU in the presence of gluten, and even at 850 BU the system was very sensitive to over-mixing.

Fig. 2. Effect of adding medium- and high-viscosity b-glucan on extensibility prop-
erties of a gluten-containing oat-based dough system. Measurements were performed
at 850 ± 20 BU consistency. The effect of using oat meal (5% b-glucan) was the same as
using oat flour plus 3.8% high viscosity b-glucan. Sieved oat meal was used as a control.
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with the SMS/Kieffer Extensibility Rig (Stable Micro systems). The
standard settings for wheat flour dough were used according to
instructions of the manufacturer. The test was performed in trip-
licate and 7e9 measurements were taken per dough sample. The
resulting graphs represent the average of 21e27 measurements.

2.4. Gas retention test

To evaluate the gas-holding capacity of the dough, 1.8% of dried
active bakery yeast (Bruggeman Instant, Belgium, Lot 50109T2) and
1.0% D-glucose (Sigma) were added to the flourmixtures. The dough
was prepared in the Farinograph using the conditions described
above and placed in the system described by Peighambardoust et al.
(2010) to measure the gas production of a piece of dough (5 g). The
volume of the dough was measured immediately after mixing and
again after 20mL of gas production. A calibrated cylinder filled with
50 mL of n-hexane (Sigma) was used to measure the volume dis-
placed by the dough. Five samples per dough mixture were tested
and results were averaged to calculate specific volume increase of
the dough between mixing and after the production of 20 mL gas.

3. Results

3.1. Effect of oat b-glucan in a gluten-containing oat-based dough
system

The effect of high and medium-viscosity b-glucan in a gluten-
containing oat flour dough system was determined at concentra-
tions of 1.2, 2 and 5% b-glucan (Table 1). These concentrations were
obtained by adding 0.8 and 3.8% b-glucan to the oat flour described,
which already contained 1.2% b-glucan andwas used as control. The
dough was prepared at 850 ± 20 BU consistency because at lower
consistencies, the systemwas very sticky and became impossible to
handle when extra b-glucan was added (compare dough at 650 BU
in the upper two panels of Fig. 1 with dough at 850 BU in the lower
two panels).

Flours containing 0.8% of added b-glucan (bringing the total
concentration to 2%) were similar to the control regarding



Fig. 3. Farinograms of three gluten-containing dough systems: oat flour, oat flour plus 3.8% high-viscosity b-glucan, and oat meal. The dotted line indicates the consistency at which
the dough were prepared. The arrows indicate the moment when mixing was stopped. All the dough were very sensitive to over-mixing.
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maximum resistance to extension (force). Apparently, a viscosity
increasing effect was prevented by adding more water during
dough mixing (required to reach the same consistency). However,
the extensibility at maximum resistance (mm) and total extensi-
bility (mm)were reduced (Fig. 2). In contrast, in flours that received
3.8% b-glucan extra (bringing the total concentration to 5%) the
resistance to extension increased from 12 to 20 N in the case of
high-viscosity b-glucan, and from 12 to 16 N for medium-viscosity
b-glucan (Fig. 2). In this case, adding water to achieve the standard
consistency did not prevent an increase in stiffness. Extensibility at
maximum resistance and total extensibility were also significantly
reduced (Fig. 2). There was no significant difference between oat
meal and the flour containing 3.8% of added high-viscosity b-glucan
in the gluten-containing system (Fig. 2). Oat meal and flours with
higher b-glucan content required more water and a longer time to
reach the 850 ± 20 BU consistency (Fig. 3). High and medium-
viscosity b-glucan had the same water binding capacity. All re-
sults are summarised in Table 2.

3.2. Effect of oat b-glucan in a gluten-free oat-based dough system

In the absence of gluten, addition of 3.8% b-glucan to oat flour
caused an increase of 73% in dough maximum resistance to
extension (force) and a reduction of ~20% of extensibility at
maximum resistance and total extensibility (mm); there was no
significant difference between flours containing high or medium-
viscosity b-glucan and oat meal (Fig. 4A).

Glucanase treatment of the dough containing an extra 3.8%
high-viscosity b-glucan, reversed the viscosity effect of added b-
glucan. The dough had the same maximum resistance to extension
(force) as the control, but lower total extensibility (mm) (Fig. 4B).

In the Farinograph the control dough had a peak time of 2 min.
Addition of b-glucan increased the peak time (Fig. 5). The flour
Table 2
Summary of results of extensibility and gas retention capacity tests.

System Flour type Farinograph
consistencya (BU)

Water
added (mL)

Resistance to
extension (N)

With
gluten

Oat flour (control) 850 6.2 0.12 ± 0.08
Oat flour þ 0.8% MV 850 6.6 0.12 ± 0.05
Oat flour þ 0.8% HV 850 6.6 0.10 ± 0.06
Oat flour þ 3.8% MV 850 7.8 0.16 ± 0.07
Oat flour þ 3.8% HV 850 7.8 0.20 ± 0.01
Oat meal 850 6.7 0.20 ± 0.01

Gluten-free Oat flour (control) 650 4.4 0.12 ± 0.09
Oat flour þ 3.8% MV 650 5.4 0.22 ± 0.13
Oat flour þ 3.8% HV 650 5.4 0.22 ± 0.14
Flour þ3.8% HV (treated
with Glucanase)

650 5.5 0.13 ± 0.2

Oat meal 650 5.7 0.18 ± 0.18

a Consistency ±20 BU.
b Measured at 20 mL total gas production, average of 5 samples.
c Specific vol: gain ¼ specific vol: after proofing�specific vol: after mixing

Specifc vol: after mixing .
containing high-viscosity b-glucan and oat meal needed about
10 min to reach stable consistency (Fig. 5). The effect of the en-
zymes was also observed in the farinogram as a reduction of the
width of the oscillations and a reduction in the time needed to
reach the stable consistency (Fig. 5). Flours with higher b-glucan
content did require more water to reach the desired peak consis-
tency of 900 BU.

3.3. Effect of oat b-glucan on gas retention capacity

The effect of b-glucan on gas retention capacity was tested by
comparing the specific volumes of oat flour and oat meal in the
gluten-containing and the gluten-free system. In both systems, the
specific volumes ranged between 1.19 and 1.31 mL/g. However, a
small but significant difference between the specific volume gain of
the dough after proofing was observed. In both systems, the dough
made of oat flour gained 3%more specific volume than the oat meal
dough (Table 2).

The specific volume gain in the gluten-containing system was
6% larger than in the gluten-free system for both oat flour and oat
meal (Table 2). However, this result cannot be only attributed to the
presence of gluten, because the dough consistency was also
different. The appearance of the dough after proofing was also
different in both systems: oat flour dough did not expand uniformly
but more to the sides, with pores on the surface, while oat meal
dough had a firm and rounded shape.

4. Discussion

Application of oats in bread-like products is restricted due to
problems in dough handling and a loss of product quality (Flander
et al., 2007). In this study we have determined the effects of oat b-
glucan content and viscosity/molecular weight on the extensibility
Mixing
time (min)

Extensibility at max.
Resistance (mm)

Extensibility
total (mm)

Specific
volumeb (mL/g)

Specific vol.
gainc %

2.0 21.0 ± 1.6 61.0 ± 7.4 1.29 ± 0.07 51 ± 0.09
2.0 18.2 ± 1.3 56.7 ± 6.2 e e

2.0 17.1 ± 0.8 55.9 ± 4.8 e e

2.0 16.0 ± 0.8 38.2 ± 2.2 e e

3.0 13.5 ± 1.0 26.1 ± 2.6 e e

5.0 10.9 ± 1.1 26.0 ± 3.4 1.31 ± 0.10 48 ± 0.10
2.5 7.9 ± 0.5 15.0 ± 2.4 1.26 ± 0.8 45 ± 0.14
4.0 6.3 ± 0.6 12.4 ± 1.2 e e

10.0 5.8 ± 0.6 11.2 ± 1.5 e e

6.0 6.0 ± 0.9 11.0 ± 1.3 e e

10.0 7.5 ± 0.9 12.2 ± 1.0 1.19 ± 0.02 42 ± 0.09



Fig. 4. Effect of b-glucan on extensibility properties of a gluten-free oat-based system.
Top panel. Effect of medium- and high-viscosity b-glucan. Bottom panel. Effect of
glucanase treatment. The effect on b-glucan was reversed after treating the oat flour
with an additional 3.8% b-glucan with endo- and exo-glucanase (Megazyme). The
treatment resulted in a loss of the extensibility observed in the control. All measure-
ments were performed at 650 ± 20 BU consistency.
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properties of an oat dough. To confirm the functionality of b-glucan
we either added high- or medium-viscosity b-glucan, or used a
glucanase to remove (part of) such effect.

In order to create a point of reference, we decided to perform
our experiments at the same consistency. This required adjusting
the amount of water added and the mixing time, as flours with
higher b-glucan content needed more water to reach the same
consistency than flours with low b-glucan content. This behaviour
is comparable to that observed by Wang et al. (2002) in gluten-
containing flours that received additions of water-extractable
pentosans. Suprisingly, the high-viscosity b-glucan used in this
study required the same amount of water as the medium-viscosity
type to reach the desired Farinograph consistency. We had ex-
pected high viscosity b-glucan to absorb more water as the solu-
bility and viscosity of polysaccharides are controlled partly by
molecular weight (Wood, 2011), but as we added the b-glucan on a
weight/weight basis, the molecular weight of the b-glucan appar-
ently does not affect the total water binding capacity per unit of
mass. It may affect the time required for hydration, as high
molecular weight b-glucan required more time to fully absorb the
same amount of water (Table 1). In contrast, in the gluten-free as
well as the gluten-containing system, the effect of b-glucan on
dough extensibility properties was related to both concentration
and molecular weight (viscosity). This result is in accordance with
the results reported by Skendi et al. (2009), who studied by creep-
recovery measurements the effect of barley b-glucan extracts on
dough rheology of a poor and good bread-making quality wheat
flour. They found that the rheological behaviour of flours enriched
with barley b-glucan depended on concentration and on molecular
weight, but also on the type of flour used; barley b-glucan-enriched
wheat flours were stiffer andmore resistant to deformation (Skendi
et al., 2009). Increasing the concentration of oat b-glucan in oat
flour increased dough resistance to extension (stiffness) and
reduced dough extensibility, with high-viscosity b-glucan having a
larger impact. However, the associated reduction of dough exten-
sibility not necessarily would result in a lower volume but in a
coarser dough and crumb structure (Kloek et al., 2001). If dough
extensibility is a measure of dough elasticity, an increase would
mean a higher stability of small gas cells that are mixed in and act
as growth nuclei. The more nuclei, the better (finer) the crumb
structure (Kloek et al., 2001).

Bran particles can also affect dough properties (Noort et al.,
2010). Previous studies indicated that when wheat flour is mixed
with oat flour to enrich the fibre content of wheat bread, this
resulted in loaves with a reduced specific volume (Flander et al.,
2007; Noort et al., 2010; Popa et al., 2012; Tiwari et al., 2013),
indicating that the gluten network was disrupted. This disruption
was attributed to the bran particles present in oat meal and to its
high content of b-glucan. We compared commercially available oat
meal and sieved oat flour. The concentration of b-glucan was
significantly higher in the oat meal (5% versus 1.2%), indicating that
the bran fraction of the meal contains a higher concentration of b-
glucan. Dough of the sieved oat flour had a higher extensibility than
oat meal. When b-glucan was added to the flour up to 5%, the
extensibility decreased to the level of oat meal. This means that the
b-glucan content is sufficient for this effect, as we observed no
additional effect of bran particles on extensibility. So the increase in
dough stiffness, the loss of extensibility and the lower specific
volume gain observed in oat meal dough can be attributed to its
high content of b-glucan (5%). Similarly, Skendi et al. (2009)
observed that b-glucan from barley can affect wheat dough
rheology already at very low concentrations: additions of 1.0% (w/
w) produced a hampering effect on the rheology of good quality
wheat flour, while an improving effect was observed inweakwheat
flour. In our case, increasing the concentration of b-glucan in oat
flour from 1.2% to 2% did not interfere with the formation of the
gluten network in the gluten-containing system.

The effect of b-glucan on extensibility properties of glutenmight
be comparable to the effect of water-extractable pentosans, which
are also polysaccharides that can interfere with the formation of
the gluten network (Wang et al., 2004a). Three mechanisms have
been proposed to explain this phenomenon: disturbed viscosity,
depletion of molecular attraction between gluten molecules, and
modification of Van der Waals forces between particles (Wang
et al., 2004a, 2004b). As b-glucan has a great affinity to bind wa-
ter (Ahmad et al., 2010), competition with gluten and other water-
binding components can occur in the system, and this would
interfere with the development of the gluten network (Wang et al.,
2002). This may explain why wewere not able to obtain a dough at
a consistency of 650 ± 20 BU in the gluten-free system.

The treatment with glucanase completely reversed the stiffness
of the dough induced by addition of 3.8% high-viscosity b-glucan.
Interestingly, the glucanase-treated flour had a lower extensibility
than the control. This can be explained by the intrinsic b-glucan of



Fig. 5. Farinogram behaviour of gluten-free dough systems with different b-glucan content and viscosities. The dotted line indicates the consistency at which the dough was
prepared. The arrows indicate the moment when mixing was stopped. HV ¼ high-viscosity.
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the oat flour used as a control e that were also degraded by the
enzyme -, being responsible for conferring the extensibility that
oat flour accounted for. This supports the results of Lazaridou et al.
(2007), who reported b-glucan as improving the viscoelastic
properties of gluten-free flours when added in concentrations
from 1 to 2% w/w. Higher concentrations had a negative impact
and decreased loaf specific volume (Pastuszka et al., 2012). Our
findings confirm that b-glucan is relevant for the rheology of oat
dough.

Low b-glucan flour produced a dough with better extensibility
properties and gas retention capacity. It is therefore necessary to
find the optimum balance between content and composition to
obtain the best bread quality, and this might be done by selecting
oat varieties with low b-glucan content of low viscosity and mo-
lecular weight, and by a correct adjustment of the water in the
formulation. In addition, fermentation may reduce the level of b-
glucan. Sour-dough preserved viscosity of oat bran b-glucan in a
wheat-based dough better than yeast fermentation did (Gamel
et al., 2015).

Reducing b-glucan content and viscosity may compromise the
health benefits. According to literature, the magnitude of the
physiological effect that leads to a lowering of blood glucose level in
humans is dependent on b-glucan viscosity: the higher the vis-
cosity, the larger the glucose reduction (M€alkki, 2004; Wood,
2007). The relation between the viscosity type of b-glucan and
cholesterol reduction has not yet been demonstrated (Wood, 2007).
As a consequence the optimum balance between health benefits
and technological quality of the end product with regard to b-
glucan concentration remains to be determined. In addition, it is
important to consider that a high internal water content may also
be negative for shelf life properties, which are another major
drawback of GF bread.

5. Conclusions

The behaviour of b-glucan in dough systems is governed by two
factors: concentration and molecular weight (viscosity), provided
that the appropriate amount of water is added. Low b-glucan oat
flour has better extensibility properties than oat meal dough or oat
flour dough enriched with b-glucan. Overall, our findings indicate
that oat b-glucan is a key component determining rheology of oat-
based dough systems. At least up to 2% b-glucan appears to be
positive for baking quality. Whether it is possible to make a good
dough of oat containing significantly more b-glucan remains to be
determined.
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