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a b s t r a c t

Crude gliadin and glutenin fractions were studied using Large Amplitude Oscillatory measurements.
LAOS measurements were carried out at three different frequencies (20, 10, 1 rad/sec) between the strain
values of 0.01e200%. The beginning of non-linearity for glutenin occurred at ~2.5%, while an initial re-
gion of strain hardening was observed for gliadin (2.5e10%) at 1 rad/sec frequency and up to 15% at the
higher frequencies applied. Lissajous curves showed in the elastic analysis of both fractions glutenin was
more elastically dominated since Lissajous curves were narrower, while for gliadin the ellipses were
much broader suggesting more fluid-like behavior and each ellipse depended on the magnitude of
frequency. Decreasing frequency increased the viscous behavior of both glutenin and gliadin in the non-
linear region, but the change in gliadin was much more pronounced. Gliadin molecules only display
intramolecular disulfide bonds creating a great deal of mobility whereas for glutenin molecules, which
contain both intermolecular and intramolecular disulfide bonds, the strong network structure formed by
this molecular arrangement results in very pronounced strain stiffening.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Wheat gluten proteins (gliadin and glutenin) are responsible for
the viscoelastic properties of dough, which develop during mixing.
They are primarily responsible for dough's ability to retain gas
during fermentation (Verbruggen et al., 1998) because they form
strong hydrophobic films. During mixing, hydration, results in
changes at the molecular level including interaction between
gliadin and glutenin and reorientation of glutenin via S-S inter-
change (Toufeili et al., 2002). The viscoelasticity of gluten network
is known to depend on these intermolecular interactions. Under
mechanical action, gradual decay of intermolecular bonds (covalent
and non-covalent) causes nonlinear rheological behavior above a
critical strain value. The onset of non-linearity starts to occur for
wheat flour dough at around 0.2%, whereas it is around 3e10% for
gluten where starch which acts as a filler is absent (Dus and Kokini,
1990; Wang and Kokini, 1995a; Phan-Thien et al., 1997; Phan-Thien
et al., 2000 Lefebvre et al., 2000; Uthayakumaran et al., 2002). The
gluten network and especially the gliadin fraction is known to be
held together by secondary bonding interactions that are
susceptible to breakdown with increasing strain (Dus and Kokini,
1990). The glutenin fraction is much stronger because it is a com-
plex of high molecular weight storage proteins with molecular
weights ranging from 40,000 up to millions depending on the
extraction procedure that are held together by a large number of
intermolecular disulfide bonds. On the other hand, gliadin is known
to be the fraction imparting more viscous character to the gluten
network and is held together by intramolecular disulfide bonds
(Cocero and Kokini, 1991; Verbruggen et al., 1998).

Several authors have studied the linear and non-linear rheo-
logical properties of gluten. Stress relaxation experiments were the
most commonly used (Rinde, 1970; Wagner, 1976; Bohlin and
Carlson, 1981). To gain more in depth understanding fractions of
glutenin and gliadin were extracted by the Osborne method by
Cocero and Kokini (1991) and Madeka and Kokini (1994) who
developed state diagrams for each gluten fractions. They divided
the state diagrams into five regions including glassy region, rubbery
region, entangled polymer flow region, reaction region, and the
softening region. These state diagrams characterized the entangled
polymer flow region when the moisture content of the gluten
fractions were higher than 40% at 25 �C. Wang and Kokini (1995a,b)
used the Bird-Carreau model to predict shear viscosity and small
amplitude oscillatory measurements and then used the Wagner
theory to simulate the steady shear properties for gluten with 55%
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moisture including shear viscosity and primary nor mal stress co-
efficient. Lefebvre et al. (2003) reported that gluten showed shear
thinning behavior and time-dependent viscosity above a certain
creep stress value (when the creep stress exceeds the apparent
yield stress, s� 150 Pa). Non-linear rheological properties of gluten
were also studied. Uthayakumaran et al. (2002) studied the non-
linearity in gluten and wheat flour doughs through elongational
properties. They observed 5e7 times higher elongational viscosity
for gluten dough when compared to wheat flour dough even at low
shear rates. Gluten dough showed higher strain hardening behavior
than wheat flour dough when mixed at the optimum water ab-
sorption level.

Ng et al. (2011) applied LAOS tests on gluten and investigated
the mechanical properties of gluten. They determined that the
onset of non-linearity was after the critical strain at around 5%.
They used Lissajous curves for the first time to evaluate the non-
linear character of gluten. Lissajous curves were also used before
by Lefebvre (2006) to evaluate the effect of LAOS deformation on
wheat flour dough. The Lissajous curves showed elliptical trajec-
tories for gluten network in the study of Ng et al. (2011). They
observed a rotation in themajor axis of the stress ellipsewhich they
have explained as a gradual softening in gluten due to the reduction
in network connectivity as the polymer chains were highly
stretched.

The earlier LAOS rheological studies of gluten (Ng et al., 2011) do
not cover the non-linear behavior of the components of gluten
gliadin and glutenins and offer nomolecular insights between LAOS
data and gluten molecular structure. No study has been carried out
to date on the fractions of gluten to characterize their LAOS rheo-
logical behavior in detail. In this study we fractionated gluten into
its main constituents, gliadin and glutenin, and investigated the
non-linear rheological properties of these two main gluten frac-
tions separately by evaluating the Lissajous curves and the resulting
LAOS parameters proposed by Ewoldt et al. (2008).

2. Materials and methods

2.1. Materials

Hard redwinter wheat flour (14.64%moisture, 33.5%wet gluten,
61.5% water absorption) obtained from Siemer Milling Company
(Hopkinsville, KY) was used to extract gliadin and glutenin
fractions.

2.2. Methods

2.2.1. Dough preparation
Dough samples used for extracting the gluten fractions were

prepared using a Farinograph (Brabender, Germany) according to
the AACC method No 54-21 (AACC, 2000).

2.2.2. Extraction of the gluten fractions
For extracting the gluten fractions, we first separated gluten

according to AACC method no 38-10 (AACC, 2000) from the dough
sample. Then considering Osborne's wheat protein classification in
terms of solubility (Osborne, 1907), gluten was washed with 70%
ethanol solution to separate gliadins and to obtain crude glutenin
fraction. Ethanol washing was repeated several times and the
sample mixture was centrifuged at 14000�g for 10 min after every
washing step. The precipitate is the crude glutenin fraction, where
the supernatant is gliadin-ethanol mixture. The gliadin-ethanol
solution was evaporated for 6 h at 40 �C to prevent denaturation
and degradation of gliadin. We obtain a concentrated gliadin-
ethanol mixture which can be easily freeze-dried. Concentrated
crude gliadin fraction solubilized in 70% ethanol and the precipitate
which consists of crude glutenin were freeze-dried and then
ground to obtain a fine powder. The gluten fraction powders were
stored at �20 �C until they were needed for the rheological
measurements.

2.2.3. Characterization of the fractions
Fractions were characterized using SDS-Page gel electropho-

resis. In order to establish that the extraction was carried out
correctly, SDS-Page electrophoresis was conducted on gluten frac-
tions and on gluten itself. Bullseye 180 kDa protein ladder was
purchased fromMid Science Inc. and was used for determining the
molecular weights of gluten fractions on the electrophoresis gel.

2.2.4. Preparation of the fractions for rheological measurements
An equal weight of water was added to both gliadin and glutenin

fractions (100% of water) in order to prepare dough samples for
each protein. They were mixed for 2.5 min in a Brabender Mixo-
graph with a 30-g cup. These hydrated and mixed protein fraction
doughs were used for rheological measurements.

2.2.5. Non-linear rheological properties
LAOSmeasurements were carried out using a DHR-3 Rheometer

(TA Instruments, USA). Non-linear properties of the crude gluten
fractions were measured between the strain values of 0.01 and
200% where the applied frequencies were; 10, 1, and 0,1 rad/sec at
25 �C. A 20 mm x-hatch parallel plate geometry and a gap of 2 mm
were used. The measurements were carried out in triplicates and
their averages were calculated using Fourier transforms and the
inverse transform and used for data analysis. All the non-linear data
were obtained through the use of TRIOS software provided by TA
for LAOS analysis. Lissajous curves and the stress wave plots were
plotted using OriginPro 8.6.

3. Results and discussion

3.1. Extraction and SDS-Page gel electrophoresis

Low molecular weight glutenin bands appeared around
~30e75 kDa and high molecular weight glutenin bands appeared
around ~130e180 kDa (shown in Supplemental material). The
glutenin fraction contains alcohol-insoluble polymeric proteins
that have molecular weights changing from 50,000 to >2 million.
However, it is only possible to visualize around 20 subunit bands on
SDS-Page gel when mercaptoethanol is used as a reducer in the
sample solvent. This fraction is mainly formed by high molecular
weight (HMW) and low molecular weight (LMW) subunits linked
by intermolecular disulfide bonds (Osborne, 1907; Wieser et al.,
2006). LMW subunits have an aminoacid composition close to a-,
b-, and g-gliadins. However, HMWglutenin subunits have relatively
higher molecular weight than gliadin(~44,000). HMW glutenins
have molecular weights ranging between 95,000 and 136,000
(Shewry et al., 1986) and also differ from gliadins by their high
content of glycine and low content of proline. Due to their high
molecular weight distribution, glutenins are related to dough
strength/elasticity, baking performance, and loaf volume (Wieser,
2007). Khan and Bushuk (1979) proposed a model for glutenin
which separates glutenin into GluI and GluII fractions. GluI is
described as a protein complex that is held together by noncovalent
forces. This group of glutenin is reported to have a MWof 68,000 or
lower. GluII glutenins consist of larger molecules, where poly-
peptide subunits are bound with intermolecular disulfide bonds,
and also polypeptide aggregates, where subunits are held together
by strong noncovalent bonds. GluII glutenins cannot enter SDS-
Page due to their larger size if not reduced (Osborne, 1907). How-
ever, upon the reduction of disulfide bonds, the GluII glutenin
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group dissociate into subunits with a MW of 68,000 or higher,
consistent with our SDS results.

Gliadin fractions showed molecular weight values of 5e12 kDa,
25 kDa, 30e40 kDa, and 55e180 kDa for alpha, beta, gamma, and
omega gliadin subunits respectively. Gluten shows the combination
of all the bands appearing separately for glutenin and gliadin. The
major portion of gliadins (~80%) consists of monomeric proteins
with molecular weights in the range of 30,000 to 55,000 (Osborne,
1907; Wieser et al., 2006; Bozkurt et al., 2014). For this reason, the
band appearing for gliadin at around 30 kDa is darker showing a
much greater concentration of proteins. Biets and Wall (1972), on
the other hand, reported that gliadin proteins have the molecular
weight of 16,000 to 50,000. The fractions a-, b-, and g-gliadins (S
(sulphur)-rich gliadins) have lower molecular weights compared to
u-gliadins (S-poor gliadins). a-, b-, and g-gliadins showed bands on
SDS-Page electrophoresis gel around 32,000 to 42,000. This value
increased up to 44,000 to 72,000 for u-gliadins (Shewry et al.,
1986). These findings are consistent with the SDS-Page gel elec-
trophoresis conducted on crude gluten fractions.

In this study, we studied the LAOS behavior of crude gliadin, and
crude glutenin fractions in order to gain deeper insights on the
rheology of these two sub-fractions and to attempt to link observed
LAOS behavior to the structural differences between the two pro-
tein subfractions.

3.2. Linear and non-linear rheological behavior of crude gliadin and
glutenin fractions

The data in the linear viscoelastic region showed that glutenin is
a much more elastic fration compared to gliadin. G0 values were in
the range of 2.5 � 104 to 3.2 � 104 Pa with a 1:1 moisture content
for glutenin at all frequencies studied. For gliadin on the other hand
G0 values ranged from 1.75 � 102 to 2.45 � 102 Pa a two order of
magnitude difference between the two fractions. The phase angle
which is a measure of relative solid-like behavior is equal to 19.29�

for gliadin and 10.75� for glutenin at the frequency of 1 rad/sec;
whereas 38.65� for gliadin and 15.11� for glutenin at a frequency of
20 rad/sec clearly showing the relative solid-like behavior of glu-
tenin compared to gliadin at all frequencies studied. As discussed
above this is due to the intermolecular disulfide bonds which create
a strong network for glutenin and intramolecular disulfide bonds
which form a weaker network for gliadin.

Strain sweeps showed that the beginning of non-linearity for
glutenin occurred at ~2.5% strain at all frequencies studied. For
gliadin on the other hand an overshoot was observed after 2.5%
strains up to 10% at a frequency of 1 rad/sec and up to 15% at the
higher frequencies of 10 and 20 rad/sec. (Fig. 1). G0 and G00 values for
glutenin did not show a crossover up to the highest applied strain
(200%) at the highest frequency applied (20 rad/sec). However, a
crossover modulus value was observed for gliadin at around 41%
strain (at 20 rad/sec frequency) because of structure decay resulting
in increased fluidity as strain is increased. Linear viscoelastic pa-
rameters clearly show the stronger network and corresponding
elastic character of the glutenin fraction.

3.3. Analysis of the Lissajous-Bowditch curves

The intracycle non-linearity for gliadin and glutenin was eval-
uated at 0.01%, 0.06%, 1.6%, 11%, 28%, 44%, 70%, 105%, and 200%
strain. Both the viscous and the elastic Lissajous-Bowditch curves
were plotted at these selected strains and at the 3 different applied
frequencies. These curves enable us to understand the intracycle
rheological behavior of gluten fractions as the amplitude of strain
increases.

Fig. 2 shows the raw stress - strain curves plotted as Lissajous
curves for both gliadin and glutenin at the three frequencies
studied. This data will be normalized and further discussed below.
The raw Lissajous curves show that the behavior of gliadin and
glutenin are dramatically different. First, the magnitude of the
stress amplitude is much larger for glutenin compared to gliadin.
For example, for 1 rad/sec the amplitude of stress for gliadin at
200% strain is 89 Pa, at 70% it is 57 Pa, at 1.6% strain it is 1 Pa. The
amplitude of stress at the same frequency and strain values for
glutenin is 6163 Pa, 3247Pa, 82Pa respectively. At the largest fre-
quency of 20 rad/sec for gliadin, the stress amplitude values are
300 Pa,136 Pa, 3.2 Pa respectively and for glutenin they are 9500 Pa,
5200 Pa, 140 Pa. This is roughly consistent with the two orders of
magnitude increase in glutenin storage moduli observed in the
linear region. We attribute this difference to the networking ability
of the two proteins. Clearly gliadin offers much less resistance to
deformation and glutenin acts more like a viscoelastic solid due to
the differences in their disulfide bond distribution. In addition to
the amplitude of stress there is a great deal of information in the
shape of the Lissajous curves when we observe their elastic and
viscous projection. The elastic projection of gliadin at 10 rad/s has
wider elliptic shapes in the non-linear region and showed a
clockwise turn as strain increased, indicating an intracycle strain
softening behavior and more liquid like viscous behavior. Glutenin
showsmuch narrower ellipses in the non-linear region indicating a
much stiffer/solid like elastic structure; however, it also showed
strain softening behavior. The ellipses of gliadin in the viscous
projection are narrower than glutenin indicating more liquid like
behavior consistent with the elastic projections. Glutenin on the
other hand shows fatter ellipses in the viscous projection sug-
gesting more solid like/elastic behavior consistent with the con-
clusions we reached in the elastic projections. However, both of
them showed a clockwise turn as strain increases, which suggests
intracycle shear thinning behavior (Ewoldt et al., 2008).

3.3.1. Normalized elastic projection of Lissajous curves
Elastic Lissajous curves for gliadin and glutenin are plotted as a

function of frequency in Fig. 3. The elliptical trajectories observed
for the elastic Lissajous curves of gliadin were wider both in the
linear and non-linear regions at all frequencies applied when
compared to those of glutenin showing narrower ellipses. As the
amplitude of strain increased, the Lissajous curves for both frac-
tions started to become wider because of structure breakdown
caused by increased energy input, which means that the elastically
dominated behavior deteriorated into more viscous behavior. The
elastic Lissajous curves at 20 rad/sec showed that the nonlinear
rheological behavior observed for glutenin at 200% was still much
more elastic than the behavior observed for gliadin in the linear
region at the lowest strain (0.01%). All these data obtained through
the elastic Lissajous curves show that glutenin has much more
elastically dominated non-linear viscoelastic behavior compared to
gliadin and the decay in elasticity with increasing strain and fre-
quency for glutenin is much slower compared to gliadin because
the elliptic loops become wider much more slowly. This is clearly
due to the intermolecular disulfide bonds in glutenin that create a
strong newtwork compared to gliadin where there are no disulfide
covalent bonds to form a 3-D network.

As the frequency decreased, the elliptic loops started to get
narrower for both fractions in the linear region (represented by the
inner loops) as expected because the structure is reversible in the
linear region, whereas the opposite was observed in the non-linear
region (represented by the outer loops) and the loops became
wider showing irreversibility in the structural changes which
occurred caused by the stretching and breaking of covalent bonds
as well as ionic, hydrophobic and hydrogen bonding interactions. .
Both gluten fractions were more elastic in the linear region and



Fig. 1. G0 and G00 values for the gluten fractions; a) gliadin, b) glutenin.
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increasingly more viscous in the non-linear region as the frequency
decreased from 20 rad/sec to 1 rad/sec. This change was more
pronounced in the elastic component of gliadin since there is no
covalent network in gliadin compared to glutenin. Especially at
1 rad/sec frequency, the broadening in the Lissajous ellipses in the
elastic Lissajous curves was more pronounced as the amplitude of
strain increased compared to the changes occurring at higher
frequencies.

Our observations with gliadin and glutenin are consitent with
the elastic Lissajous curves obtained in previous studies for hard
and soft wheat flour dough samples (Ewoldt et al., 2008; Yazar
et al., 2016a, 2016b). Both of these doughs showed more liquid-
like (viscous) viscoelastic behavior as the frequency decreased.
The change in the rheological behavior due to the change in fre-
quency was more pronounced in the non-linear region for both
hard and soft wheat flour doughs compared to gliadin and glutenin.
For gluten fractions, the change in frequency affected the rheo-
logical behavior of the samples both in linear and non-linear re-
gions. This comparison is quite enlightening about the structure of
dough. The proteins are strongly covalently networked in the case
of glutenin and less networked for gliadin. With the doughs on the
other hand we also have starch that acts as a filler and the presnece
of starch which acts as a filler creates the contrast in behavior.

3.3.2. Normalized viscous projection of Lissajous curves
The Lissajous curves in the viscous analysis would give a straight

line or a narrow ellipse for a prefectly viscous material. As the
material deviates from linear viscous behavior and becomes more
viscoelastic, the ellipses become larger and in the most elastic case,
they begin to approximate a perfect circle. Lissajous curves for the
viscous components of gluten fractions (Fig. 4) showed that glu-
tenin had the more circular shapes (Fig. 4b) that did not strongly
deviate from circularity and therefore was dominated by elastic
behavior consistent with the elastic analysis. Gliadin on the other
hand showed ellipses that progressively became narrower (Fig. 4a)
indicating more intracycle viscous decay in the non-linear region
(represented by inner loops) compared to glutenin. The viscous
component of glutenin seemed not be considerably affected by the
change in frequency. On the other hand, the viscous component of
gliadin started to show more elastic behavior in the linear region
(indicated by the outer loops getting wider) and more viscous
dominated viscoelastic behavior in the non-linear region (indicated
by the inner loops getting narrower) as the frequency decreased
from 20 to 1 rad/sec. The effect of frequency is more pronounced in
the linear region for both elastic and viscous components of gliadin
compared to glutenin.

It is clear from the Lissajous curves, that glutenin is responsible
for creating the elastic skeleton of the gluten network (Dus and
Kokini, 1990; Lefebvre et al., 2003) and thus for providing the
elasticity in dough during different steps of processing such as
mixing, fermentation, and baking. But in addition, we are also able
to draw inferences on the strain dependence of elasticity which is
not easily available with any other technique. We have used in prior
work the Wagner constitutive model to predict the strain depen-
dence using a damping function (Wang and Kokini, 1995b). Gliadin
clearly contributes to the viscous character of the viscoelastic
dough more than glutenin based on the clarity gained through
Lissajous curves. For instance, the viscous character occurring in
dough as a result of the mechanical deformations as mixing pro-
ceeds can be attributed to the non-linear rheological behavior of
gliadin together with the starch matrix. Besides, the ability of the
dough to recover once mixing ends can be attributed more to the
elastic behavior of glutenin which is relatively more elastic than
gliadin in the linear region because there are only creeping flows
cause by the gas phase in dough during the rest period. Osborne
(1907) stated in the study where he classified wheat proteins
depending on their solubilities that gliadin was responsible for the
extensibility and flowability, while gluteninwas responsible for the
elasticity in dough. The results obtained for gluten fractions
through the evaluation of the viscous and elastic Lissajous curves
support his qualitative explanations. Lissajous curves for glutenin
were quite stable whereas the ones for gliadin changed signifi-
cantly as a function of frequency and the amplitude of strain both in
the linear and non-linear regions. The molecular origins of the
difference in the viscoelstic charater of gliadin and glutenin can be
attributed to a number of different factors. Among the fractions of
gliadin, since u-gliadins do not have S containing amino acids
(cysteine and methionine) and other gliadin subunits have these
amino acids but linked to each other by intramolecular bonds, and
since gliadin subunits have much lower MWs compared to glutenin



Fig. 2. 3D Lissajous Curves (unnormalized) for gliadin and glutenin at different frequencies; a) 1 rad/sec, b) 10 rad/sec, c) 20 rad/sec.
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subunits, especially to HMW subunits, gliadin has fewer constraints
to flow and flows readily and consequently is related to the viscous
character in dough samples mostly imparting the extensible/
flowable character. On the other hand, having S-rich amino acids
and bound to each other by intermolecular bonds, and having
higher MW values make glutenin as the responsible fraction for the
formation of elastic structure in dough (Shewry et al., 1986; Wieser
et al., 2006).

3.4. Non-linear elastic properties of crude gliadin and glutenin
fractions

(e3/e1) were >0 (þ) for both of the gluten fractions, which shows
that both gliadin and glutenin showed increasing strain stiffening



Fig. 3. Lissajous curves for the elastic components of gluten fractions; a) gliadin, b) glutenin.

Fig. 4. Lissajous curves for the viscous components of gluten fractions; a) gliadin, b) glutenin.
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behavior in the non-linear region up to peak value. A decrease was
observed for gliadin once the strain reached 110%, while the strain
stiffening behavior for glutenin never reached a peak value and
increasedmonotonically up to themaximum strain value of 200% at
all frequencies applied (Fig. 5a). A similar strain stiffening behavior
was observed for hard wheat flour dough started and a maximum
was observed once the strain level reached 70e100% (Yazar et al.,
2016a). These data show that even gliadin fraction shows more
elastically dominated non-linear behavior compared to hard wheat
flour dough, since the decrease in the strain stiffening behavior
starts at 110% for gliadin. Considering the continuous strain stiff-
ening behavior observed for glutenin, gluten can resist relatively
larger strains compared to hard wheat flour dough. This also ex-
plains the role of starch in the dough matrix as a filler in the gluten
network that softens the structure and explains why the decrease
in the strain stiffening behavior occurred at a smaller strain value
for dough samples. In an interesting and transformative approach,
Phan-Thien et al. (2000) described gluten as a permanent cross-
linked network defined by a rubber-like model where rubber-like
stress component is combined with a function representing the
strain softening behavior which is attributed to starch granules and
other loose chains in a dough system. They linked the strong non-
linearity they observed for hard wheat flour dough to its strain-
softening behavior. Dus and Kokini (1990) and Amemiya and
Menjivar (1992) attributed non-linearity of dough to the break-
down in the elastic gluten network because of the applied me-
chanical forces during processing.

The ratio of the 3rd order elastic Chebyshev coefficient to the 1st

order elastic Chebyshev coefficients showed a decrease in the strain
stiffening behavior of gliadin after the applied strain value of 110%.
On the other hand, the permanent cross-linked network definition
provided by Phan-Thien et al. (2000) for gluten is considered to be
mainly due to the continuously increasing strain stiffening behavior
of glutenin we defined by the Chebyshev constants. Large strain
modulus (G0

L) values were significantly higher for glutenin both in
linear and non-linear regions at all frequencies applied (Fig. 5b). For
instance, G0

L values at 1 rad/sec were 2.101±0.7 Pa for gliadin and
3.103±3.102 Pa for glutenin. As the frequency increased, G0

L values
increased for both of the gluten fractions.

3.5. Non-linear viscous properties of crude gliadin and glutenin
fractions

Gliadin showed shear thinning (v3/v1 < 0) behavior in the non-
linear region up to the strain level of 200% at the frequencies of 10
and 20 rad/sec. At 1 rad/sec, it showed shear thickening behavior
between the strain values of 16e113%. Then, it started to show
shear thinning behavior again as the strain kept further increasing.
Glutenin showed shear thickening (v3/v1> 0) behavior at the lowest
frequency applied (1 rad/sec), while shear thinning behavior was
observed at higher frequencies (Fig. 5a).

Large strain rate viscosity (h0L) values for the crude gluten
fractions were plotted against strain rate (Fig. 5c). Similar to G0

L

values, h0L values for gluteninwere significantly higher compared to
those of gliadin. However, the effect of the frequency is more pro-
nounced on h0L values. h0L values were about the same at 20 rad/sec
and 10 rad/sec frequency values, while a sharp increase was
observed at the lowest frequency applied (1 rad/sec) for both of the
gluten fractions.

An approximate h0L value of 4.102 Pa.s was obtained at 1 rad/sec
frequency for the hard wheat flour dough in the previous study
(Yazar et al., 2016a), while h0L valuewas 2.103±7.102 Pa.s for glutenin
and 4.101±3.5 Pa.s for gliadin at the same frequency. As observed for
the other LAOS parameters, h0L values also emphasize the highly
elastic non-linear rheological behavior in glutenin.
Fig. 6 shows the emergence of third harmonics and the changes
occurring in material behavior in the limiting intrinsic region of the
LAOS test at the onset of non-linear behavior. We selected the strain
range of 0.6%e10% as the intrinsic region for the gluten fractions
and scaled the first harmonic moduli (G0 and G00) using the value of
the complex modulus G* obtained in the intrinsic region. Third-
harmonic Chebyshev coefficients (e3 and v3) are scaled by the
corresponding linear viscoelastic material function (G0 ¼ e1 and
h0 ¼ v1) at the same frequency within the intrinsic region. Intrinsic
LAOS material functions are reported by Ewoldt and Bharadwaj
(2013) to be important. They can be related to microstructural
differences and physical interpretation of harmonics are best
applicable in this region because experimental errors observed at
large deformations associated with the magnitude of the third
harmonic areminimized since intrinsic regime consists of relatively
low strains covering a range from linear to the onset of non-
linearity. They used a single-mode Giesekus model to define the
material functions in the intrinsic regime and came upwith slope of
2 when log (e3/e1) and log (v3/v1) are plotted against log(g). When
we plotted e3/e1 and v3/v1 values for gliadin and glutenin in the
intrinsic region, we obtained slope values ranging between 0.45
and 2. Relatively higher slope values were obtained for gliadin and
lower values were observed for glutenin.

4. Conclusion

LAOS tests were applied to crude gluten fractions extracted
using the Osborne classification. These in depth, new and insightful
analyses provided a clearer understanding of the functions of
gliadin and glutenin in dough rheology arising from the differences
in their MWs and amino acid distributions. The elastic and viscous
Lissajous curves showed that the changes occurring in the loops
were more pronounced for gliadin when compared to glutenin
fraction as the samples were imposed to increasing strain and
changing frequencies. Both elastic and viscous Lissajous curves for
glutenin did not really change against increasing strain and fre-
quencies. That clearly provided an explanation for the flexible fluid
structure of gliadin and the stiff character of glutenin.

Elastic Lissajous curves showed that gliadin started to behave
more elastically at the lowest strain applied (in the linear region,
0.01% strain) as the frequency decreased from 20 to 1 rad/sec. If the
combination of the lowest frequency and the lowest strain applied
is considered as the resting period of a dough sample, gliadin
fraction could be the origin of the recovery characteristic of dough
with its increasing elastic behavior as the strain and frequency both
start to decrease. On the other hand, at the highest strain applied
(non-linear region, 200% strain), the loops are wider for gliadin at
all frequencies indicating more viscously dominated non-linear
viscoelastic behavior. This flexible character observed for gliadin
and the existence of starch as a filler might be an explanation for
the decreasing elastically dominated behavior of dough occurring
as a result of the mechanical deformations applied during further
mixing.

Both gluten fractions showed strain stiffening behavior in the
non-linear region (e3/e1 > 0). However, a decrease was observed in
the strain stiffening behavior of gliadin once the strain reached
110%, while the strain stiffening behavior was continuous for glu-
tenin up to the strain value of 200% at all frequencies applied.
Values obtained for the elastic and viscous LAOS parameters such as
G0

L and h0L were higher for glutenin at all strain and frequencies
applied, which emphasized the stiff character of glutenin together
with the Lissajous-Bowditch curves.

Our observations are novel with respect to gliadin and glutenin
and in fact, we probed both proteins’ rheology in a more depth
approach using LAOS in the non-linear region. The new rheological



Fig. 5. Elastic and viscous LAOS parameters for the gluten gluten fractions: a) elastic and viscous Chebyshev coefficients, b) G0
L values, c) h0

L values.
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Fig. 6. Elastic and Viscous Chebyshev coefficients for gliadin and glutenin in the intrinsic non-linear LAOS regime.
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insights we gained help understand in more detail the effect of
their molecular structure on their flow behavior and probed the
effect of intermolecular disulfide bonds resulting in a strong
network for glutenin and intramolecular disulfide bonds coupled
with secondary bonding interactions (hydrophobic, hydrophilic
and ionic) which result in a much weaker network structure for
gliadin.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jcs.2017.08.014.
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