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Plant	protein	systems

• Wheat	gluten	(gliadin	and	glutenin)
• High	protein	rich	seed	crops	and	legumes	(lupin)



Aim	1:	protein	structure-mechanical	properties



Aim	2:	Structure-function	relationship

Visco-elastic	and	
mechanical	properties



Protein-based	non-food	uses



Wheat	gluten	for	targeted	products:	Example	1
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2+12	and	5+10

subunits.8 These proteins and their compositions substantially
contribute to determining the structure and functionality of
WG in various end-use products both in food and non-food
applications (bio-based materials, adhesives).9–11

The specific protein composition in wheat is related to WG
functionality and is determined by the genetic (G) background
of the plant, e.g. the HMW glutenin subunits 5 + 10 and 2 + 12
are related to strong and weak gluten properties,
respectively.12–14 The HMW glutenin subunits 5 + 10 possess
12 cysteine residues, while 2 + 12 possess 11 cysteine residues.
A higher number of cysteine residues lead to an ability to form
a greater number of disulphide linkages resulting in increased
polymerisation and greater strength of the WG proteins.15

Other protein factors such as the protein concentration and
amount and size distribution of polymeric proteins which also
influence the strength, are determined by a combination of G
and growing environment (E) e.g. temperature (T) and nitrogen
(N) and their interactions.16,17 Although, not studied pre-
viously, it may be expected that various qualities of gluten,
obtained from plants, “the green factory”, influence the poly-
merisation, structural properties and strength of WG in bio-
based materials. Therefore it is highly important to adopt
green ways, including the use of G and E factors, to be able to
tune the functional properties of WG, and simultaneously
minimize the use of chemicals being hazardous for the
environment. Such tuning will also help understand the role
of specific WG protein structures in determining the function-
ality of the biopolymer in films.

Based on knowledge from previous studies,9,18 two geno-
types with different protein compositions (5 + 10 and 2 + 12)
were chosen and combined with E conditions known to
impact gluten strength, in the present study. We hypothesize
that differences in WG quality due to varying G and E inter-
actions will influence the protein structure and ultimately the
functional properties (e.g. mechanical). Therefore, the aim of
the present study was to develop and evaluate a green method,
using plants to obtain gluten of various strengths to produce
value-added plastic materials. We also aimed to understand
how differences in WG quality influence the protein polymeris-
ation, micro- and nano-scale morphology, and protein
secondary structure formation in bio-polymeric films. The
relationship between the protein polymerisation, structure,
and mechanical properties of films was also addressed.

Results and discussion
Variation in gluten strength

The present study shows that we were able to produce wheat
flour of various strengths (Fig. 1) by the combination of G
(Diskette (D) with 5 + 10 and Puntari (P) with 2 + 12) and E
(N1T1-N4T2; Table 1). In this study, %UPP (percentage of SDS-
unextractable polymeric proteins in total polymeric proteins)
was used to measure the WG strength as previous studies
report %UPP to be directly proportional to the strength of
flour.18 Our results on variations of the flour strength due to G

and E interactions were in accordance with previous studies.9

Thus, NIT1 for Diskette resulted in the lowest %UPP while
N2T1 resulted in the highest %UPP in both cultivars (Fig. 1).
Hence we were able to show that plants can be used as a
“green factory” to tailor the strength in the flour. Although
clear differences were seen in %UPP in the flour, only minor
differences were seen in the protein solubility measured by
SE-HPLC for unprocessed WG, with a significant decrease only
for the N1T1 treatment (Fig. 2a). Also, the protein content was
similar (80–82%) for all unprocessed WG samples investigated
in the present study.

Compared to unprocessed WG, the total protein solubility
(both monomeric and polymeric) was substantially reduced in
all WG films (Fig. 2a and b). A number of previous studies
have shown a reduction of solubility of proteins during film
processing and the decrease has been explained as being due
to covalent crosslink formation mainly through disulphide
bonds19,20 which are not accessible until denaturants and
reducing agents are used.21,22 The formation of non-covalent
bonds e.g. hydrogen bonding, electrostatic and van der Waals
interactions also contributes to the formation of a protein
network during film formation.19

The G, N and temperature explained only a small part of
the %UPP variation (5.6%, 6.1% and 4.9% respectively;

Fig. 1 Percentage of unextractable polymeric proteins in total poly-
meric proteins (%UPP) in flour of 5 + 10 and 2 + 12 cultivars under
different E treatments [% UPP = SDS-unextractable PP/total PP × 100].
Error bars represent standard deviations. E: environment, PP: polymeric
proteins.

Table 1 Nitrogen application to wheat plants and corresponding culti-
vation temperatures

E treatment

Nitrogen applied (mg per plant)

TemperatureSpike 44–48 Anthesis 65–69

N1T1 0 0 25/19 °C (T1)
N2T1 20 0 25/19 °C (T1)
N3T2 20 20 18/14 °C (T2)
N4T2 0 40 18/14 °C (T2)

E: environment.
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Processing:	
protein	solubility

subunits.8 These proteins and their compositions substantially
contribute to determining the structure and functionality of
WG in various end-use products both in food and non-food
applications (bio-based materials, adhesives).9–11

The specific protein composition in wheat is related to WG
functionality and is determined by the genetic (G) background
of the plant, e.g. the HMW glutenin subunits 5 + 10 and 2 + 12
are related to strong and weak gluten properties,
respectively.12–14 The HMW glutenin subunits 5 + 10 possess
12 cysteine residues, while 2 + 12 possess 11 cysteine residues.
A higher number of cysteine residues lead to an ability to form
a greater number of disulphide linkages resulting in increased
polymerisation and greater strength of the WG proteins.15

Other protein factors such as the protein concentration and
amount and size distribution of polymeric proteins which also
influence the strength, are determined by a combination of G
and growing environment (E) e.g. temperature (T) and nitrogen
(N) and their interactions.16,17 Although, not studied pre-
viously, it may be expected that various qualities of gluten,
obtained from plants, “the green factory”, influence the poly-
merisation, structural properties and strength of WG in bio-
based materials. Therefore it is highly important to adopt
green ways, including the use of G and E factors, to be able to
tune the functional properties of WG, and simultaneously
minimize the use of chemicals being hazardous for the
environment. Such tuning will also help understand the role
of specific WG protein structures in determining the function-
ality of the biopolymer in films.

Based on knowledge from previous studies,9,18 two geno-
types with different protein compositions (5 + 10 and 2 + 12)
were chosen and combined with E conditions known to
impact gluten strength, in the present study. We hypothesize
that differences in WG quality due to varying G and E inter-
actions will influence the protein structure and ultimately the
functional properties (e.g. mechanical). Therefore, the aim of
the present study was to develop and evaluate a green method,
using plants to obtain gluten of various strengths to produce
value-added plastic materials. We also aimed to understand
how differences in WG quality influence the protein polymeris-
ation, micro- and nano-scale morphology, and protein
secondary structure formation in bio-polymeric films. The
relationship between the protein polymerisation, structure,
and mechanical properties of films was also addressed.

Results and discussion
Variation in gluten strength

The present study shows that we were able to produce wheat
flour of various strengths (Fig. 1) by the combination of G
(Diskette (D) with 5 + 10 and Puntari (P) with 2 + 12) and E
(N1T1-N4T2; Table 1). In this study, %UPP (percentage of SDS-
unextractable polymeric proteins in total polymeric proteins)
was used to measure the WG strength as previous studies
report %UPP to be directly proportional to the strength of
flour.18 Our results on variations of the flour strength due to G

and E interactions were in accordance with previous studies.9

Thus, NIT1 for Diskette resulted in the lowest %UPP while
N2T1 resulted in the highest %UPP in both cultivars (Fig. 1).
Hence we were able to show that plants can be used as a
“green factory” to tailor the strength in the flour. Although
clear differences were seen in %UPP in the flour, only minor
differences were seen in the protein solubility measured by
SE-HPLC for unprocessed WG, with a significant decrease only
for the N1T1 treatment (Fig. 2a). Also, the protein content was
similar (80–82%) for all unprocessed WG samples investigated
in the present study.

Compared to unprocessed WG, the total protein solubility
(both monomeric and polymeric) was substantially reduced in
all WG films (Fig. 2a and b). A number of previous studies
have shown a reduction of solubility of proteins during film
processing and the decrease has been explained as being due
to covalent crosslink formation mainly through disulphide
bonds19,20 which are not accessible until denaturants and
reducing agents are used.21,22 The formation of non-covalent
bonds e.g. hydrogen bonding, electrostatic and van der Waals
interactions also contributes to the formation of a protein
network during film formation.19

The G, N and temperature explained only a small part of
the %UPP variation (5.6%, 6.1% and 4.9% respectively;

Fig. 1 Percentage of unextractable polymeric proteins in total poly-
meric proteins (%UPP) in flour of 5 + 10 and 2 + 12 cultivars under
different E treatments [% UPP = SDS-unextractable PP/total PP × 100].
Error bars represent standard deviations. E: environment, PP: polymeric
proteins.

Table 1 Nitrogen application to wheat plants and corresponding culti-
vation temperatures

E treatment

Nitrogen applied (mg per plant)

TemperatureSpike 44–48 Anthesis 65–69

N1T1 0 0 25/19 °C (T1)
N2T1 20 0 25/19 °C (T1)
N3T2 20 20 18/14 °C (T2)
N4T2 0 40 18/14 °C (T2)

E: environment.
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Table S1†) in films. Instead variation in grain maturation
(GMP), as a result of N and T interactions explained 10% of
the variation in %UPP. The combination of factors, G, E and
GMP explained 43.7% of the variation in films. The combination
of G and E has previously been reported to largely influence the
variation of %UPP in flour.18 Here we were able to show for the
first time that plants can be used as a “green factory” also to tune
protein polymerisation during film formation.

The environmental factors influenced the %UPP to various
degrees (ESI Table S2†) in the films from individual genotypes
with different HMW glutenin subunits (5 + 10 and 2 + 12). For
the 5 + 10 films temperature explained the variation in %UPP
to the highest (34.0%) degree. The high temperature (N1T1
and N2T1) treatments led to relatively higher protein extracta-
bility in 5 + 10 films compared to the low temperature treat-
ment (N3T2 and N4T2) (Fig. 2b). The highest extractability of
these films might be a result of high protein concentration in
corresponding wheat seeds (ESI Fig. S1†), which most likely
resulted in a high gliadin to glutenin ratio.9,23 For the 2 + 12
films, N (28.1%; ESI Table S2†) explained a higher proportion
of the variation in %UPP as compared to the 5 + 10 films
(16.9%). The N2T1 treatment resulted in the lowest protein
extractability for the 2 + 12 films (Fig. 2b). This indicates that
in the 2 + 12 film, a relatively high gliadin to glutenin ratio
contributed to an increased aggregation of the proteins.

Protein solubility in various solvents

The unprocessed WG produced from various treatments
showed no significant differences in the extractability of pro-
teins in various solvents as measured by RP-HPLC.

When processed into films, the extremely low solubility in
the first four extraction steps (Fig. 3a and b) revealed that both
the gliadin and glutenin proteins in WG participated in the
covalent crosslinking of proteins and contributed to the
protein network development in films.19 The 5 + 10 and 2 + 12
films revealed solubility differences at the 5th and 6th extrac-
tion steps (Fig. 3a and b). Environmental impact in protein
crosslinking was not pronounced in the 5 + 10 films as almost
all the treatments revealed a similar solubility behaviour
(Fig. 3a). The 5 + 10 films revealed low solubility in extraction
step 5 when only DTT was applied and high solubility when
anionic surfactants, reducing and denaturing agents (1% SDS,
1% DTT, 6 M urea) were applied in the 6th extraction step
(Fig. 3a). It can be expected that being rich in cysteine amino
acids, the 5 + 10 films have more inter-molecular disulphide

Fig. 2 Protein size distribution and solubility in (a) unprocessed WG (b)
WG films. Protein solubility was normalized to average total solubility of
all unprocessed WG samples. Error bars represent standard deviations.
MP: monomeric proteins, PP: polymeric proteins.

Fig. 3 Protein extractability measured by RP-HPLC in different solvents
(a) 5 + 10 films (b) 2 + 12 films. Protein solubility was normalized to
average total solubility of all unprocessed WG samples. Error bars rep-
resent standard deviations. (1) 70% ethanol, (2) 50% propanol, (3) 50%
propanol, 60 °C, (4) 50% propanol 0.5% SDS, 60 °C, (5) 50% propanol 1%
DTT, 60 °C, (6) 1% DTT, 1% SDS, 6 M urea solution, 100 °C. Error bars
represent standard deviations.

Green Chemistry Paper

This journal is © The Royal Society of Chemistry 2016 Green Chem.

Pu
bl

is
he

d 
on

 1
5 

Ja
nu

ar
y 

20
16

. D
ow

nl
oa

de
d 

by
 N

or
th

 C
ar

ol
in

a 
St

at
e 

U
ni

ve
rs

ity
 o

n 
01

/0
2/

20
16

 2
0:

18
:4

1.
 

View Article Online

Table S1†) in films. Instead variation in grain maturation
(GMP), as a result of N and T interactions explained 10% of
the variation in %UPP. The combination of factors, G, E and
GMP explained 43.7% of the variation in films. The combination
of G and E has previously been reported to largely influence the
variation of %UPP in flour.18 Here we were able to show for the
first time that plants can be used as a “green factory” also to tune
protein polymerisation during film formation.

The environmental factors influenced the %UPP to various
degrees (ESI Table S2†) in the films from individual genotypes
with different HMW glutenin subunits (5 + 10 and 2 + 12). For
the 5 + 10 films temperature explained the variation in %UPP
to the highest (34.0%) degree. The high temperature (N1T1
and N2T1) treatments led to relatively higher protein extracta-
bility in 5 + 10 films compared to the low temperature treat-
ment (N3T2 and N4T2) (Fig. 2b). The highest extractability of
these films might be a result of high protein concentration in
corresponding wheat seeds (ESI Fig. S1†), which most likely
resulted in a high gliadin to glutenin ratio.9,23 For the 2 + 12
films, N (28.1%; ESI Table S2†) explained a higher proportion
of the variation in %UPP as compared to the 5 + 10 films
(16.9%). The N2T1 treatment resulted in the lowest protein
extractability for the 2 + 12 films (Fig. 2b). This indicates that
in the 2 + 12 film, a relatively high gliadin to glutenin ratio
contributed to an increased aggregation of the proteins.

Protein solubility in various solvents

The unprocessed WG produced from various treatments
showed no significant differences in the extractability of pro-
teins in various solvents as measured by RP-HPLC.

When processed into films, the extremely low solubility in
the first four extraction steps (Fig. 3a and b) revealed that both
the gliadin and glutenin proteins in WG participated in the
covalent crosslinking of proteins and contributed to the
protein network development in films.19 The 5 + 10 and 2 + 12
films revealed solubility differences at the 5th and 6th extrac-
tion steps (Fig. 3a and b). Environmental impact in protein
crosslinking was not pronounced in the 5 + 10 films as almost
all the treatments revealed a similar solubility behaviour
(Fig. 3a). The 5 + 10 films revealed low solubility in extraction
step 5 when only DTT was applied and high solubility when
anionic surfactants, reducing and denaturing agents (1% SDS,
1% DTT, 6 M urea) were applied in the 6th extraction step
(Fig. 3a). It can be expected that being rich in cysteine amino
acids, the 5 + 10 films have more inter-molecular disulphide

Fig. 2 Protein size distribution and solubility in (a) unprocessed WG (b)
WG films. Protein solubility was normalized to average total solubility of
all unprocessed WG samples. Error bars represent standard deviations.
MP: monomeric proteins, PP: polymeric proteins.

Fig. 3 Protein extractability measured by RP-HPLC in different solvents
(a) 5 + 10 films (b) 2 + 12 films. Protein solubility was normalized to
average total solubility of all unprocessed WG samples. Error bars rep-
resent standard deviations. (1) 70% ethanol, (2) 50% propanol, (3) 50%
propanol, 60 °C, (4) 50% propanol 0.5% SDS, 60 °C, (5) 50% propanol 1%
DTT, 60 °C, (6) 1% DTT, 1% SDS, 6 M urea solution, 100 °C. Error bars
represent standard deviations.
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Processing:	nano-structure	and	mechanical	properties

structural morphology of 5 + 10 films with different E treat-
ments, a transition from a less complex structural morphology
at N1T1 (mainly the lamellar structure peaks were observed) to
a more complex morphology for N2T1–N4T2 with both lamel-
lar and hexagonal structures was observed. The presence of
two morphologies positively correlated to the application of N
at both temperature levels. The nano-structural morphology
for the 5 + 10 films seems also to be linked with the amount of
β-sheets observed by FTIR. A predominant hexagonal structure
is observed for the larger contents of β-sheets as in N2T1 and
N3T2 samples.

The characteristic interdomain distances of the hexagonal
(dI,H) and lamellar (dI,L) structures did not differ significantly
among the N2T1-N4T2 treatments (Table 2; Fig. 6c). However,
the area ratios, AHEX/(AHEX + ALAM) i.e. the contribution of the
hexagonal phase to the scattering pattern compared with the
total contribution of both phases (hexagonal and lamellar)
differed substantially for various E factors (Fig. 6c; Table 3).

The 2 + 12 films also revealed a lamellar structure with a
characteristic interdomain distance dI,L of 54 Å for all E treat-
ments studied (Fig. 6d), with no significant differences
between the treatments (dI,L; Table 2). Three Bragg’s peaks
corresponding to the hexagonal structure morphology were
also observed for N1T1, N3T2 and N4T2 treatments, while no
hexagonal peaks were found for N2T1. This consequently
suggests that high N application and low temperature are
more favourable for aiming to develop a complex protein struc-
ture (with lamellar and hexagonal arrangement) for the geno-
type 2 + 12. Differences in the peak area ratios i.e. hexagonal

vs. hexagonal + lamellar were seen for the different treatment
of 2 + 12 (Fig. 6d; Table 3).

The interdomain distance for the hexagonal structures dIH
(∼69 Å) observed in the present study corresponds to the
values reported for the hexagonal structures (69–70 Å)
observed in previous studies of WG films with additives such
as NH4OH-SA and urea.33

In summary, environmental treatment influenced the
relationship between the lamellar and hexagonal structures. In
addition, a clear correlation between the larger amounts of

Table 2 Morphological distances of nano-structures in WG films
observed through SAXS

Treatments

5 + 10 films 2 + 12 films

dI,L (Å) dI,H (Å) dI,L (Å) dI,H (Å)

N1T1 53.6 — 54.2 68.6
N2T1 53.8 68.2 54.2 69.1
N3T2 53.7 68.0 54.2 71.9
N4T2 53.5 68.0 53.9 66.8

Lamella: dI,L = 2π/q1. Hexagonal: dI,H = 4π/(√3 q1).

Table 3 Area ratio of hexagonal vs. hexagonal + lamellar structures
under various E treatments for 5 + 10 and 2 + 12 films

E treatments

Area ratio (AHEX/A) %

5 + 10 2 + 12

N1T1 26 73
N2T1 81 59
N3T2 73 71
N4T2 57 84

AHEX/A: area for hexagonal structures/total area for hexagonal +
lamellar structures.

Fig. 7 Mechanical properties of 5 + 10 and 2 + 12 films. (a) E-modulus.
(b) Max. Stress. (c) Elongation at break. Error bars represent standard
deviations.
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structural morphology of 5 + 10 films with different E treat-
ments, a transition from a less complex structural morphology
at N1T1 (mainly the lamellar structure peaks were observed) to
a more complex morphology for N2T1–N4T2 with both lamel-
lar and hexagonal structures was observed. The presence of
two morphologies positively correlated to the application of N
at both temperature levels. The nano-structural morphology
for the 5 + 10 films seems also to be linked with the amount of
β-sheets observed by FTIR. A predominant hexagonal structure
is observed for the larger contents of β-sheets as in N2T1 and
N3T2 samples.

The characteristic interdomain distances of the hexagonal
(dI,H) and lamellar (dI,L) structures did not differ significantly
among the N2T1-N4T2 treatments (Table 2; Fig. 6c). However,
the area ratios, AHEX/(AHEX + ALAM) i.e. the contribution of the
hexagonal phase to the scattering pattern compared with the
total contribution of both phases (hexagonal and lamellar)
differed substantially for various E factors (Fig. 6c; Table 3).

The 2 + 12 films also revealed a lamellar structure with a
characteristic interdomain distance dI,L of 54 Å for all E treat-
ments studied (Fig. 6d), with no significant differences
between the treatments (dI,L; Table 2). Three Bragg’s peaks
corresponding to the hexagonal structure morphology were
also observed for N1T1, N3T2 and N4T2 treatments, while no
hexagonal peaks were found for N2T1. This consequently
suggests that high N application and low temperature are
more favourable for aiming to develop a complex protein struc-
ture (with lamellar and hexagonal arrangement) for the geno-
type 2 + 12. Differences in the peak area ratios i.e. hexagonal

vs. hexagonal + lamellar were seen for the different treatment
of 2 + 12 (Fig. 6d; Table 3).

The interdomain distance for the hexagonal structures dIH
(∼69 Å) observed in the present study corresponds to the
values reported for the hexagonal structures (69–70 Å)
observed in previous studies of WG films with additives such
as NH4OH-SA and urea.33

In summary, environmental treatment influenced the
relationship between the lamellar and hexagonal structures. In
addition, a clear correlation between the larger amounts of

Table 2 Morphological distances of nano-structures in WG films
observed through SAXS

Treatments

5 + 10 films 2 + 12 films

dI,L (Å) dI,H (Å) dI,L (Å) dI,H (Å)

N1T1 53.6 — 54.2 68.6
N2T1 53.8 68.2 54.2 69.1
N3T2 53.7 68.0 54.2 71.9
N4T2 53.5 68.0 53.9 66.8

Lamella: dI,L = 2π/q1. Hexagonal: dI,H = 4π/(√3 q1).

Table 3 Area ratio of hexagonal vs. hexagonal + lamellar structures
under various E treatments for 5 + 10 and 2 + 12 films

E treatments

Area ratio (AHEX/A) %

5 + 10 2 + 12

N1T1 26 73
N2T1 81 59
N3T2 73 71
N4T2 57 84

AHEX/A: area for hexagonal structures/total area for hexagonal +
lamellar structures.

Fig. 7 Mechanical properties of 5 + 10 and 2 + 12 films. (a) E-modulus.
(b) Max. Stress. (c) Elongation at break. Error bars represent standard
deviations.
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β-sheet structures and higher proportion of hexagonal-to-
lamellar ratios was observed in both types of films.

Mechanical properties of films

The highest Young’s modulus (E-modulus) among 5 + 10 films
was recorded for the N2T1 treatment (Fig. 7a). The 5 + 10 films
under N2T1 treatment also showed a high tensile strength
(maximum stress) as well as high elongation at break (Fig. 7b
and c). Furthermore, the N2T1 treated 5 + 10 genotype showed
the strongest gluten measured as %UPP from the flour (Fig. 1).
Corresponding with the positive correlation between the mech-
anical properties of films and development/amount of second-
ary structures such as β-sheets,22,26,34 the N2T1 treatment
revealed a high β-sheet content compared to other 5 + 10
films.

The highest E-modulus and tensile strength for the 2 + 12
films was found for N3T2 treatment (Fig. 7a and b). This was
found to be coherent with the high β-sheet contents observed
by FTIR. Furthermore, the 5 + 10 (N2T1) and 2 + 12 (N3T2)
films with the highest E-modulus and tensile strength had a
relatively high protein solubility/low aggregation compared to
the other E treatments as indicated by SE-HPLC results

(Fig. 2b) and a high hexagonal to lamellar structure ratio with
a high β-sheet content (Scheme 1).

The genotype response for the elongation to break was
similar for the applied E treatments (Fig. 7c). The highest
elongation to break both for 5 + 10 and 2 + 12 genotypes was
observed for the N2T1 treatment (Fig. 7c). This indicates that
the elongation at break was not determined by the genetic
composition of the WG but was influenced by the E treat-
ments. A comparison of the tensile strength and elongation to
break for fortified gluten based films is shown in Table 4. The
data indicate that in the present study we were able to achieve
the unique combination of strength and high elongation at
break in a greener way, without the use of chemicals. This
material with high strength and elasticity could be of potential
interest for industrial applications such as chewable toys,
packaging materials and also as a potential replacement for
synthetic rubber in various applications. The bio-based films
in the present study in general revealed improved mechanical
properties, particularly in terms of high stiffness and strength,
compared to previously reported WG materials modified with
chemical additives.19,34,35 This study indicates the potential of
plants to be used as a “green factory” for the production of

Scheme 1 Schematic representation of various genetic and environmental interactions impacting the WG protein structure and mechanical
properties.
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(maximum stress) as well as high elongation at break (Fig. 7b
and c). Furthermore, the N2T1 treated 5 + 10 genotype showed
the strongest gluten measured as %UPP from the flour (Fig. 1).
Corresponding with the positive correlation between the mech-
anical properties of films and development/amount of second-
ary structures such as β-sheets,22,26,34 the N2T1 treatment
revealed a high β-sheet content compared to other 5 + 10
films.

The highest E-modulus and tensile strength for the 2 + 12
films was found for N3T2 treatment (Fig. 7a and b). This was
found to be coherent with the high β-sheet contents observed
by FTIR. Furthermore, the 5 + 10 (N2T1) and 2 + 12 (N3T2)
films with the highest E-modulus and tensile strength had a
relatively high protein solubility/low aggregation compared to
the other E treatments as indicated by SE-HPLC results

(Fig. 2b) and a high hexagonal to lamellar structure ratio with
a high β-sheet content (Scheme 1).

The genotype response for the elongation to break was
similar for the applied E treatments (Fig. 7c). The highest
elongation to break both for 5 + 10 and 2 + 12 genotypes was
observed for the N2T1 treatment (Fig. 7c). This indicates that
the elongation at break was not determined by the genetic
composition of the WG but was influenced by the E treat-
ments. A comparison of the tensile strength and elongation to
break for fortified gluten based films is shown in Table 4. The
data indicate that in the present study we were able to achieve
the unique combination of strength and high elongation at
break in a greener way, without the use of chemicals. This
material with high strength and elasticity could be of potential
interest for industrial applications such as chewable toys,
packaging materials and also as a potential replacement for
synthetic rubber in various applications. The bio-based films
in the present study in general revealed improved mechanical
properties, particularly in terms of high stiffness and strength,
compared to previously reported WG materials modified with
chemical additives.19,34,35 This study indicates the potential of
plants to be used as a “green factory” for the production of

Scheme 1 Schematic representation of various genetic and environmental interactions impacting the WG protein structure and mechanical
properties.
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lamellar ratios was observed in both types of films.

Mechanical properties of films

The highest Young’s modulus (E-modulus) among 5 + 10 films
was recorded for the N2T1 treatment (Fig. 7a). The 5 + 10 films
under N2T1 treatment also showed a high tensile strength
(maximum stress) as well as high elongation at break (Fig. 7b
and c). Furthermore, the N2T1 treated 5 + 10 genotype showed
the strongest gluten measured as %UPP from the flour (Fig. 1).
Corresponding with the positive correlation between the mech-
anical properties of films and development/amount of second-
ary structures such as β-sheets,22,26,34 the N2T1 treatment
revealed a high β-sheet content compared to other 5 + 10
films.

The highest E-modulus and tensile strength for the 2 + 12
films was found for N3T2 treatment (Fig. 7a and b). This was
found to be coherent with the high β-sheet contents observed
by FTIR. Furthermore, the 5 + 10 (N2T1) and 2 + 12 (N3T2)
films with the highest E-modulus and tensile strength had a
relatively high protein solubility/low aggregation compared to
the other E treatments as indicated by SE-HPLC results

(Fig. 2b) and a high hexagonal to lamellar structure ratio with
a high β-sheet content (Scheme 1).

The genotype response for the elongation to break was
similar for the applied E treatments (Fig. 7c). The highest
elongation to break both for 5 + 10 and 2 + 12 genotypes was
observed for the N2T1 treatment (Fig. 7c). This indicates that
the elongation at break was not determined by the genetic
composition of the WG but was influenced by the E treat-
ments. A comparison of the tensile strength and elongation to
break for fortified gluten based films is shown in Table 4. The
data indicate that in the present study we were able to achieve
the unique combination of strength and high elongation at
break in a greener way, without the use of chemicals. This
material with high strength and elasticity could be of potential
interest for industrial applications such as chewable toys,
packaging materials and also as a potential replacement for
synthetic rubber in various applications. The bio-based films
in the present study in general revealed improved mechanical
properties, particularly in terms of high stiffness and strength,
compared to previously reported WG materials modified with
chemical additives.19,34,35 This study indicates the potential of
plants to be used as a “green factory” for the production of

Scheme 1 Schematic representation of various genetic and environmental interactions impacting the WG protein structure and mechanical
properties.
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Wheat	gluten	extraction:	Example	2

92 F. Rasheed et al. / Industrial Crops and Products 73 (2015) 90–98

SE-HPLC. Extraction buffer (pH 6.9) used in all three steps was  con-
taining 0.5% (w/v) SDS and 0.05 M NaH2PO4. Three replicates were
used for each of the film and corresponding WG unprocessed pow-
der by using 16.5 mg  of sample in each case. The SE-HPLC procedure
was adopted from Blomfeldt et al. (2011) and modified. Three serial
extractions by using 1.4 mL  buffer for each extraction step were
done. Proteins soluble in SDS–phosphate buffer were extracted in
the first step, in second step a short (30 s) sonication with buffer
was used, and in third step repeated sonication (30 + 60 + 60 s) with
buffer was employed.

An ultrasonic disintegrator at amplitude five fitted with a 3 mm
exponential microtip (Soniprep 150, Tamro, Mölndal, Sweden) was
used. Protein molecular weight and amount of extractable pro-
teins for each extraction step was measured using an HPLC system
(Waters, Milford, USA) equipped with Biosep SEC-4000, column
(Phenomenex, Torrance, USA) and detected at 210 nm. Two  elu-
ent solvents mixed in 1:1 (A; water containing 0.1% TFA and B;
acetonitrile containing 0.1% TFA) were used to elute the proteins.
Empower pro (Waters) was used for analysis and integration of
chromatograms by dividing the chromatogram into two  arbitrary
polymeric (1–13.7) and monomeric fractions (13.7–25). The poly-
meric proteins (PP) and the monomeric proteins (MP) from all the
three extraction steps were summed up separately.

2.6. Reverse phase high performance liquid chromatography

WG films were chopped into small pieces by using a scalpel and
100 mg  of each sample was used for analysis. The analysis was  per-
formed in triplicates for each sample. The RP-HPLC protocol was
adopted from Wieser and Seilmeier (1998) and the extraction steps
were adopted from Kuktaite et al. (2004) and modified according
to Rasheed et al. (2014). Six serial extraction steps as described
by Rasheed et al. (2014) were used to study the reverse phase high
performance liquid chromatography. The RP-HPLC system (Waters,
Milford, USA) equipped with a C-8 column (5 !m,  25 cm × 4.6 mm,
discovery bio wide, SUPELCO) was used for analysis. The protein
separation was done by using two eluting solvents (gradient grade
acetonitrile and water; both containing 0.1% TFA) at 0.8 mL/min
flow rate at a gradient from 28–72%.

2.7. Fourier transform infrared spectroscopy

Pre-dried WG film samples were used to collect IR spectrum in
the 1600–1700 cm−1 range according to the method described by
Kuktaite et al. (2011).

2.8. Small angle X-ray scattering

Beamline I911-4 (wavelength 0.91 Å) of the MAX  IV Synchrotron
in Lund, Sweden was used to carry out small angle X-ray scattering
(SAXS) experiments of WG  films placed in a simple sample holder.
Two dimensional scattering patterns were recorded according to
the method described by Rasheed et al. (2014) at ambient condi-
tions. The collected SAXS data was processed with the software
bli9114 (Labrador et al., 2013).

2.9. Statistical analysis

Tensile test data was subjected to one way analysis of variance
(ANOVA) followed by post-hoc comparison analysis with Tukey’s
HSD test (  ̨ = 0.05) in order to check whether there is a significant
difference among the mechanical properties of different films. Sta-
tistical analysis software (SAS, version 9.4) was used for statistical
analysis.

Fig. 1. (a) Protein content in harshly (I) and mildly separated WG (WG, wheat gluten;
D,  P, and S represent different cultivars Diskette, Puntari, and Sleipner, respectively).
(b and c) Representative SE-HPLC chromatograms for unprocessed WG  (extraction
1;  SDS phosphate buffer, extraction 2; buffer +30 s sonication, and extraction 3;
buffer + 30 + 60 + 60 s sonication).

3. Results and discussion

3.1. Protein solubility and polymerization

No significant difference in the protein content was seen
between harshly separated industrial (I) WG and mildly separated
WG (D, P, and S) (Fig. 1a).

Harshly separated unprocessed (powder) WG (I) showed much
lower solubility compared to the mildly separated unprocessed
WG (D, P, and S) (Fig. 1b and c). The extractability of proteins
remained much lower in harshly separated WG  as compared to
mildly separated WG even when sonication (extraction 2 and 3)
was applied (Fig. 1b compared to c). In the harshly separated WG,
the extractability was around three times lower for both the poly-
meric protein (PP) and monomeric protein (MP), as compared to the
mildly separated WG (Fig. 2a). The low extractability for both the PP
and MP  is most likely due to an increase in protein–protein inter-
actions (crosslinking) when treated harshly during the industrial
separation, resulting in substantial aggregation of proteins. This
leads to a pre-crosslinked protein structure in the starting harshly
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Fig. 5. SAXS pattern for unprocessed harshly and mildly separated WG.  Arrows are
pointed towards lamellar morphology, (WG, wheat gluten; I, industrial; D, Diskette;
P,  Puntari; and S, Sleipner).

peak for S WG  (peaks pointed by arrows in Fig. 5). Peak positional
ratio 1:2 corresponds to lamellar structure as was observed in other
bio-systems e.g., starch (Oostergetel and van Bruggen, 1989). The
interdomain distance (d) calculated for the structures in D, P, and S
WG was insignificantly different (∼54 Å).

The film from harshly separated WG (I) showed one broad peak
and a small undeveloped peak without any specific peak positional
ratios (blue arrows; Fig. 6a). The small peak observed for I WG film
had the domain distance (d) of 54 Å (Table 1), due to partially devel-
oped peak, this may  not be co related to any specific structural
feature. The mildly separated WG films (D and P) showed a series of
well-developed peaks with two distinct peak positional ratios. The
1 :

√
3 :

√
4 peak positional ratio (black arrows; Fig. 6a) corresponds

to a hexagonal structural organization and the 1:2 peak positional
ratio (orange arrows; Fig. 6a and b) corresponds to lamellar struc-
tures. The S WG film showed the hexagonal nano-organization,
while the lamellar structures were unclear, as only one peak was
observed which is difficult to relate to a specific structural feature.
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lamellar morphology. Blue arrows for unidentified morphology (b) magnified part
showing the hexagonal and lamellar peaks. Arrows are pointed towards lamellar
morphology (WG, wheat gluten; I, industrial; D, Diskette; P, Puntari; and S, Sleip-
ner). (For interpretation of the references to color in the text and in this figure legend,
the  reader is referred to the web version of this article.)

Scheme 2. Schematic representation of unorganized and organized (scattering) assemblies in unprocessed and WG films prepared from harshly and mildly separated gluten.
WG,  wheat gluten.
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Protein-glycerol	structure	dynamics:	Example	3
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In-situ Glia-glycerol	structure	dynamics



Gliadin-starch	nano-structure:	Example	4

More	
complex	
hierarchical	
structure

Protein Secondary Structure. FT-IR spectroscopy results
in the amide I region (1600−1700 cm−1) of WG-MPS-45gly
and WG-MPS-30gly-20W samples, extruded at 110 and 130 °C,
are shown in Figure 5. It is possible to assess the relative

amount of α-helices/random coils and β-sheets by comparing
the relative size of the IR spectrum in the 1645−1660 cm−1

region to that of the 1620−1635 cm−1 region.13 To begin with,
the relative sizes are not large; the curves are relatively flat in
the 1620−1660 cm−1 region. All extruded samples were,
however, as expected, more aggregated than the pristine WG
powder, the latter having the highest intensities in the 1645−
1660 cm−1 region (Figure 5). This indicated that intensive
shear mixing at elevated temperature (extrusion) contributed in
transforming the WG protein from a pristine powder with a less
organized structure to a more organized aggregated structure.
A slightly more aggregated structure was observed in the

WG-MPS-45gly (30/70, 70/30) samples extruded at the higher
temperature, whereas no differences could be observed for
those with a 50/50 WG/MPS ratio.
The WG-MPS-30gly-20W (50/50) composites contained a

higher amount of β-sheets when extruded at 110 °C compared
to at 130 °C (Figure 5). This suggests that the lower extrusion
temperature (110 °C) in the presence of water favors
sulfhydryl-disulfide interchange reactions1,31 in the WG protein
(more monomeric proteins, Figure 2) and formation of sizable
amounts of hydrogen bonding (β-sheets).
Wide-Angle X-ray Scattering. The WAXS data of WG-

MPS and MPS plasticized extrudates, and MPS powder is
shown in Figure 6. For all the samples studied, a large number
of peaks indicating the crystalline nature of MPS were observed
(Figure 6a; peaks indicated by lines). From diffractograms of
the WG-MPS extrudates compared to the MPS powder and
crystalline starch structures previously reported,35 it can be
concluded that the B-type crystalline starch structure is present
in the WG-MPS samples at both 110 and 130 °C. The main
scattering reflections found in the MPS powder are indicated
with their correspondent Miller index (Figure 6a).35 At high
protein concentrations in the blend (as 70/30), the starch
peaks were smaller (at both 110 and 130 °C) (Figure 6a,b),
whereas the impact of the amorphous morphology of WG36 on
the WAXS pattern was obvious. In addition, a decrease in
starch crystallinity was observed for the WG-MPS blends at 130
°C compared to 110 °C, for example, starch peaks were less
intense and broader (Figure 6a,b).
The addition of water in the WG-MPS-30gly-20W extrudates

seemed to reduce the crystallinity of starch in the blend at both

110 and 130 °C temperatures (Figure 6c). This was particularly
clear for the samples extruded at 110 °C with the diffraction
pattern of small and poorly defined crystalline peaks compared
with the pattern of water-free samples (Figure 6c). In this
study, the greater transformation of the starch granules
morphology occurred when the glycerol−water versus glycerol
was used and at the higher extrusion temperature of 130 °C.
The addition of water contributed to physicochemical changes
in MPS with the partial gelatinization of starch granules,
resulting in a loss of crystallinity.37

Figure 5. FT-IR spectra of all WG-MPS-45gly and WG-MPS-30gly-
20W composites extruded at 110 and 130 °C. Spectra range 1645−
1660 cm−1 corresponds to α-helices and 1620−1635 cm−1 to β-sheets.

Figure 6. WAXS profiles of WG-MPS-45gly and MPS-45gly samples
extruded at (a) 110 °C, (b) 130 °C and WG-MPS-30gly-20W samples
extruded at (c) 110 and 130 °C, respectively. Curves are shifted
vertically for clarity.
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Conclusions

• Example	1:	 The	structure-functional	properties	of	wheat	gluten	
products	can	be	modulated	in	a	green	way	by	tuning	G	X	E	in	plants.	
• Example	2:	 Wheat	separation	processing	is	important:	structure	
and	quality	can	be	positively	impacted.	
• Example	3:	 Designing	of	the	novel	food	structures	(e.g.	meat	
replacers)	and	properties	through	innovative	processing	is	possible.
• Example	4:	 Tuning	gliadin-glycerol	structure-function	properties	
is	possible.
• Example	5:	 Structure	modification	with	the	use	of	enzyme	
brings	innovative	possibilities	for	development	of	new	food	products.

STRUCTURE	+	FUNCTION	+	PROCESSING
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