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Design of Hygroscopic Bioplastic Products Stable in Varying
Humidities

Sirui Liu, Mercedes A. Bettelli, Xinfeng Wei, Antonio J. Capezza, Benedikt Sochor,
Fritjof Nilsson, Richard T. Olsson, Eva Johansson, Stephan V. Roth,
and Mikael S. Hedenqvist*

Hygroscopic biopolymers like proteins and polysaccharides suffer from
humidity-dependent mechanical properties. Because humidity can vary
significantly over the year, or even within a day, these polymers will not
generally have stable properties during their lifetimes. On wheat gluten, a
model highly hygroscopic biopolymer material, it is observed that
larger/thicker samples can be significantly more mechanically stable than
thinner samples. It is shown here that this is due to slow water diffusion,
which, in turn, is due to the rigid polymer structure caused by the
double-bond character of the peptide bond, the many bulky peptide side
groups, and the hydrogen bond network. More than a year is required to reach
complete moisture saturation (≈10 wt.%) in a 1 cm thick plate of
glycerol-plasticized wheat gluten, whereas this process takes only one day for
a 0.5 mm thick plate. The overall moisture uptake is also retarded by
swelling-induced mechanical effects. Hence, hygroscopic biopolymers are
better suited for larger/thicker products, where the moisture-induced changes
in mechanical properties are smeared out over time, to the extent that the
product remains sufficiently tough over climate changes, for example,
throughout the course of a year.

1. Introduction

Wheat gluten (WG) is a potential alternative to synthetic
petroleum-based plastics for several reasons: It is biobased and
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biodegradable, has attractive mechanical
properties, good film-forming properties,
and excellent oxygen-barrier properties in
dry conditions, and is available as a co-
product from starch and ethanol-biofuel
production.[1–13] Because of the latter, it is
available at a comparatively low price and
with a low variation in quality.[2,14] It is
also not expected to yield the same mi-
croplastic problems as those found with
today’s plastics. Gluten readily polymer-
izes and crosslinks at elevated tempera-
tures and when exposed to mechanical en-
ergy/impact (refer to dough-processing),
which leads to a highly aggregated and co-
hesive material.[15–20] In the presence of a
plasticizer, the cohesiveness leads to a tough
plastic material.

However, proteins like WG and other
hygroscopic biobased polymers, such as
thermoplastic starch, suffer from moisture-
sensitive mechanical properties – from
stiffer, less tough behavior in a dry indoor
winter climate to softer, more ductile/tough
behavior in a moist summer period in, for

example, northern Europe. In Sweden, the indoor relative
humidity in February can decline to 10% (absolute humid-
ity outdoors: 2 g cm−3). The corresponding values in July
can rise to more than 60% (≥10 g cm−3) (Figure S1, Supporting
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Information). In fact, humidity can also change significantly over
a day (Figure S1, Supporting Information), depending on the
actual variations in temperature. This sometimes makes the me-
chanical properties sensitive over a shorter time scale. Because
the changes in properties depend on water diffusion into and out
of the material, the size of the variations is expected to depend
on the geometry of the product, resulting in thinner paper-like
applications being very sensitive, whereas thick and rigid ma-
terials will be less sensitive. The changes in properties over the
year or within a day (or days) are thus expected to be less or more
“smeared out” over time for larger/thicker products. This sug-
gests that the materials can find better use in larger dimensioned
applications over longer times, whereas thinner paper-like struc-
tures, if not encapsulated/protected, can more beneficially be
used as, for example, sensors for thinner structures.

In this work, the aim was to determine if the observed more
stable properties in thicker WG products could be directly re-
lated to the rate of the water/moisture transport (diffusivity).
Glycerol-plasticized WG is a model material for highly hygro-
scopic biopolymers, in that it shows strong effects of moisture
on, for example, mechanical properties.[16] Consequently, the in-
fluence of the product design (plates with a large range in thick-
ness) on the water uptake kinetics was determined on glycerol-
plasticized WG plates at zero and medium-high (50%) relative
humidity (RH). The moisture-induced effects on the mechani-
cal properties were discovered on plates using three-point bend-
ing and dynamic mechanical analysis. Also, of practical impor-
tance when one considers products of different sizes is the fact
that the properties/structure of the biopolymer material is not
significantly altered or that any product-size-dependent proper-
ties can be predicted/handled. Hence, the structural homogene-
ity of differently sized WG products was determined and assessed
here using infrared spectroscopy and small-angle X-ray scatter-
ing (SAXS) and wide-angle (WAXS) X-ray spectroscopy.

2. Experimental Section

2.1. Materials and Manufacturing of the Samples

The WG powder was supplied by Lantmännen Reppe AB, Swe-
den. It consisted of 86.3 ± 0.3 wt.% WG proteins (N × 6.25),
5.8 ± 0.1 wt.% wheat starch, 0.9 ± 0.1 wt.% fat, and 0.8 ± 0.1
wt.% ash. Glycerol with a purity of 99.5% was supplied by PWG
Produkter AB, Sweden.

The plates were prepared by first mixing gluten, glycerol, and
milli-Q water in a weight ratio of 70/30/4 in a kitchen mixer
(WATT; DUKA AB, Sweden) until a homogeneous dough was
obtained. The dough was dried before being flash-frozen in liq-
uid N2 and ground (Retsch, Hann, Germany). The compres-
sion moulding of the plates was performed in a Fontijne Press
(TP400, Barendrecht, Netherlands) between PTFE anti-sticking
films.[21,22] Part of the calculated amount (to fill the specific
mould) of ground WG was first premolded/compacted at room
temperature and 250 kN press force for 1 min to exhaust air. Af-
ter the pressure was released and the press plates of the hot press
were separated, the residual calculated amount of WG was added
and the temperature was raised to 130 °C. Another pre-molding
step was then taken by moving the plates together (to reach 250
kN) and apart, three times, to exhaust residual air before the fi-

Figure 1. Pellets and cut plates with thicknesses of (from bottom to top)
0.5, 1.0, 3.0, 4.3, 6.1, and 10.6 mm.

nal pressing, which occurred at 130 °C at 250 kN for 15 min.
Steel frames/moulds were used with thicknesses (and area di-
mensions) of 0.5 (diameter, ø = 200 mm), 1.0 (ø = 200), 3.0 (ø
= 200), 4.3 (100 × 100), 6.1 (100 × 100), and 10.6 (100 × 100)
mm to fabricate the plates. The exact thickness of each plate was
measured using a Mitutoyo IDC-112B (Mitutoyo Scandinavia,
Sweden) micrometer, and the average of three randomly posi-
tioned measurements was used. The samples were cut into 20 ×
100 mm2 long strips by a cutting machine (Ryobi, China) (Fig-
ure 1). For the thickest sample (20 mm with either a square
200 × 200 mm2 cross-section or a cylinder cross-section with a di-
ameter of 80 mm), the dough was pelletized using a plastic gran-
ulator (Meltic 280) and then pressed. The square 20 mm thick
sample had a glycerol content of 28 wt.%.

2.2. Water Uptake

The plates were preconditioned at room temperature in an elec-
tric desiccator (Secador, USA) for at least 66 days before any mea-
surement. This was referred to as the 0% RH condition in the
remaining article. The loss in weight during storage at 0% RH
(after the compression moulding) was obtained by intermittently
removing the samples from the desiccator and measuring the
weight on a Precisa XR 205-DR balance (Switzerland). The mea-
surements were made on ten replicates. After the drying treat-
ment, some samples were exposed to 50 ± 2.5% RH at 23 ± 1°C
in a climate room and the weights were recorded as a function
of time on a Mettler Toledo AE100 balance (Switzerland) to ob-
tain water uptake curves. Three replicates were used in the water
uptake experiment.

2.3. Dynamic Mechanical Analysis (DMA)

The dynamic mechanical properties of rectangular samples
(20 × 5 mm2) were determined using a dynamic mechanical ana-
lyzer in tensile mode (TA instruments DMA, model Q800, USA).
0.5 mm thick plates, taken directly from the electric desiccator
and also from conditioning at 50% RH for at least 48 h, were
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used. The temperature was increased from −100 to 140 °C at a
heating rate of 3 °C min−1 using the tension clamp mode at a
frequency of 1 Hz. The strain amplitude used was 0.08%. The
damping (tan𝛿) was calculated as the ratio of the loss modulus
(E") and the storage modulus (E’).

2.4. Flexural Test

The mechanical properties of the samples were measured by 3-
point bending (flexural test) using an Instron 5566 tensile tester
(Instron Corp., USA) with a 10 kN load cell. The three-point bend-
ing test was carried out at 50 ± 2.5% RH and 23 ± 1 °C on sam-
ples conditioned at the same conditions for at least 48 h. Another
set of samples was stored for 66 days in the electric desiccator
before the measurements. The 100 mm long samples were bent
with a flexural strain rate of 0.1 (mm mm−1) min−1 using a sup-
port span of 60 mm. The flexural modulus, maximum stress,
and strain at maximum stress were obtained according to ASTM
D790 (2002).[23] According to the standard, the span-width-to-
thickness ratio should be 16. The sample closest to that was the
4.3 mm sample (≈14); hence, it was evaluated here. However, for
comparison reasons, the 6.1 mm sample was also evaluated. Ac-
cording to the standard, any mechanical values beyond 5% strain
should not be used. However, the maximum stress and the strain
at maximum stress were determined here but used only for com-
parison purposes to determine the effects of moisture.

2.5. Infrared Spectroscopy (IR)

The infrared spectra were obtained with a Perkin-Elmer Spec-
trum 2000 FTIR spectrometer (Perkin Elmer Inc., USA)
equipped with an MKII Golden GateTM (Kent, England) attenu-
ated total reflection (ATR) device. The scan resolution was set to
4 cm−1, with 16 scans obtained for each spectrum. In the spectral
region from 1700 to 1580 cm−1, the samples’ infrared absorbance
spectra were deconvoluted using an enhancement factor 𝛾 of 2
and a smoothing filter of 70%, and then baseline-corrected.[9]

2.6. SAXS and WAXS

All X-ray scattering experiments were performed at beamline
P03,[24] w hich is part of the third-generation synchrotron
source PETRA III (Deutsches Elektronen-Synchrotron DESY,
Germany). The X-ray energy for all measurements was fixed at
11.8 keV. For the SAXS experiments, a Pilatus 2 m detector (Dec-
tris, Switzerland) was used, while the WAXS data were recorded
using a LAMBDA 9 m detector (X-Spectrum, Germany). The
sample-detector distances were 3152 ± 1 mm (SAXS) mm and
212.0 ± 0.1 mm (WAXS). The distances were calibrated using
Silver behenate (CAS-Nr.: 2489-05-6) and Lanthanum hexaboride
(CAS-Nr.: 12008-21-8) standards (Merck, Darmstadt, Germany)
for the SAXS and WAXS set-up, respectively. The data from both
techniques were obtained separately and consecutively for all
samples. Specimens were cut into rectangular thin slices repre-
senting the cross-section of the 4.3 and 10.6 mm thick samples
and then mounted on Kapton duct tape (Goodfellow, Hunting-
don, United Kingdom) to allow the X-ray beam to penetrate the

specimen perpendicular to the sliced specimen surface. For the
0.5 mm thick sample, the specimen was directly mounted to al-
low the X-ray beam to penetrate the specimen along its thick-
ness. Several millimeters were mapped vertically and horizon-
tally along the thin slice to verify its homogeneity and also to
avoid radiation damage. The illumination time for each mapping
point was 1 s. For data reduction and analysis, several scattering
images were later summed up and background-subtracted using
the diode counter values in the beamstop and the free software
DPDAK[25] as well as standard scaling and correction routines.[26]

3. Results and Discussion

3.1. Sample Size and the Effects of Moisture

It has been observed that thick samples of WG have significantly
more stable mechanical properties than thinner samples. Not
only does the use of 20 mm thick plates of glycerol-plasticized
WG provide a product with high strength (shown in Figure 2,
Video S1, Supporting Information), but also the apparent me-
chanical properties do not vary over the year.

However, the mechanical properties vary considerably for a
small/thin sample with, for example, yearly variations in relative
humidity. As observed in Figure 3, the stiffness (E’) of the 0.5 mm
sample was 5 times higher at 0% RH (≈375 MPa) than it was at
50% RH (≈75 MPa) at 23 °C. This change in stiffness is simi-
lar to what has been reported for WG-based materials under ten-
sile testing.[16] The tan𝛿 curve shows a low and high-temperature
peak and an intermediate shoulder, as has also been observed in
similar WG systems (with or without the intermediate shoulder)
(Figure 3).[27,28] It has been suggested that this is due to the glass
transition (peak relaxation) of three phases with, from low tem-
perature to high temperature, decreasing glycerol content.[27] As
in ref. [27], all three transitions were affected by the presence of
water, which, due to plasticization, led to a shift of these to a lower
temperature (Figure 3). It is suggested that the low-temperature
transition is due to hydrogen bond interactions between the WG
surface and partly phase-separated glycerol, involving also local
motions of amino-side groups. The intermediate transition is
considered to originate from cooperative and collective motions
of strongly interacting (disulfide crosslinked) WG molecules. The
high-temperature relaxation is suggested to be due to conforma-
tional/segmental movements of WG facilitated by a network of
percolated plasticisers (mainly water).

3.2. Water Uptake

The stable mechanical properties of the thick samples can be un-
derstood from the following water uptake analysis. The water dif-
fusion uniaxially along the thickness (x) of the sample can be ex-
pressed by Fick’s second law:[29]

𝜕C
𝜕t

= 𝜕

𝜕x

(
D (C) 𝜕C

𝜕x

)
(1)

where t and C correspond to the diffusion time and the water
concentration, respectively. At a high solute uptake (as in the case
here with water in WG, 9–10 wt.% (Table 1)), the diffusion coeffi-
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Figure 2. A 20 mm thick square plate of glycerol-plasticized WG, exposed to a barbell with a 100 kg weight, and a 20 mm thick circular plate that has
been run over by a car wheel exerting a load of ≈500 kg. The lower middle image shows that the shape of the square plate recovered to almost 100%
after unloading.

Figure 3. Dynamic mechanical data of the 0.5 mm thick plate conditioned at 0% RH (black curve) and 50% RH (red curve).

cient is solute concentration-dependent. The diffusivity can then
be expressed as:[30]

D (C) = DC0e𝛼DC (2)

where DC0 is the zero-concentration diffusivity (the hypothetical
water diffusivity in an unplasticized matrix) and 𝛼D is the water
plasticization power. The latter is a measure of the plasticization
efficiency of the solute (in this case, water).[31–33] The average dif-
fusivity over the actual concentration range was calculated as:

DA =
DC0

Cf

Cf

∫
0

e𝛼DCdC (3)

where Cf is the final (saturation) surface concentration.

For a swelling system (i.e., when the solute uptake is large),
the diffusion is more complex than it is in a system where the
uptake is low.[34] In the initial part of the uptake in a plate geom-
etry, the swelling occurs mainly in the thickness direction, as the
unswollen core prohibits any expansion perpendicular to this di-
rection (Figure 4). Once the solute reaches the core of the sample,
the swelling becomes isotropic. This leads to an initial surface
concentration (Ci) that is lower than the final surface concentra-
tion, and the latter is approached by a rate 𝛽:

C (t) = Ci +
(
Cf − Ci

) (
1 − e−𝛽t

)
(4)

The simulated concentration profiles, with the boundary con-
dition given by Equation (4), were generated with the MATLAB
software (Mathworks, USA) using a multi-step backward differ-

Macromol. Mater. Eng. 2023, 308, 2200630 2200630 (4 of 11) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

 14392054, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202200630 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [12/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.mame-journal.de

Table 1. Diffusion parameters.

Sample DC0 [cm2 s−1] 𝛼D [1/wt.%]a) Cf [wt.%]b) Ci
c) 𝛽 [1/s] DA [cm2 s−1]

0.5 mm 1.97 × 10−9 0.36 9.84 0.72 0.0003 1.87 × 10−8

3.0 mm 1.97 × 10−9 0.42 9.14 0.72 0.0004 2.33 × 10−8

Limonene/NRd) 4.50 × 10−7 0.005 360 0.44 0.00007 1.26 × 10−6

Water/NRe) - - - - - 3.0 × 10−7

O2/NRf) - - - - - 1.5 × 10−6

a)
Unit: 100 g polymer g−1 water;

b)
Unit: g water per 100 g polymer;

c)
Value relative to final value;

d)
Ref. [35];

e)
Ref. [36];

f)
Ref. [37].

Figure 4. Illustration of the complex swelling behavior of a polymer plate
exposed to a solute (side view). a) and b) 1D swelling, c) 3D swelling.
Grey arrows indicate the solute sorption direction. Black arrows indicate
the swelling directions. Grey parts indicate the solute-containing region of
the sample.

entiation method[34] and integrated to yield the water uptake as
a function of time. Because of symmetry, the condition at the
center of the plate is a mirror boundary, meaning that the wa-
ter concentration profile is always zero at that point. Figure 5a
shows the best fit of the model to the experimental 0.5 mm plate
uptake data, and the obtained diffusion parameters are given in
Table 1. Observe the S-shaped uptake curve, which is due to the
time-dependent surface concentration. Figure 5c shows the gen-
erated relatively steep water concentration profiles yielding the
sorption curve in Figure 5a, which implies that when the thick
samples were exposed to high RH for a short time, only a small
region close to the sample surface was affected by water and the
inner part was still dry.

Also, the experimental water uptake in a thicker sample (3
mm) was fitted with the numerical method (Figure 5b). The ob-
tained set of parameter values was almost the same as those of
the thinner sample (Table 1). It should be mentioned that, while
the diffusion is clearly 1D in the 0.5 mm sample (the shortest dis-
tance perpendicular to the thickness direction was more than 10

times the thickness[29]), the situation is less evident in the 3 mm
case. Nevertheless, based on the determined values (Table 1), the
transport perpendicular to the thickness direction could be ne-
glected in the latter thicker sample.

Using the obtained parameter values for the 0.5 and 3 mm
samples, the time to reach the saturation/final moisture con-
tent, and half of this content, was calculated for the samples with
different thicknesses (Table 2). The very slow saturation in the
thicker samples was striking; the process takes quite a bit more
than a year for an ≈11 mm thick plate. On the other hand, it
takes only 1 day for a 0.5 mm thick plate. Hence, as the prod-
uct/sample becomes larger, the effect of variations in humidity
reduces. In fact, it may reduce to the extent that the product re-
mains tough/ductile (if plasticized with, e.g., glycerol), despite
the seasonal changes in humidity over the year. Notably, the 20
mm square plate shown in Figure 2 would require ≈4.5 years to
reach complete moisture saturation (at 50% RH and 23 °C), con-
sidering simply the saturation time of the 0.5 mm sample and the
ratio of their thicknesses. However, using the 0.5 mm diffusion
parameters in Table 1, the predicted moisture saturation of the
20 mm sample will be shorter. The latter is probably also more
realistic due to that it includes the plasticization effects in more
detail.

To put into perspective the slow diffusion of water in WG,
the system was compared with a system of a molecularly flexible
amorphous polymer that did not contribute any polar/dipolar or
hydrogen bond interactions (non-polar lightly crosslinked natu-
ral rubber (NR)). The uptake/diffusion was here considered in
three cases; i) the same polar solute as in the WG system (wa-
ter), ii) a small non-swelling solute (oxygen), and iii) a swelling
solute (limonene). In the case of water, the diffusivity in NR is
around one order of magnitude higher than the average diffusiv-
ity in WG (Table 1) and the saturation and half-uptake times are
5 h (0.2 days) and 7 min (0.005 days), respectively, for a 0.5 mm
thick plate (Table 2). The corresponding times for the 10.6 mm
thick plate are 2 and 73 days. In the case of oxygen, the diffu-
sivity in NR is around two orders of magnitude higher than the
average water diffusivity in WG, and around one order of mag-
nitude higher than the water diffusivity in NR (Table 1). Conse-
quently, the times to saturation and half of the saturation uptake
are 1 h and 1.5 min (0.001 days) (0.5 mm plate) and 10 h (0.4
days) and 20 days (10.6 mm plate) (Table 2). Finally, the swelling
system (limonene in NR, Figure 6d) was considered, where now
also the diffusion coefficient is concentration-dependent and a
time-dependent surface concentration must be implemented.
The zero-concentration diffusivity (DC0) and average diffusivity
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Figure 5. a) Experimental water uptake (□) and the fitted (black) curve for the 0.5 mm sample. The other curves represent the calculated uptake for
the samples with (from left to right) thicknesses of 1.0, 3.0, 4.3, 6.1, and 10.6 mm. b) The same as in (a) but fitting the 3.0 mm sample uptake (green
□/curve). The other curves correspond to the calculated uptake for the 4.3, 6.1, and 10.1 samples. c) Generated water concentration profiles along the
thickness corresponding to the fitted uptake in (a).

Table 2. Water uptake kinetics.

Thickness
[mm)

0.5 1.0 3.0 4.3 6.1 10.6

t0.5 [days]a) 0.5c) 0.1 0.3 2.1 4.2 8.7 44.7

3.0c) - - 1.6 3.2 6.7 25.6

ts [days]b) 0.5c) 1.0 4.2 37.3 62.6 151.7 463.0

3.0c) - - 30.9 44.7 123.3 446.7

t0.5 [days]a) Limonene/NR 0.02 - - - - 0.6

Water/NR 0.005 - - - - 2.1

O2/NR 0.001 0.4

ts [days]b) Limonene/NR 2 - - - - 9

Water/NR 0.2 - - - - 73

20

O2/NR 0.04

a)
Time to reach half of the saturation uptake;

b)
Time to reach saturation uptake;

c)
Experimental data for the 0.5 or 3.0 mm thick plates were used to determine the

uptake parameters. All data were calculated using the parameters in Table 1.

(DA) are around two orders of magnitude higher for limonene in
NR than for water in WG, despite the significantly larger size of
limonene (Table 1). This shows the highly retarding effects of the
system in which the matrix forms polar and hydrogen bonds with
the solute and itself (water/WG) and the matrix chains are quite
rigid (WG). The plasticization power of a solute is usually higher

when one starts from a rigid system (WG) as compared to a flex-
ible system; this is reflected in the higher 𝛼D in the water/WG
system than in the limonene/NR system (Table 1). The times to
saturation and half saturation uptake of limonene in NR for the
10.6 mm plate are 9 days and 14 h (0.6 days), which are consider-
ably shorter times than in the water/WG system. The correspond-
ing times for the 0.5 mm plate are ≈2 h and 30 min (0.02 days).
Notice here that the saturation uptake in the limonene/NR sys-
tem takes twice as long as the saturation in the water/WG sys-
tem. This is an effect of the time-dependent surface concentra-
tion, which has quite an impact, especially for the thinner plates,
and retards the overall uptake/sorption. However, the long peri-
ods of time required to reach both the half-uptake and the satura-
tion uptake of water in the thicker goods of the protein, which en-
ables smearing out of the environment/climate-induced property
changes, can be summarized as shown in Figure 6. The double-
bond character of the peptide bond (due to the resonance effects
of delocalized electrons) (a), the presence of bulky side groups on
the peptide chains (b), and the presence of a hydrogen-bond net-
work (with water molecules also present) (c) all contribute to the
observed low moisture diffusivity.

3.3. Flexural Properties

For hygroscopic products exposed to a complex variation in rela-
tive humidity, depending on, for example, storage and shipping
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Figure 6. a) The resonance giving the peptide bond a double bond character, b) glutamine unit, c) illustration of hydrogen bonds (dashed lines), d)
cis-1,4-polyisoprene (above) and limonene (below, without isomer details).

Figure 7. (left) Flexural stress-strain curves of plates stored at 0% RH after the pressing and (right) the corresponding flexural stress-strain curves of
those conditioned at 50% RH.

conditions, it is difficult to predict the resulting mechanical prop-
erties due to the slow water diffusion in the material. This is il-
lustrated here by measuring the flexural properties of the 4.3 and
6.1 mm thick samples, previously dried for 66 days (electric des-
iccator) after the compression molding, and also after additional
conditioning at 50% RH for 48 h. Figure 7a shows typical flexu-
ral stress-strain curves for the 4.3 and 6.1 mm thick samples af-
ter the drying and Figure 7b shows the same curves for the same
type of plates stored in the humid condition. The corresponding
mechanical parameters are given in Table 3, with the estimated
moisture content; the calculation of the latter is provided in the
Supporting Information.

As expected, the stiffness and strength (maximum stress) were
lower and the strain at maximum stress was higher in the moist
condition. However, depending on the in- and outward slow wa-
ter diffusion and the different geometries of the two samples,
the relative size of the stiffness and strength for these were dif-

Table 3. Flexural properties of the 4.3 and 6.1 mm thick plates.

Sample Moisture
content
[wt.%]

Flexure
modulus

[MPa]

Maximum
stress
[MPa]

Strain at max.
stress

[%]

0% RH

4.3 0.5 291 ± 10 9.2 ± 0.2 6.6 ± 0.1

6.1 1.0 219 ± 7 8.0 ± 0.0 9.0 ± 0.1

50% RH

4.3 4.2 38 ± 3 1.9 ± 0.1 8.9 ± 1.0

6.1 3.7 43 ± 5 2.1 ± 0.1 11.7 ± 0.0

ferent in the two conditions; the thinner sample was stiffer and
stronger in the dry condition, whereas the stiffness and strength
were higher for the thicker sample in the humid condition.

Macromol. Mater. Eng. 2023, 308, 2200630 2200630 (7 of 11) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 8. (upper left) Deconvoluted IR spectra in the amide I region of dry and moist 0.5 mm WG plate (black: 0% RH, red: 50% RH) and WG powder
with glycerol (green). The remaining figures represent the deconvoluted experimental curves and the associated best fits using the 9 Gaussian bands.

Table 4. Relative contents of the secondary structures.

Secondary structure The relative area of Gaussian peaks [%]

Position /cm−1 Assignment WGa) 0% RH WGa) 50% RH WGb) powder

1692,1667 𝛽-Turns 19.5 18.8 17.9

1681,1634 𝛽-Sheets, weakly hydrogen-bonded peptide groups 9.6 14.3 20.3

1658,1651,1644 𝛽-Helices and random coils 32.9 30.3 31.7

1625,1618 𝛽-Sheets, strongly hydrogen-bonded peptide groups 38.0 36.5 30.1

R2 [%] 99.97 99.97 99.98

a)
Pressed WG plates;

b)
Pristine powder mixed with glycerol.

3.4. Structure of the Protein Material

Above, the transport of water in different product/sample geome-
tries (thicknesses) was considered and showed that when larger
product dimensions were used, mechanical stability during vari-
ations in relative humidity increased. Now it is also important to
understand whether larger dimensions affect the material struc-
ture, particularly the protein structure under compression mold-
ing.

First, the conformational structure of the protein was inves-
tigated. The IR absorption in the Amide I region is sensitive
to changes in the protein secondary structure. The amide C=O
stretching generates the amide I band, with minor contributions
from the N-H vibration.[38] The deconvoluted Amide I band was

fitted/resolved into 9 peaks, as illustrated in Figure 8, and the
relative contents of the different secondary structures are given
in Table 4.[9,39–41] High-temperature treatment usually leads to
denaturation and subsequent aggregation of the protein. Pro-
tein aggregation leads to an increase of tightly packed molecules,
preferably in strongly hydrogen-bonded 𝛽-sheets. As observed
in Table 4, the content of this structure also increased after the
hot pressing. The presence of water (50% RH) yielded a slightly
lower content of the strongly bonded 𝛽-sheets, possibly because
water interferes with the protein hydrogen bonds.[42] However,
care should be taken when evaluating the 50% RH data because
water also absorbs in the Amide I region. To assess the confor-
mational homogeneity within and between samples of different
sizes, a large number of IR spectra were recorded on the 0.5, 4.3,

Macromol. Mater. Eng. 2023, 308, 2200630 2200630 (8 of 11) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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and 10.6 thick samples (typical spectra are given in Figure 8).
In Figure S2 (Supporting Information), measurements at three
random points on each of the two surfaces of the 0.5 mm sam-
ple showed very little difference, if any. Infrared spectra simi-
lar to those observed for the 0.5 mm sample were seen, with
little variation, at the two facets of the 4.7 mm sample (Fig-
ure S3a, Supporting Information). However, the spectra taken in
the interior of the sample were slightly different, with lower in-
tensity in the region where strongly hydrogen-bonded 𝛽-sheets
were observed (≈1620-region) (Figure S3b, Supporting Informa-
tion). The thickest sample (10.6 mm) showed spectra more sim-
ilar to those of the interior of the 4.3 mm sample in both the
surface and the interior regions (Figure S4, Supporting Infor-
mation). However, overall, the differences were relatively small
and all samples and sampling positions represented an aggre-
gated protein due to the high-temperature pressing. This is ob-
served as a high absorption toward lower wavenumbers in the
amide I region (strongly hydrogen-bonded 𝛽-sheet region) com-
pared to the higher wavenumber region (𝛼-helix/unordered re-
gion, ≈1650 cm−1) (Figure 8, upper left image).

The SAXS and WAXS analysis and modeling are described in
the Supporting Information. The effects of humidity and plasti-
cizers on the nanostructure and mechanical properties of wheat
gluten materials using SAXS and WAXS have been fundamen-
tally investigated previously.[3,16] The SAXS curves of the differ-
ent samples (0.5, 4.3, or 10.6 mm) or the sampling points al-
ways showed the same features. Typical curves are given in Fig-
ure 9b, showing a broad peak/shoulder, in accordance with pre-
vious work.[43–45] In the curves in Figure 9b and Figure S5a,c,e
(Supporting Information), the peak (d1) corresponded to a do-
main size of 7.8 ± 0.1 nm (0.5 mm sample thickness), 7.6 ± 0.1
nm (4.3 mm), and 7.9 ± nm (10.6 mm), respectively. The dif-
ferences in domain size between the samples were small and
did not show an observable trend. The full-width-half-maximum
(FWHM) is a measure of the domain size distribution. Within
the FWHM of all these peaks, the peak position and widths can
be regarded as identical. The domain has been referred to as a
poorly developed aggregated protein/glycerol structure,[44] which
is also reflected in the high FWHM values (see Table S1, Support-
ing Information). A hexagonally ordered superstructure that has
been observed with SAXS in several different WG systems (such
as WG with urea or in gliadin systems)[46] was not observed here,
which is expected for pure WG/glycerol systems.

The WAXS curves showed two broad peaks, corresponding
to, respectively, a repeat distance of d2 ≈ 0.88 ± 0.01 nm and
d3 ≈ 0.43± 0.01 nm (dj = 2𝜋/qj) (Figure 9c). qj denote the maxima
in the WAXS curves. The first distance has been ascribed to an in-
ter 𝛼-helix distance,[44] but can also represent an inter-𝛽-sheet dis-
tance. The second distance has been ascribed to an average back-
bone repeating distance within 𝛼-helices but is also due to the
average closest inter-atomic distance. Surprisingly, the 10.6 mm
sample had a sharp/narrow peak at d1 ≈ 1.59 ± 0.01 nm. Be-
cause both the other peaks stay present, this seems to indicate a
new and pronounced correlation length inside the system. To our
knowledge, this has not been observed for WG systems before.
Further work is needed to determine its precise origin and why it
appeared for only the largest/thickest sample. However, its shape
suggests a highly repeating “crystalline”-like molecular order. Fi-
nally, it should be noted that both the SAXS and WAXS curves

Figure 9. Typical IR (a), SAXS (b), and WAXS (c) curves of three samples
with different thicknesses (in mm). WG/G refers to the pristine WG pow-
der mixed with 30 wt.% glycerol (ambient conditions).

Macromol. Mater. Eng. 2023, 308, 2200630 2200630 (9 of 11) © 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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showed the same features among all replicates (not shown), indi-
cating that the pressed materials were structurally homogeneous.

4. Conclusion

It is shown here, on the model protein material, that when
products are made/designed with larger geometries/sizes, the
slow water diffusion (significantly slower than in a non-polar
polymer matrix) leads to moisture-dependent mechanical prop-
erties that vary less (are smeared out) with variations in rela-
tive humidity (e.g., over a year). This, in turn, leads to products
with constant/climate-independent mechanical properties, facil-
itating the use of hygroscopic polymers in many more applica-
tions than is the case today. One example is in types of furniture
in, for example, cupboard shelves. As shown from DMA on the
thinnest sample, the consequences of a complete uptake of wa-
ter from a fully dried material (the thinnest sample) led to a de-
crease in stiffness by a factor of 5. This effect can, hence, be mini-
mized by producing larger/thicker products. Often, materials are
exposed to a complicated history of variations in relative humid-
ity, and the flexural data here demonstrated that it is challenging
to determine beforehand the resulting mechanical properties in
such environments.

However, larger product dimensions may affect the structure
of the material, due to, for example, thermal gradients during the
processing of the material, especially if it is a complex protein ma-
terial that aggregates/polymerizes at higher temperatures. It is
shown here, though, based on a large number of measurements
with IR, SAXS, and WAXS on WG samples with a large range in
thickness, that the structure was not significantly altered, there-
fore not affecting the thickness dependence.

To conclude, when one creates products with larger geome-
tries, the effects of seasonal or even daily variations in humid-
ity on the material’s performance can be reduced significantly or
even eliminated in a material in which water transport is quite
slow, such as (highly polar) protein plastics.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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