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ABSTRACT

The structures of wheat gluten based materials are greatly influenced by plasticizer content, moisture
content and external mechanical loading. In this study, the effects of moisture on the structure of wheat
gluten (WG) plasticized by glycerol was investigated by using in situ small/wide angle x-ray scattering
(SAXS/WAXS), mechanical tensile testing and thermal analyses. The materials were processed with
additives of ammonium hydroxide/salicylic acid or urea and conditioned at 0, 50 and 100 % relative
humidity (RH). In general, water showed similar effects on the WG structure and mechanical properties
regardless of the type of additive. It was observed that the known hexagonal close-packed (HCP) structure
in WG was present mainly in moist conditions and swelled with the increasing water content. The
absorbed water molecules hydrated the protein chains at 50% relative humidity and further led to the
formation of a separate water/glycerol phase at 100% relative humidity. An interesting feature was
observed by in situ SAXS during the tensile deformation, both the HCP structure and other protein
aggregates packed more densely in both the tensile and transverse directions. It is interpreted as that
“randomly oriented” chains were drawn out and stretched in the tensile direction, which squeezes the self-

assembled structures together, similar to “tightening a knot”.
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Introduction

The increasing pressure on petroleum based materials in terms of available resources and price
drives need to look for alternatives. Bio-based polymeric materials are one option. They can be directly
obtained from sustainable resources, such as, plants, or from the industrial processing of the plants, for
example, as a byproduct from bioethanol production. Meanwhile, plant proteins, such as wheat gluten
(WG), zein, and soybean protein, are readily available at a low-price!. Extensive investigations have
enabled future use of bio-based polymeric materials in different applications®. For example, WG has been
converted into useful engineering plastics with the good barrier properties?™*, flame retardation function®,
foam properties®, environmental purification properties” and mechanical properties®°. WG-based
composites have also shown the potential as a substitute of synthetic polymers in packaging and
construction areas.!!?

To further improve WG mechanical properties, optimal thermo-mechanical processing and the full
understanding of the effects of moisture content are critical.’*!* On one hand, the wheat gluten without
plasticizer becomes brittle and difficult to handle*. Hence, a plasticizer is needed to lower the melt-
viscosity during the processing of WG and improve the toughness of the final product.’®> On the other
hand, if WG contains too high plasticizer content, the plasticizer-polymer interactions dominates over
polymer-polymer interactions, resulting in poor strength and barrier properties'®” Wheat gluten proteins
are hydrophilic, which requires that the plasticizers are also hydrophilic, like glycerol and sorbitol. Since
water also plasticizes WG, it is important to control the moisture content of the WG materials with or
without an additional plasticizer to prevent inferior properties. Hernandez-Mufioz et al.'8, have shown that
addition of glycerol increases the moisture absorption of WG. In their work, the moisture sorption
isotherms of WG with glycerol were reported to follow a sigmoidal shape — the equilibrium moisture
content of materials increased slowly up to 65 % relative humidity (RH) and then rapidly rose by further
increase in RH. In order to lower the water uptake and permeability of wheat gluten materials, one way is
to add hydrophobic additives’®?, Another way is to avoid using a plasticizer, which requires that WG is
strengthened, for example, by adding macromolecular-crosslinkers into WG®%1%21-3 Despite some
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successful strategies against increasing water permeability, the effects of water on the hierarchical
structure of WG are still not clear?,

The structure of the WG protein is only partially understood because of its complexity. WG is a
protein blend consisting of two main components: gliadin (monomeric protein) and glutenin (polymeric
protein). Gliadin contributes mainly to the viscous behavior of the material, while glutenin influences
mainly the elasticity’®?, Typically, the pristine WG has no regular self-assembled structure, but
denatured aggregates can develop at an elevated temperature, especially in the presence of glycerol.?
Further thermal treatments can even generate hexagonal close-packed nanostructures (HCP) in WG
platics.?>2":28 Besides the plasticizers, additives, such as acids, bases and urea, have been used to improve
the processability of WG.%6231 |nterestingly, new tetragonal-packed and HCP nanostructures were
discovered in the WG with NaOH and ammonium hydroxide (AH)?. A similar HCP structure was also
reported in the presence of urea, which act as a combined protein denaturant and plasticizer.® In spite of
the discovery of various self-assembled structures, the study on their detailed structure and function is still
ongoing and the effects of moisture content on those have not been clearly elucidated. Furthermore, how
these structures change during mechanical deformation under different RH conditions is still unknown. It
is thus important to clarify these issues for the reliable use of WG in a number of applications, especially
for extruded films and injection molded items.*

In this work, we have combined in-situ small and wide angle x-ray scattering (SAXS/WAXS)
techniques with tensile testing to monitor the WG structural changes on a molecular level at different
moisture contents. Extruded glycerol-plasticized WG films, prepared by the addition of ammonium
hydroxide/salicylic acid and urea, were selected since they have shown interesting processability,
mechanical properties and material structures, as well as their potential for commercial exploitation234,
Three RH conditions (RHO, RH50 and RH100) were chosen in order to work with systems with clear
variations in structure and properties. Together with differential scanning calorimetry (DSC) and cyclic

tensile tests, the structural and mechanical changes due to variations in moisture content were determined.



Experiments

Materials and Sample Preparation

The preparation of the samples has been described in full detail elsewhere®?3 and is therefore only
briefly described here. The pristine wheat gluten powder was provided by Lantméannen Reppe AB
Sweden (77.7% dry weight of gluten protein). Before extrusion, the WG was conditioned, mixed with
glycerol plasticizer (WG:glycerol ratio: 7:3) and further prepared with ammonium hydroxide (AH)
together with salicylic acid (SA) or urea (U) to improve the processability and final properties.®:3234
Unless specifically mentioned, the term WG hereinafter refers to WG mixed with glycerol. The AH
contents were 3, 5 and 10 %, all with 1.5 % of salicylic acid®® (% refers to the total weight (WG +
glycerol + AH/SA)) and the urea contents were 10, 15 and 20 % (% refers to the total weight (WG +
glycerol + urea)). The samples were named accordingly as AHx (including SA) and Uy, where x and y
are the contents. The materials were extruded in an Axon BX12 single-screw extruder with a slit sheet die
into films with a thickness of ca. 1 mm and a die temperature of 130 °C (urea) or 130-140 °C (AH).
Dumb-bell shaped specimens with a total length of 40 mm were punched from the film for the tensile
tests. The width and length of the narrow section were 3 mm and 6.2 mm, respectively. The specimens
were divided into 3 groups for the moisture conditioning in desiccators with silica gel, saturated
Mg(NOs), aqueous solution and pure milli-Q water. The relative humidity (RH) in these cases were close
to 0, 54%* and 100 % at room temperature. The three conditions were denoted RHO, RH50 and RH100,

respectively. The sample conditioning time prior to tensile testing was at least 72 h. The dry weight

content of materials is evaluated by the dry weight percentage n = % x 100 %, where wy is the sample

weight at RHO and wy is the sample weight in equilibrium with a relative humidity of x %. Then moisture
content is calculated as 100-n (%).

Experimental Methods

The X-ray scattering characterization was carried out at the P03 “MiNaXS” beamline at PETRA Il

storage ring, Deutsches Elektronen-Synchrotron (DESY), Hamburg.***" A home-made tensile rig was



used to carry out both mechanical deformation and small/wide angle X-ray scattering®-. The tensile rig
was mounted on top of a hexapod for fine sample alignment. The two tensile heads move in opposite
directions at a speed of 0.05 mm/s, which corresponds to 0.1 mm/s displacement rate. The length of the
specimen between the clamps is approximately 6 mm before deformation and the strain rate is 100 %
/min. The Pilatus 1M detector was used for the SAXS measurement with a sample-to-detector distance
(SDD) of 2134.3 £ 0.1 mm. The Pilatus 300k detector was used for the wide angle X-ray scattering
(SAXS) with an SDD of 92.3 + 0.1 mm. The X-ray wavelength was 0.957 A. The exposure time for both
SAXS and WAXS was 1 s/frame. Beam damage was carefully checked by monitoring the scattering
intensity change as a function of continuous X-ray exposure at a single spot and minimized by scanning
each specimen in small steps during the tensile test. Before each measurement, the specimen was rapidly
transferred to the measurement stage in the experimental hutch at room temperature with ~ 30% RH. The
entire characterization process took no more than 10 min, including sample mounting, alignment and
measurement. For the data processing, the DPDAK freeware was used®. SAXS patterns were processed
with Lorentz correction (I(q) times g2 for the correction of 3D to 2D projection) and plotted as a Kratky
plot: 1(g)g? versus q.

Differential scanning calorimetry (DSC) measurement was carried out on selected AH5 and U15
samples stored at RHO, RH50 and RH100. The sample was cooled to -50 °C from 25 °C with a cooling
rate of 10 °C/min. After 3 min at -50 °C the sample was heated to 150 °C with a heating rate of 10 °C/min.
The sample weight was 14 mg £ 2 mg. Cyclic tensile tests were carried with the Instron 5944 tensile
tester in an environmental controlled room (50+2 % RH and 231 °C). The specimens were punched out
from the films into dumb-bell shapes with a width and length of the narrow deformation region of 4 mm
and 20 mm, respectively. The strain rate was 100 %/min with respect to the original length in both
loading and unloading. The cycles were designed to stretch the samples till 2, 5, 10, 20, 40, 60, 100 and
300 % during the sequential cycles and were unloaded till zero stress before the subsequent cycle started.
Conditioned samples at RHO and RH100 were transferred from the desiccators to the measuring stage

right before the measurement.



Results and Discussion

Table 1. shows the moisture content of samples stored at different RHs. Moisture content in the dry
samples conditioned at RHO is zero. The samples exposed to RH50 contain around 10 % moisture content.
A dramatic increase of moisture content was found for the samples conditioned at RH100 by more than
50%. Nevertheless, the moisture uptake was essentially independent of the AH and urea contents, with the
exception of the greater water uptake with higher urea content at RH 100.

Table 1 moisture content in WG at different RH

Relative Moisture content [%]
humidity [%] | AH3 | AH5 AH10 u10 u15 u20
0 0 0 0 0 0 0
50 9.5 9.3 94 104 10.8 11.0
100 51.6 51.0 51.4 55.6 57.5 58.9

Figure 1 shows the WAXS profile of WG with (a) AH and (b) urea at different RH conditions. In all cases,
the dry sample had a small hump (d;) and a dominant peak (d.), in agreement with previous reports.??’
No sharp Bragg peak was observed in any of the samples under any conditions, indicating that the WG
structure was amorphous. The real space distances were estimated according to the equation: d = 2m/q,
where g is the length of the reciprocal lattice vector. This yielded a d; value of 0.96 nm for all samples,
independent of relative humidity. However, this result should be treated with care since the humps were
very small and changes in di with e.g. moisture content may be difficult to observe. It has been suggested
that d; is the distance between neighboring o-helices.?* It was previously suggested that the low
intensity of d; was due to the addition of glycerol.?® At RHO, d, for AH-WG was 0.44 nm, while for Urea-
WG, this peak appeared at a slightly higher g value and a shorter distance: d»=0.42 nm. These values,
being independent of AH and urea content, are close to the typical interchain distances of amorphous

polymers.*? Naturally, the intensity in this region may be also convoluted with the contributions from



protein intrachain, as well as additive-protein distances. It is interesting to note that the samples with urea
had a smaller d, value than the AH samples, despite the generally higher content of urea added (urea also
remains in the sample while AH evaporates). Kuktaite et al.?’ reported that the increase of the urea
concentration can lead to more compact protein polymeric structures. The shorter d, with urea may
indicate that urea promotes a more extensive denaturation of the protein and consequently the protein
chains aggregates more densely.*® With increasing moisture content a new broad scattering feature at
higher q values developed (~ 17.0 nm), corresponding to a distance of dwaer= 0.37 nm. As expected the
relative intensity of the d,-peak became smaller with increasing water content, however, the position of d
appeared to not change. The absence of the expected increase in d, (decrease in ) due to a swelling
structure was a consequence of the overlapping d> and dwater intensities. The very broad nature of this peak
made it impossible to separate the two contributions in a meaningful way by curve deconvolution. One
possible origin of this peak can be attributed to the hydrated protein structure. As mentioned above, for
typical amorphous polymers, the amorphous structures lead to a scattering feature (halo) with a maximum
at an inter-chain distance of ca. 0.4 nm.*? Evidently the moisture-induced feature did not match the value
of the halo. It is known for salts-containing gluten proteins that the ionic additives facilitate the exposure
of polar and ionic groups of the protein at the surface and promote the interaction of protein with water
molecules via hydration.* Another possible origin of this peak is water molecule aggregates in the protein
system. The ionic interaction (protein-salt-protein) may help the formation of hydrophilic networks where
water molecules aggregate and form micro-droplets in the hydrated protein matrix.*## In this case, the
dwater pOSition was close to reported intermolecular distances of water clusters in water containing
polymeric materials.*®-*® Furthermore, in our samples, there is a large amount of glycerol besides the AH
and urea. Glycerol also interacts with water and the glycerol-water mixture may show different X-ray

diffraction peak position depending on the concentration.*
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Figure 1. WAXS of pristine WG with (a) AH and (b) urea at different relative humidities as a function of

the length of the reciprocal lattice vector (q). The vertical lines mark the features di and d; related to WG,
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For deeper insight regarding the origin of dwaer, DSC measurements were performed on selected samples
(AH5 and U15) because all samples showed similar trends in WAXS. The results are summarized in
Figure 2. First of all, DSC showed similar features for both samples. The samples exposed to RH 0 and
RH 50 did not show any obvious difference in the cooling curve and the heating curve below room
temperature. No crystallization of ice was observed. However, a broad endothermal peak appeared for the
RH50 samples peaking at ca. 100 °C or above. It corresponded to the evaporation of water or water-rich
(glycerol/urea) mixtures. The absence of ice crystallization for the samples conditioned at RH50 indicates
that dwaeer Was mainly due to a hydrated protein structure. For the samples exposed to RH 100, a clear
endothermal peak was observed at ca. -30 °C during cooling and an exothermal peak appeared around -10
°C during heating for both AH5 and U15, with only subtle peak shift. The crystallization and melting
peaks indicate that water is forming a separate phase in the WG material at RH100 besides hydrating the
protein chains. The fact that the crystallization and melting points are lower than those of pure water
suggests that the separate phase is a water mixture with glycerol and in the case of U15 possibly also urea.
The freezing point of a water solution with a high content of urea (8 mol/kg (52 wt.%) urea) shows a
depression of 11.4 °C%, which is still far from the actual depression. In addition, since both the AH and
urea systems behave similar, the additives (AH, salicylic acid and urea) did not seem to play a major role
for the formation of the separate water phase. However, the freezing point of a glycerol-water mixture
with ca. 60 % glycerol and 40 % water coincide with the present DSC peak®. Hence, it is plausible to
assume that at RH100, the separate water phase contained a sizeable amount of glycerol. Thus, dwater Can
be ascribed to two main contributions: hydrated protein and a glycerol/water phase (possibly with also
urea in the urea samples). As expected the evaporation peaks in the RH100 systems were larger than that

in the RH50 systems with a boiling point somewhere between 100 and 125 °C.
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Figure 3. Kratky plot (I x g2 vs.q) of SAXS data on pristine WG with (a) AH and (b) urea at different

RHs. The reflections of the HCP structure are labeled as 1, V3 and V4. Green (*) signs in Urea-WG

indicate a satellite feature.

The Kratky plots of the SAXS data of WG with AH and urea are shown in Figure 3. SAXS reveals the
structure on the nanoscale. Two features, marked A and B, are clearly observable at all RH levels. A is a
broad peak typically observed for WG with glycerol, and it is suggested to originate from the structure of
aggregates after the denaturation of the protein. It mainly involves proteins with a large amount of
disulphide and irreversible bonds.?®2 The sharper B peak at higher q values indicates a correlated packing
of the materials structures, which is perhaps related to the first order reflection of the HCP nanostructure
packing of WG in the presence of glycerol and additives.?®%2 It was previously reported that a similar
structure exists in gliadin mixed with glycerol.?® The size of the HCP structure has been shown to vary
with both temperature and additives present, for instance, it increases in the presence of urea.®? In the

present case, a similar trend was found for WG with urea at RHO and RH50; the peak for U20 being at a

11



lower q value than those for U10 and U15. A small peak, marked (*), occurred after the first order
reflection of the HCP structure of U20 at all RH levels. This peak has been reported by Kuktaite et al.?’
and has been assigned to a structure with a large amount of hydrogen bonds between the protein and the
urea.

The moisture-induced structural change was quite consistent for both AH-WG and urea-WG. At
RHO, only A and B were observed for both materials and no higher order reflections of the HCP structure
were found. Nevertheless, peak B was more dominant in the urea-WG curves than in the AH-WG curves.
As the relative humidity increased, both A and B shifted towards the smaller q value. As the real space
distance is d = 2mn/q, such shift indicates a moisture-induced expansion of the structure. With increasing

RH, feature B clearly evolved into the first order reflection of the HCP structure with pronounced higher

order reflections marked as v/3 and V4. Such a structural evolution with increasing moisture content
indicates that water actually takes part in establishing the WG nanostructures. Additionally, the ratio
between the integrated peak area of the HCP related structures (Peak B or HCP) and that of large
aggregates (Peak A) also increased with increasing RH (see support information Figure S1). This
indicated that the HCP structures are more favorable than the large aggregates at higher RH.

By combining both SAXS/WAXS and DSC, the RH-dependent structural evolution is summarized
as a molecular structure model in Schematic 1. At RHO, the aggregates were closely packed, and the HCP
components were squeezed so tight that there was little correlation between the components in the
materials and there was no pronounced higher order packing as observed in SAXS. At RH 50, the
aggregated structures expand by absorbing water via hydration. Meanwhile, the HCP components also
become mobile and form stable HCP structures with a correlated distance, probably via hydrogen bonds
introduced by the water. It is shown as the higher order reflections in SAXS. Glycerol is still molecularly
dissolved in the protein matrix at RHO and RH50. At RH100, both the aggregates and HCP structure are
expanded via extensive hydration. Additionally, part of the glycerol molecules mix with abundant water,

forming a separate phase together.
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Schematic 1. The influence of moistures on the WG structure

In Figure 4, AH5 and U15 have been selected to illustrate the results of the combined tensile testing and
in-situ SAXS. The mechanical properties of all samples are summarized in Table S1 in the support
information. As observed here and in the Table S1, the modulus and strength decreased with increasing
moisture content for all samples. The trend in the strain at break was less conclusive. However,
considering the whole range in RH, it seems that the samples fractured at lower strain at 100% RH than at
0% RH. The strength values showed that the materials were weakest at 100% RH. The 2D SAXS data
show a clear reorientation of the material during the tensile test. The isotropically distributed intensity
close to the central beam became anisotropic with stronger intensity perpendicular to the strain direction,
and the intensity of the sharper outer ring (peak B in Figure 3) followed a similar trend. However, the ring
structure in the strain direction could still be observed even just before the samples broke, indicating that
the re-orientation of the scattering objects to the strain direction was not complete when fracture occurred.
It should be noted that some of the specimens showed a slight orientation prior to the tensile test,
originating from the extrusion.? Nevertheless, this pre-orientation did not affect the general conclusions

regarding the effects on the material structure of the uniaxial tensile deformation.
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Figure 4. Stress vs. strain of AH5 and U15 (left panel) and the corresponding 2D SAXS patterns at the
marked positions (right panel). The red triangles in the bottom row mark the parallel-cut and

perpendicular-cut integration area for further analyses in Figure 5.

Figure 5 shows the Kratky plot of the SAXS data of all samples extracted from the directions parallel and
perpendicular to the strain direction. For AH-WG, at RHO (Figures 5a and b, first row), the broad peak
related to the WG aggregates (peak A in Figure 3) shifted gradually to larger q values in both the parallel
and perpendicular directions with increasing the strain. At the same time, the intensity of this peak
decreased in both directions. This indicated that the aggregated structures became fewer and smaller
during the deformation, possibly because the uniaxial loading broke the bonds within the aggregates by
pulling chains apart so that the harder “cores” were squeezed tighter or even disappeared (like “opening a
bow™). The small peak at higher q (peak B in Figure 3) showed a similar trend during the mechanical
deformation. At RH50 (Figures 5a and b, second row), the initial positions of peaks A and B were located
at lower g values than at RHO, indicating swollen structures. As the strain increased, the intensities of

both peaks decreased along the parallel cut, especially for peak B, whereas the intensities became more
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intense in the perpendicular cut. Meanwhile, the peak B shifted towards the larger g value (0.02 nm?),
corresponding to a shrinkage of 0.12 nm in real space. This suggests that the HCP structures were aligned
to a greater extent with the strain direction during tensile deformation, and that they became more
compact due to the local stress. At RH100, an additional peak appeared at ca. 1 nm™ in all the AH-WG
samples (Figure 5b, row 3). A similar peak was previously observed in WG with 20 % urea and was
assigned to the structure induced by a large amount of hydrogen bonds between the protein and urea.>
Since no urea is present in AH-WG, this peak should then be associated to a large amount of hydrogen
bonds mediated via the water and glycerol molecules, and the ionic interaction induced by the salt
ingredients (although there is likely very little ammonium hydroxide left in the sample after the
processing step). As the strain increased, the evolution of this peak intensity and position is similar to
those at RH50.

The Kratky plots of urea-WG during the tensile test are shown in Figures 5¢ and d. In all cases, a
clear and sharp peak B was observed. As aforementioned, this peak is related to the first order of the HCP
structure, which can be formed in WG by addition of urea.®? As the strain increased, this peak shifted
towards higher g values in both the parallel and perpendicular directions, while the peak intensities
decreased in the parallel direction and increased in the perpendicular direction. The explanation is, as
mentioned above, that the WG nanostructure became more compact because of the “opening the bow”

phenomenon and the HCP objects aligned along the strain direction.
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Figure 5. Kratky plot of the SAXS data (I x g2 vs.q) parallel and perpendicular to the strain direction
during the tensile test. The integration areas along the two directions in each case are marked in Figure 4.
The colors of the curve marks the strain relative to the strain immediately before the sample broke: black
(0%), red (33%). green (66%) and blue (~ 100%). The arrows in (b) mark the additional feature
developed at high moisture content.

To further distinguish the elastic and non-elastic contribution to the mechanical deformation of the WG
material, we choose again AH5 and U15 to carry out cyclic tensile tests. Figure 6a and b show the cyclic
tensile curves for AH5 and U15, respectively. The clear hysteresis is observable between the loading and
unloading parts, which originate from energy losses in the materials during the cyclic loading. In each
cycle, the materials were unloaded till zero stress after the target strain was reached. The strain

corresponds to the zero stress (&) is plotted as a function of the increasing maximum strain in each cycle
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(Figures 6¢ and d). As observed, &4 increases slower (smaller slope) with increasing water content in the
material (slope: RH100<RH50<RHO) for both the AH and the urea systems. This shows that the elastic
contribution to the tensile deformation increased with increasing water content and/or that the time-
dependent elastic strain recovery was faster in the presence of higher water content. In figure 6e and f, the
relative changes of the modulus calculated from the initial slope of each loading part of the cycle have
been compared. Interestingly, for all samples, the modulus went through a maximum, which occurred
mainly for the cycle with the maximum strain of 5%. We can only speculate about the reason for this
behavior. An increase in modulus can arise from a gradual orientation of the polymer chains in the tensile
direction; however, this would be expected to be stronger at larger strains, where we instead observed a
decrease in modulus. The decrease in stiffness at larger strains was not accompanied by a weaker
structure, the strength was not reduced with increasing number of cycles (Figures 6a and b) Nevertheless,
a cycle-induced softening always occurred which dominated over orientation-effects at larger strains

(Figure 6e and f).
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Figure 6. Cyclic tensile tests on AH5 (a) and U15 (b) at RHO, RH50 and RH100. (c) and (d) are the strain
corresponds to the zero stress (ex) as a function of that maximum strain of each cycle; the relative
modulus of AH5 (e) and U15 (f) are extracted from the initial rising slope at each cycle and are plotted
against the maximum strain of each cycle. The status of zero maximum strain at each cycle is defined as
the first rising stretching from 0 to 2% strain. The corresponding & at zero maximum strain at each cycle

is zero and the modulus at zero maximum strain is also extracted from the first rising slope.

18



The effects of uniaxial tensile deformation on the WG materials are summarized in Schematic 2. For both
AH-WG and urea-WG at RHO, few ordered structures were present in the bulk materials. During
deformation, sections of the protein aggregates were pulled apart and, at the same time, more compact
regions were formed with more densely-packed entangled chains. It was observed as an intensity decrease
of peak A at RHO, both parallel and perpendicular to the strain direction. Meanwhile, the peak shifted
towards higher g values. Additionally, structures with a short correlated distance (peak B) were squeezed
even closer and some became oriented parallel to the tensile direction. The deformation here was to a
large extent non-elastic as shown by the cyclic measurements. For AH-WG and urea-WG at RH50 and
RH100, the mechanical deformation aligned HCP structures progressively in the strain direction, as
observed by the anisotropic intensity distribution with a significantly higher SAXS intensity in the
perpendicular direction. A possible explanation is that the HCP structure was squeezed tighter as a

consequence of surrounding chains being stretched in the strain direction.
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Schematic 2. The structure of WG under uniaxial tensile deformation in dry and moist conditions.

Conclusions

We have investigated the influence of moisture on the structure of WG/glycerol materials produced with
ammonium-hydroxide/salicylic acid and urea additives and the corresponding changes in mechanical
properties. Both types of materials (AH-WG and urea-WG) contained an HCP superstructure at high RH
levels, which was absent or present in only a low amount in dry conditions. Clearly, the presence of
moisture, through a large number of hydrogen bonds, stabilized the HCP nanostructure in the WG
materials. On the other hand, the formed hydrated protein chains and the phase-separated water/glycerol
component decreased the strength of both types of WG. This work reveals the significance of moisture in
keeping the features of the amorphous protein structure. During the tensile test, the HCP, as well as the
aggregated structures, became more densely packed and more oriented in the strain direction. This is
suggested to be associated to a squeezing effect caused by surrounding chains that were pulled or
stretched extensively in the strain direction (“tightening a knot effect”). The results in this work show
how water can affect the structure of amorphous proteins by forming different complex structures at

different relative humidity and how this affects the mechanical behavior.
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