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Wheat gluten films were prepared by thermo-pressing, and their mechanical properties were compared to
those of cast films. The stress-strain relationship was established for films with various amounts of glycerol.
Both relationships were quite different, revealing a different network organization. Thermo-pressed films
presented higher stress values than cast films, but the effect of the glycerol amount was similar in both
cases, an increase of the glycerol amount leading to a decrease of both films stress. The glycerol influence
on the strain at break of thermo-pressed films was very limited, with strain values reaching a maximum
around 200%. The role of disulfide bridges on themomoulded films mechanical properties was investigated,
and it was shown that some rearrangements and a significative protein insolubilization occurred during the
process. The effective flow porosity of the protein network for thermo-pressed films was estimated by water
capillary rise measurements to about 7%. Scanning electron microscopy was used to obtain some information
about the microstructure of both cast and thermo-pressed films.

Introduction

Because of the growth of environmental concerns, the
interest for biodegradable materials in packaging applications
has increased over the past few years. Proteins, either from
plant or from animal origins, seem to be valuable candidates
as raw substrates for manufacturing, and their potentials in
film forming have been largely described.1 Various processes
can be employed to prepare films from plant proteins.
Whereas the casting process involves a solubilization step
of the proteins,2-4 it is also possible to prepare films by a
low-moisture process, such as thermo-pressing.1 The main
advantage of this low moisture process is that it is not far
from processes used presently in the plastics industry.
Moreover, as the proteins do not need to be in solution, it
appears to be very suitable in the case of wheat gluten,
because these proteins are highly insoluble in water.5

A lot of studies have been done on wheat gluten films
obtained by the casting process.6-8 In many cases, it was
necessary to add some reducing agents (cysteine, sodium
sulfite) or to work in denaturating conditions (highly alkaline
pH) in order to solubilize these proteins. In the case of the
thermo-pressing process, the combination between temper-
ature and pressure gives rise to the protein network. Some
studies have been aimed at the characterization of films from
various proteins (soy, pea, sunflower) obtained by thermo-
pressing.9-11 In the case of gluten proteins, some rheological

data concerning the behavior of plasticized wheat gluten upon
mixing are available.12,13Extrusion studies were also under-
taken and gave interesting results:14 it was shown that
extrusion of wheat proteins plasticized with glycerol was
feasible under steady-state conditions, but the authors
emphasized the influence of operating conditions on the
aspect of extrudates. The use of a thermo-pressing process
to prepare biomaterials from gluten was recently reported,
and the gluten network formation upon thermosetting was
investigated.15 Another study was focused on gluten plasti-
cization with fatty acids;16 in this case, the films water vapor
permeability was investigated. In the present study, we tried
to establish some relationships betweeen the macroscopic
properties of thermo-pressed gluten films and the micro-
structure of the protein network. The features of thermo-
pressed gluten films were compared to those of cast gluten
films, to get information about the influence of the film-
forming process on these parameters.

Materials and Methods

Materials. A commercial gluten with a protein content
of 70.6% and a starch content of 11.8% was supplied by
Amylum (Aalst, Belgium). Glycerol, NEMI, and other
chemicals were supplied by Sigma-Aldrich (St Quentin,
France).

Modification of Gluten by NEMI. A gluten dispersion
(3% in water) was stirred during 1.5 h in the presence of
0.1 M N-ethylmaleimide (NEMI). After the reaction time,
the modified gluten was freeze-dried. The control gluten
followed the same procedure (dispersion and freeze-drying)
without addition of NEMI.

1



Preparation of Films by Thermo-Pressing.Gluten was
mixed with the glycerol in a mortar with a pestle and was
allowed to stay overnight in saturating relative humidity. The
blend was then placed between two Teflon sheets and pressed
at 120°C and 200 bar for 15 min in a heated press (hydraulic
press “Pinette” Shell Tellus T27). A metal spacer was used
to produce films of various thickness: for mechanical
measurements and biochemical characterization, films thick-
ness was about 180µm. For water uptake measurements,
thicker films of about 1.8 mm were prepared.

After cooling, the film was peeled and stored at 20°C
and 60% RH (produced by a saturated solution of sodium
bromide) during 72 h. Each film was made in duplicate.

Preparation of the Protein Films by Casting. Protein
films were prepared by casting as described previously.4

Briefly, gluten (12.5% w/w) was dispersed into 0.1 N NaOH
by using a Polytron (Kinematica, Luzern, Switzerland)
homogenizer (25 000 rpm). After addition of the glycerol
(glycerol/protein ratios from 0.20 to 0.61 w/w), the mixture
was stirred again and then centrifuged (115× g, 30 min) to
remove entrapped air bubbles. Two types of films were
prepared, thin films (about 80µm thickness) for mechanical
properties and biochemical composition studies and thick
films (about 1.8 mm thickness) for water uptake measure-
ments and scanning electron microscopy.

For the thinner films, the procedure was as follows: 30
mL of the solution was spread on a glass plate (15× 25
cm) covered with a polyester sheet and then dried during 1
h at 70 °C in a ventilated oven. The film was peeled off
from the plate and equilibrated during 72 h in a cabinet under
standard conditions of temperature (20°C) and relative
humidity (60% RH). For thicker films, the film-forming
solution was poured into a Petri dish and allowed to dry 30
h at 70 °C. In both cases, the drying time was adapted in
order to have a constant weight for the material. The thick
films were then taken off the Petri dish and equilibrated in
the same conditions than the thin films (20°C, 60% RH).

Determination of the Glycerol/Protein Ratio. Total
protein content (N× 5.7) was determined after digestion of
the gluten films in concentrated sulfuric acid by an automated
ammonia/salycilate reaction.17 The method was slightly
modified as follows: selenium was used as a catalyst and
the digestion was realized at 300°C during 2 h.

The residual amount of glycerol in the films was deter-
mined by high performance liquid chromatography as
previously described.18 Film samples (500 mg) were extracted
twice with water (25 mL) for 60 and 30 min, and the total
volume of the extract was adjusted to 250 mL. The solution
was applied on an ion-exchange column (Sucrex-CIL Ca2+)
heated at 60°C. The glycerol was eluted by water and
detected by a differential refractometer (Jobin-Yvon). The
concentration was calculated by reference to a calibration
curve. The measurements were done in duplicate on each
film.

Taking into account the protein content in the films and
assuming an average molecular weight of 121 g mol-1 for
all amino acids, the glycerol content was expressed in moles
of glycerol/moles of amino acid.

Residual Water. The water content in films was deter-
mined from weight difference of the samples (500 mg) after
24 h drying in a desiccator containing P2O5 under reduced
pressure. Two measurements were made on each film.

Mechanical Properties.Mechanical properties were evalu-
ated on 5A-type dumbbell-shape specimens according to the
ISO-527-2 standard (gauge lengthl0 ) 20 mm). Film
thickness was evaluated at five points with a micrometer.
Elongation at break and tensile strength were measured in a
cabinet (ERATIS, Bouloc, France) at 20°C and 60% RH
with a Synergie 100 MTS Systems device (Créteil, France),
equipped with a 10 N load cell. The initial grip separation
was set at 50 mm, and the cross-head speed was 20 mm
min-1. Each measurement was replicated five times.

Prolamin Composition by SE-HPLC. Size distribution
and aggregation of prolamins in gluten and in gluten films
were analyzed by SE-HPLC on a Superose 6 column (1×
30 cm; flow rate 0.3 mL/min; detection at 220 nm)
equilibrated in 12.5 mM sodium borate buffer 0.1% SDS
(Sodium Dodecyl Sulfate). Samples were prepared by a
three-step extraction.19,20 The first step consisted of stirring
in 12.5 mM sodium borate buffer pH 8.5, 0.5% SDS.
Residual proteins were sonicated under controlled conditions
(6W, 30 s) in 12.5 mM sodium borate buffer with 2% SDS
after being stirred overnight. In addition a third extraction
step was achieved on the pellet with 12.5 mM sodium borate
buffer, 2% SDS containing 1% DTT (Dithiothreitol). All
three protein extracts were analyzed by SE-HPLC. Chro-
matographic patterns of the first solubilisation step were
divided into three peakssP1, P2, and P3scorresponding
respectively to large-size glutenin polymers (Mw > 500 kDa),
medium-size glutenin polymers (500 kDa< Mw < 70 kDa)
and gliadin monomers. Each type of protein was quantified
by measuring the surface areas of peaks and was normalized
with respect to the total area.

Scanning Electron Microscopy. Films sections were
observed by scanning electron microscopy (SM 840A, JEOL,
Tokyo, Japan) with an accelerating voltage of 5 kV; samples
were previously cut with a scalpel and gilded. The thickness
of the gold layer was about 15 nm.

Water Uptake Measurements.The experimental device
for capillary rise, also called a Baumann apparatus, is shown
in Figure 1. Samples (about 1.8 mm thickness) were cut in
order to expose their inner structure to water rising. The size
of the samples was adapted in order to have a section of 0.2
cm2 (in contact with water) and a total volume comprised
between 0.2 cm3 and 0.5 cm3.

They were then coated on each of their faces (except the
contact surface) with epoxide resin (Buehler, Limonest,
France) to prevent their swelling and put on fritted glass in

Figure 1. Principle of a Baumann device.
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contact with distilled water. The absorbed water volume
versus time data was then recorded as water ascended into
the sample.

Results and Discussion

Mechanical Properties of Cast and Thermo-Pressed
Gluten Films. Thermo-pressed gluten films were prepared
with various amounts of glycerol as a plasticizer. Assuming
a mean molecular weight of 121 g mol-1 per amino acid,
the mechanical properties of thermo-pressed films versus the
molar ratio of the glycerol per amino acid are plotted in
Figure 2. A set of data previously obtained for cast films4 is
also reported for comparison. For the same molar glycerol
ratios, thermo-pressed films presented always a higher stress
and a lower strain than cast films (for example 4.15( 0.78
MPa and 179( 46% for thermo-pressed films versus 0.60
( 0.15 MPa and 732( 90% for cast films at a glycerol/
amino acid ratio of 0.62); thus, we can assume that casting
and thermo-pressing induced different protein network
organizations. The evolution of the maximal stress of the
films versus the amount of glycerol were similar in both cases
(Figure 2a), in the range of 0.20-0.70 mol of glycerol/mol
of amino acid; that is, the decrease of the stress followed
parallel curves for cast and thermo-pressed films. However,

the behavior of strain at break for both films was very
different, thermo-pressed films being far less affected by the
variation of glycerol amounts than cast films (Figure 2b).

Concerning cast films, it was previously noticed that the
plasticizing effect seemed to reach a plateau beyond a
threshold value of glycerol concentration:8 values of stress
and strain remained constant. This was attributed to a
saturation of the protein network by the glycerol molecules.
It is interesting to notice that the behavior of thermo-pressed
films was different. Whereas strain values remained almost
constant over a glycerol amount of 0.60 mol/mol of amino
acid, stress values kept on decreasing. Thus, for larger
concentrations, glycerol seemed to still have an effect on
stress but not on strain: this behavior must be related to the
way glycerol interacts with the protein network and to the
structure of the network. The plateau value of stress, if
existing in this case, might start at higher glycerol concentra-
tion; in this study, films with higher ratios than 1.35 mol of
glycerol/mol of amino acid (protein: glycerol weight ratio
1:1) were not prepared.

Higher stress and lower strain values of thermo-pressed
films compared to cast films suggested the dry process
resulted in a more densely cross-linked network. Moreover,
the difference in network organization was emphasized by
a different stress-strain relationship for both types of films
(Figure 3). Covalent bonds such as disulfide bridges could
be involved, as their rearrangements could have been favored
by the high-temperature conditions of the thermo-pressing
process. Such an effect of temperature was shown previ-
ously: increasing the drying temperature in the casting
process favored protein cross-linking, increased maximal
stress, and decreased strain at break of gliadin films.21

Polymer Size and Role of the Disulfide Bridges.The
aggregation state of the prolamin in the vital gluten as well
as in a thermo-pressed film was analyzed by a three-step
extraction procedure followed by a SE-HPLC analysis (Table
1). The transition from gluten powder to the plastic film was
characterized by an important decrease of proteins extract-
ability: whereas 70.8% of the prolamins of gluten were
soluble in 0.5% SDS, this amount dropped to 35.8% for the
film. In the same time, there was a clear increase of 2%

Figure 2. Evolution of maximal stress (a) and of strain at break (b)
of thermo-pressed ([) and cast (0) wheat gluten films versus the
molar amount of glycerol.

Figure 3. Stress-strain relationship for thermo-pressed ([) and cast
(0) wheat gluten films.
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SDS soluble proteins (second extract, from 14.2% to 33.9%)
and of insoluble proteins (from 15.1% to 30.3%). The study
of the distribution of soluble proteins (i.e., the relative
amounts of polymers P1, P2, and P3) in the gluten powder
and in the film revealed that this insolubilization concerned
all three types of soluble prolamins, gliadins (P3 peak) being
affected as well as glutenins soluble polymers (P1 and P2
peaks). A previous work concerning the extrusion of wheat
gluten plasticized with glycerol lead to the same conclusion
that gliadins could be involved in polymerization and could
act as cross-linking agents.14 Note that the so-called “in-
soluble proteins” were finally extracted from gluten powder
as well as from the thermo-pressed film for SE-HPLC
analysis by a buffer containing DTT, a disulfide reducing
agent, pointing out a possible involvment of disulfide bonds.

Thus, the film formation may involve the formation of
covalent bonds between prolamin chains. These cross-
linkages should be due to disulfide bridges rearrangements
resulting from the temperature treatment applied during
thermo-pressing, since sulfhydryl/disulfide exchanges occur
at high temperature in gluten.22-25 It is the common sug-
gestion that disulfide bridges may participate in the network
connectivity and thus are responsible of at least a certain
part of films mechanical strength.4,26,27To further investigate
the role of these bridges and their rearrangements, gluten
was treated with Nemi, to block free sulfhydryl groups and
thus avoid or limit disulfide bridges rearrangements. A film
was prepared from this Nemi-treated gluten by thermo-
pressing, and both the gluten and the film were analyzed by
sequential extraction and SE-HPLC (Table 1). Compared to
the untreated gluten, the Nemi-treated gluten presented a
slightly higher content of soluble proteins, but the difference
(73.4% versus 70.8%) was not significant. As for untreated
gluten, the transition from the gluten powder to the film
induced a decrease of solubility of Nemi-treated proteins.
However, this loss of extractability was lower than for native
gluten proteins: there were still 58.1% of soluble proteins
in the Nemi-treated film, and the amount of insoluble proteins
(third extract) remained unaffected between the Nemi-treated
gluten and the Nemi-treated film (16.1% versus 14.6%). A
striking feature is that the amount of gliadins (37.7% of the

total proteins in the film versus 44.7% in the Nemi-treated
gluten) was much less affected than in the absence of Nemi,
revealing that in this case gliadins were not, or less, involved
in cross-linking reactions because gliadins contain only
intramolecular disulfide bonds.28,29This can be related to the
fact that, when disulfide bridges rearrange, intermolecular
bridges are often affected before intramolecular bridges.27

The loss of soluble proteins (first extract) in the Nemi-treated
film corresponded to an increase of the fraction extracted in
2% SDS and sonicated (from 10.5% to 27.3%). Because no
reducing agent was used to obtain the second extract, this
increase was due to noncovalent aggregation of proteins and
to a very limited covalent cross-linking associating only a
few gliadins with existing glutenin polymers.

To evaluate the role of rearrangement of disulfide bridges
on mechanical properties, these films (from native gluten
and Nemi-treated gluten) were submitted to tensile tests
(Table 2). The film made from Nemi-treated gluten presented
both lower strength and strain; blocking free sulfhydryl
groups in the gluten by Nemi thus limited strongly the protein
aggregation by covalent bonds and affected the whole
network resistance. The effect on stress is supposed to be
related to a lower density of intermolecular cross-linkages,
as the presence of Nemi will unfavor rearrangements. The
effect on strain, though less important, is significant and
might be related to the shorter mean length of the gluten
polymers. However, the whole network rearrangements
induced by the Nemi treatment cannot be completely
explained on the basis of what was previously observed after
increased cross-linking treatment (thermal treatment, for
example), since there was a simultaneous decrease of both
stress and strain. Most of the time, the strain decrease was
coupled with a stress increase.21,30,31 We can suggest that
hindering disulfide bridges rearrangements prevented net-
work development, thus leading to an overall decrease of
films mechanical properties.

Microstructure of the Network. Parallel and cross-
sections of a thermo-pressed and a cast wheat gluten film
were examined by SEM in order to have information about
their inner microstructures (Figure 4). The main feature of
the parallel section of the thermo-pressed film (Figure 4a)
was the presence of some residual starch granules that were
not destroyed during the thermo-pressing process. The
micrograph of the cross section showed a rough microstruc-
ture, with pores of about 200-500 nm in diameter (Figure
4b). The microstructures observed here for a thermo-pressed
gluten film were quite similar to those reported for a soy
protein isolate film produced by thermal compaction, thus
suggesting that the process may play a major role in these
features.32 This was confirmed by the comparison with the
microstructure of a cast gluten film, which was very different
(Figure 4, parts c and d). First of all, the parallel section did
not show large size starch granules as in thermo-pressed films

Table 1. Prolamin Distribution of Gluten (Control and
Nemi-Treated) and Gluten Films (Control and Nemi-Treated),
Determined by a Three Step Extraction Procedure and SE-HPLC

first extracta

P1 P2 P3 second extractb third extractc

9.3 16.9 44.6

gluten 70.8 14.2 15.1

11.3 17.5 44.7

gluten Nemi 73.4 10.5 16.1

1.4 6.8 27.6

film 35.8 33.9 30.3

5.9 14.5 37.7

film Nemi 58.1 27.3 14.6

a This fraction was extracted in the presence of 0.5% SDS. b This
fraction was extracted in the presence of 2% SDS. c This fraction was
extracted in the presence of 2% SDS +DTT.

 Table 2. Mechanical Properties of Thermo-Pressed Gluten Films 

from a Control Sample and from a Nemi-Treated Gluten

maximal stress (MPa) strain at break (%)

gluten film 2.76 ( 0.33 190 ( 35
Nemi-gluten film 1.65 ( 0.18 144 ( 28
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but only small ones, probably damaged. The large starch
granules were probably lost by pelleting during the centrifu-
gation of the film-forming solution before casting. Some
starch granules might also have been damaged by the
presence of NaOH in the film-forming solution. In addition,
the cross-section of the cast film is much smoother than that
of the thermo-pressed one.

The kinetics of water uptake of the cross section of a
thermo-pressed film by capillarity is shown in Figure 5.
Water absorption increased until it reached a plateau. Though
the reproducibility of the experiment was not excellent, we
noticed that the plateau value was between 5% and 7% (water

volume/sample volume) for all of the thermo-pressed samples.
Since no swelling of the sample was detected, and because
previous studies (not shown) had revealed that gluten proteins
in thermo-pressed films were completely insoluble in water,
we supposed that there was a direct relationship between
the plateau value of the capillary rise and the sample porosity.
Therefore, the effective flow porosity of thermo-pressed
films, i.e., the volume fraction of pore space open to flow,
should be in the order of magnitude of 7%. These results,
revealing a quite compact structure, are in accordance with
the microscopic observations of thermo-pressed film sections.
The behavior of cast film was very different since a very
large swelling of the sample out of the resin occurred (Figure
5). This macroscopic swelling of the casting samples revealed
a high degree of interaction between water and the protein
network and probably a strong rearrangement of this network
due to protein hydration. These results are in accordance with
a previous work onâ-casein cast films33 showing differences
in microstructures when the films were equilibrated under
various conditions of water activities. The inner microstruc-
ture of the casein film conditioned at high water activity
(76% RH) presented some porosity, whereas films condi-
tioned at low water activity (11% RH) were completely
smooth. Thus, in the case of cast films, it was not possible
to determine an effective flow porosity.

Conclusion

This work enligthed the drastic influence of the process
(casting or thermo-pressing) on film properties and overall
protein network organization. In general, cast films presented
higher elongation properties, whereas thermo-pressed films
were more resistant to rupture. The properties of these films
could be modulated by adjusting the amount of glycerol, but
the stress-strain relationship remained very different in both
cases, suggesting that the whole organization of the protein
network was affected by the process. The role of disulfide
bridges rearrangements due to the process was clearly
demonstrated. The microstructures revealed by scanning
electron microscopy, as well as the water exposure behavior
of both types of films, were completely different.
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Figure 4. SEM micrographs of gluten films: (a) parallel (×1000) and
(b) cross-section (×5000) of a thermo-pressed film; (c) parallel
(×1000) and (d) cross-section (×5000) of a cast film.

Figure 5. Water capillary rise of wheat gluten films with various
sample volumes: thermo-pressed films, (×) V ) 0.20 cm3; ([) V )
0.25 cm3; (0) V ) 0.40 cm3; and cast film, (b), V ) 0.20 cm3.
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