Downloaded via SWEDISH UNIV AGRICULTURAL SCIENCES on June 12, 2025 at 11:40:25 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ACS

AGRICULTURAL

This article is licensed under CC-BY 4.0 @ @

pubs.acs.org/acsagscitech

Biodegradation, Bioassimilation and Recycling Properties of Wheat
Gluten Foams

Mercedes A. Bettelli,* Leonardo A. Perdigon, Luyao Zhao, Pamela F. M. Pereira,
Amparo Jiménez-Quero, Antonio J. Capezza, Thomas Prade, Eva Johansson, Richard T. Olsson,
Mikael S. Hedengyist,* and Marcos A. Sabino

Cite This: ACS Agric. Sci. Technol. 2025, 5, 805-821 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: Protein-based foams are potential sustainable alternatives to petroleum-based polymer foams in e.g. single-use
products. In this work, the biodegradation, bioassimilation, and recycling properties of glycerol-plasticized wheat gluten foams (using
a foaming agent and gallic acid, citric acid, or genipin) were determined. The degradation was investigated at different pH levels in
soil and high humidity. The fastest degradation occurred in an aqueous alkaline condition with complete degradation within 5 weeks.
The foams exhibited excellent bioassimilation, comparable to or better than industrial fertilizers, particularly in promoting coriander
plant growth. The additives provided specific effects: gallic acid offered antifungal properties, citric acid provided the fastest
degradation at high pH, and genipin contributed with cross-linking. All three additives also contributed to antioxidant properties.
Dense f-sheet protein structures degraded more slowly than disordered/a-helix structures. WG foams showed only a small global
warming potential and lower fossil carbon emissions than synthetic foams on a mass basis, as illustrated with a nitrile-butadiene
rubber (NBR) foam. Unlike NBR, the protein foams could be recycled into films, offering an alternative to immediate composting.
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1. INTRODUCTION end-of-life possible scenarios for these materials, as well as
Non-biodegradable polymers, such as traditional plastics investigating their performance in different harsh environ-
ments.

derived from fossil-based resources, have an important role
in many industrial applications due to e.g., their low density,
affordability, high strength, and mechanical flexibility.'
However, these materials pollute the environment and persist

Wheat gluten is a biodegradable material, breaking down by
microorganisms, with the specific decomposition products, as
well as the degradation rate, depending on the specific

for centuries, accumulating in landfills, oceans, and natural environmental conditionszz(;elative humidity, temperature,
habitats without natural decomposition.” Biodegradable presence of oxygen, etc.).” " It has been shown that WG
Polymers such as several Polyesters) polysaccharides, and biodegrades in both liquid media and farmland soil**** and in
proteins can offer a sustainable alternative and have emerged as blends with other biodegradable polymers (e.g., polycapro-
a promising solution to address environmental challenges 3111 lactone), as well as in different chemically modified states.”**’

e.g., packaging, agricultural films, and biomedical devices. However, systematic investigations on the biodegradation and
Wheat gluten (WG) is a biodegradable candidate, which is end-life-scenarios of WG remain still largely unexplored,

available as a co-product of wheat starch production.”® WG especially when considering the presence of multifunctional
can be thermally processed into various products with different additives. Specifically, these additives not only improve the
properties ranging from stiff foams to flexible films because of mechanical and functional properties of the foams,”" but also
its highly cohesive properties and viscoelastic nature, making it influence the environmental effects on WG. For instance, GA
a material option for producing foams through conventional provides antimicrobial and antifungal properties, which
polymeric processing techniques, €8 extrusion.”” ' Products potentially slow down microbial impact. CA accelerates
have }l’zefrll4 ma}de V‘flth‘ good electric laf‘_dl 8therma1 Fondqc— hydrolytic degradation in alkaline environments, whereas,
tance, high liquid absorbency, and microbial GNP contributes with cross-links,”' increasing structural

resistance.'”*° Furthermore, wheat gluten foams have also
demonstrated promising mechanical and structural properties,

making them suitable for a variety of applications. In the - P
previous work, the effects of multifunctional additives gallic Received: December 12, 2024 -

acid (GA), citric acid (CA), and genipin (GNP) on the Revised:  March 24, 2025 Q‘;’
mechanical properties and structure integrity of WG foams AccePted: Mar.ch 26, 2025 ﬁ‘ﬁ.
were investigated, including parameters such as compression Published: April 4, 2025 i

strength, energy absorption, and durability under cyclic -
loading.”" In this work we take it further and analyze the

stability and reducing the degradation rate. For the future
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Figure 1. Illustration of biodegradability and bioassimilation assessments of wheat gluten foams using multifunctional additives.

replacement of today's plastics in e.g. single-use products (such
as sanitary products and packaging) with protein-based
plastics, it is important to understand the cradle-to-cradle
properties of the latter.

Hence, in this work, the aim was to determine the
biodegradation features of glycerol-plasticized WG foams in
specific relevant environments, also containing the multifunc-
tional additives. As demonstrated in previous work, the
additives improved several foam properties,”’ and as a
continuation, this work investigated biodegradation in water
at different pHs (acidic, neutral, and basic), in soil, and in air
with a high relative humidity (~100%). The focus on foams
was based on the extended recent studies on the properties of
WG-based foams”®'>'*?%?12%2% 4nd cradle-to-cradle analysis
related to the use of those materials. Besides the
biodegradation features, the study considers key end-of-life
aspects, including an impact assessment of the global warming
potential of the WG foams and a nitrile-butadiene rubber
training-mat foam, previously used as a reference for non-
biobased and non-biodegradable products. The bioassimilation
and fertilizing properties of the foams using fast-growing
coriander seeds were also evaluated. As related to biode-
gradation and soil enrichment/plant growth, the sample
moisture uptake, antioxidant and antibacterial properties, and
mold resistance were determined. The possibility of using
mechanical recycling forming a new WG product, rather than
immediate composting, was also demonstrated.

2. MATERIAL AND METHODS

2.1. Materials. The wheat gluten powder was supplied by
Lantmidmmen Reppe AB, Lidkoping, Sweden. The composition has
been described before;*' the main component is wheat gluten
proteins (852 wt %). Glycerol (ACS > 99.5%), ammonium
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bicarbonate (ABC, NH,HCO;, ACS Reagent> 98%), and gallic
acid [GA, ACS Reagent > 97,5% (titration)], were provided by
Sigma-Aldrich, Sweden. Chloroform (ACS Reagent > 99%) was
supplied by Sigma-Aldrich, Germany. The citric acid (CA, ACS
Reagent > 99.5%) and genipin (GNP, ACS Reagent > 98%, HPLC
grade) were purchased from Merck Life Science AB, Sweden, and
Zhinxin Biotechnology, China, respectively. A nitrile-butadiene rubber
training-mat foam (NBR, density: 120 kg/m?), was obtained from a
hardware store (Jula AB, Sweden). Urea (ACS > 99—100%) was
supplied by Fisher Chemical as industrial fertilizer in the tests. Seeds
of Coriandrum sativum were obtained from Agro RBD, CA,
Venezuela; Non-fertilized soil from El Horticultor JJR, C.A,
Venezuela; and fertilizer from La Fortaleza C.A, Venezuela.

2.2. Foam Preparation. The sample preparation process was the
same as in the previous work (Figure 1a,b). ! To obtain 50 g of the
WG/glycerol mixture (WG/G), 35 g (70 wt %) of WG powder was
poured into a beaker containing 15 g (30 wt %) glycerol, and these
were then manually mixed for 5 min until a homogeneous WG-
glycerol mixture was obtained, with a mass ratio of 7/3 (WG/
glycerol). The 30% of glycerol content was selected based on previous
work, which demonstrated that this composition resulted in a
combination of mechanically flexible and ductile films with good
extrudability.*® In all but the reference WG/G sample, 5 wt % (based
on 100% WG/G) of ammonium bicarbonate (ABC) was added as a
blowing agent. 1 and S wt % (based on 100% WG/G) gallic acid,
citric acid, or genipin were then added to the mixture before the
extrusion.

The mixture was extruded in a single screw extruder (Brabender
Do-Corder C3) with an L/D ratio of 20 and a screw compression
ratio of 2.5. The heating zones were set to 50—60—70 °C from the
hopper to the die to build up the ABC foaming reaction (eq 1)
gradually toward the die section.’” The screw speed was 120 rpm, and
a circular die with a diameter of 6.5 mm was used. The weight ratio of
the multifunctional additives and the operational processing
conditions were chosen based on optimization trials. The extrudates
were dried overnight at 40 °C in a ventilated oven and were then
stored in a desiccator containing silica gel for at least 1 week before

https://doi.org/10.1021/acsagscitech.4c00798
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Table 1. Summary of the WG Foam Compositions and Foam Density”

sample WG G* ABC* GA® CA°

WG powder

WG/G 70 30

WG/G/ABC S
WG/G/ABC/1GA

WG/G/ABC/SGA S
WG/G/ABC/1CA 1
WG/G/ABC/SCA S
WG/G/ABC/1GNP

WG/G/ABC/5GNP

GNP*

1
S

densityd total porosity® open porosity” pore size/
12908
883 + 2° 31.6 + 0.2° 1.9 + 0.1° 65 + 30°
720 + 7° 44.1 + 0.6 7.7 +0.5° 215 + 159
840 + 20¢ 350 + L.§&° 16.4 + 2.6° 145 + 80
820 + 20%¢ 36.7 + L.§° 20.0 + 2.2¢ 190 + 100
641 + 6° 50.2 + 0.5 109 + 1.4 195 + 116®
650 + 3° 49.4 + 0.2° 7.5 +04° 183 + 69°
950 + 40° 26.1 + 2.9° 11.8 + 3.5¢ 190 + 108®
804 + 10° 37.5 + LI° 26.5 + 1.8° 154 + 55°

“Note: Density, porosity and pore size from ref 21. Different letters mean the values are significantly different (P < 0.05) in each column. ”(wt %).

“(wt %/100 g WG/G). %(kg/m?). “(%).7(um).

any test [relative humidity (RH) < 10%, Figure 1c]. The full
description of the samples is given in Table 1. The reference samples
prepared with glycerol and ammonium bicarbonate were named WG/
G and WG/G/ABC, respectively, whereas the samples with the GA,
CA, and GNP additives were named as e.g. WG/G/ABC/1GA, where
the number refers to the added proportion of GA, CA or GNP in
percent.

NH,HCO, — NH, + H,0 + CO, (1)

2.3. Soil Degradation Test. The WG foam samples were
assessed in soil degradation tests according to previous work.>>*
Briefly, 1 cm of the extrudate rod was buried at a depth of 1.5 cm in a
predrilled plastic cup with formulated composting soil. It consisted of
3 kg basic soil with 25 mL of fertilizer (10% nitrogen, 4% phosphorus,
7% potassium, 0.8% sulfur, and 0.2% magnesium as macronutrients)
in 1 L of water. The fertilizer and soil weight ratio was selected based
on the manufacturer’'s recommendation, which showed that this
composition yielded the best fertilization properties.”*** The test was
performed at 25 °C. The system was placed in an aluminum tray
containing the formulated soil to have a contact base (Figure 1d.1a).
To study biodegradation, the samples were removed from each
composting system after 1, 2, 3, 5, 7, and 8 weeks until pieces of
samples could not be observed in the composting soil. The samples
were carefully unearthed from the soil, and excess soil was removed
mechanically from the sample, which was subsequently washed with
distilled water and dried in an oven at 35—40 °C until a constant
weight was obtained by using a U.S solid balance SKU: JFDS00008
(USA) with 0.1 mg reading. The photographed samples’ visual
appearance was determined as a function of time to capture the
morphological changes during degradation, and the weight loss was
determined by calculating the percentage of the weight retained
during the exposure to the degradation environment (eq 2).

w., — W,
(i, = wpa) X 100
w, (2)

where wy and w4 are the initial weight of the foam and its weight after
degradation (including extraction, cleaning, and drying until reaching
constant weight), respectively.

2.4. Hydrolytic Degradation Test. 2.4.1. Buffer Preparation.
Buffers were prepared at pH 4, pH 7, and pH 10. The 0.1 M pH 4
buffer solution was produced with acetic acid/sodium acetate
(CH;COOH and C,H;Na0,) supplied by Sigma-Aldrich (Germany),
while 0.1 M pH 7 buffer was obtained using sodium biphosphate/
disodium phosphate (NaH,PO,, and KH,PO,) from Merk
(Germany). The 0.1 M pH 10 buffer was prepared with potassium
bicarbonate/potassium carbonate (KHCO; and K,CO;) supplied
from Himedia, India. The pH values of all buffers were measured
immediately before use.

2.4.2. Hydrolytic Degradation Test. Hydrolytic degradation
experiments were conducted on extruded segments of 0.5 cm of
WG and NBR foams (Figure 1d.1b) in line with those in ref 36. The
specimen were first dried at 40 °C and then submerged in 10 mL of
buffer at pH 4, pH 7, and pH 10 at 25 °C for S weeks until sample

Weight loss (%) =
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pieces could not be observed in the buffer solution. At the end of each
week, the samples at each pH were removed and dried at 35—40 °C
until a constant weight was obtained. The pH of the remaining
solutions was measured immediately after the removal of the samples.
The pH of the buffer solution and the weight loss were recorded by
using a pH-meter inlab expert Pro-ISM (Mettler Toledo) and VWR
Ioniser balance (UK) (with a reading of 0.1 mg), respectively. The
weight loss was calculated according to eq 2.

To determine changes in molecular weight of the WG samples
during hydrolytic degradation, an SDS—PAGE test (Bio-Rad Mini
Protein TGX Precast vertical electrophoresis cell, Sweden) was used.
Ten pL solution of degraded samples was mixed with an equal volume
of a Sigma Laemmli 2X concentrate buffer obtained from Sigma-
Aldrich, Sweden, and an Invitrogen SeeBlue Plus 2 prestained protein,
used as standard obtained from Thermo Fisher Scientific, Sweden.
The samples in the electrophoretic trays were carried out at a voltage
of 200 V for 20 min, and the images were obtained from the GelDoc
Go molecular biology bundle.

2.5. Fourier-Transform Infrared Spectroscopy. The samples
biodegraded in soil were analyzed with a Bruker Tensor 27 FTIR
(Germany), equipped with a single-reflection ATR having a ZnSe
crystal. The scanning step was 1.0 cm™ with a resolution of 4.0 cm™.
The final spectrum was based on 64 consecutive scans from 4000 to
500 cm™". In contrast, the FTIR spectra of the samples biodegraded in
hydrolytic conditions were obtained with a PerkinElmer Spectrum
100 (USA), equipped with a triglycine sulfate (TGS) detector, and a
Golden Gate unit (Single-reflection ATR, Graseby Specac, England).
The scanning step was 1.0 cm™" with a resolution of 4.0 cm™. Sixteen
consecutive scans were recorded (4000—600 cm™") for each sample.

2.6. Scanning Electron Microscopy. SEM was performed using
a Field emission SEM (JEOL JSM-6390, Japan) at a voltage of 30 kV
The foamed samples were frozen by immersing them in liquid
nitrogen for 30 s and then broken into pieces. These were fixed onto
aluminum specimen holders using conductive carbon tape. The
samples were coated with gold, using a sputter coater (model SCD-
030, Japan) for 10 min.

2.7. Mold Resistance and Water Uptake Test. The mold
growth and water uptake test were performed by using a 1 cm piece of
the extrudate in an airtight glass container (Figure 1d.2). The sample
was placed on a sterile gauze placed between the cap of the glass
container and 20 mL distilled water in the bottom, to obtain ~100%
relative humidity (RH). The container was closed with the cap and
covered with aluminum foil to prevent any entry or exit of moisture
and exposure to UV-light. The weights of the samples were measured
at regular 24 h intervals for 6 days using the U.S. analytical balance.
Before the test was performed, the samples were dried in an oven at
35—40 °C until a constant weight was obtained. The percentage of
water uptake was calculated according to eq 3

O =wo) 100

W, (3)

where wy and w, are the weight after exposure at 100% moisture and
the initial weight of the foam, respectively.

Water uptake (%) =

https://doi.org/10.1021/acsagscitech.4c00798
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2.8. Bioassimilation Test. A representative study on the impact
of the biofoams simulating disposal of WG foams and NBR in the
environment was assessed using fast-growing seeds of Coriandrum.
sativum, coriander (Figure 1d.3). 3.5 g of fragments of the selected
samples were buried in cylindrical plastic containers (diameter 10 cm,
height 10 cm), following the sowing procedure described in ref 37,
which consists of using three principal layers: a bottom layer of soil
mixed with WG sample material, a middle layer of coriander seeds
and finally an upper layer of soil mixed with WG sample material, thus
making sure that the coriander seeds were surrounded by WG
containing soil. The coriander seeds were evenly dispersed up to a
density of 40 seeds (0.5 g)/100 cm® according to the recommenda-
tion from the manufacturer.*® The basic soil was without any added
nutrition (5.0 kg of soil with 2.0 L of water to obtain moist soil). The
irrigation system was the same for each formulation [25 mL of water,
added three times per week (pH ~ 6)].*> NBR synthetic samples,
standard soil, fertilized soil (25 mL of liquid fertilizer/L water for
each, combined with 3 kg of soil), and urea in water (0.5—2 wt %)
were separately used as controls using the same procedure as before,
only with the difference that these were used instead of the WG foam.
Germination rates and plant morphologies, such as leaf diameter and
total height, were measured to analyze the fertilization effect of the
biobased foams. The data were collected after 10, 20, and 30 days
from the sowing.

Leaf chlorophyll content is an important indicator of leaf greenness
and is commonly used to assess nutrient deficiencies and monitor
changes in plant health. To analyze the chlorophyll content in
coriander leaves, a pigment extraction procedure was implemented
based on a methodology used in ref 40. 0.5 g of coriander leaves from
the samples were ground in 7 mL of chloroform until a homogeneous
mixture was obtained. 300 g of the mixture was centrifuged in a
Digisyste model DSC-158T centrifuge (Taiwan) for 20 min to
separate the solid phase from the aqueous phase. The resulting
solution was immediately transferred to an amber glass container to
protect it from UV light, and it was diluted with 7 mL of chloroform
to obtain the same volumetric concentration in all samples. The
absorption spectra of the solutions were recorded using a UV—visible
spectrophotometer (Agilent 8453, USA) at 450—480 nm and 640—
670 nm to determine chlorophyll A and B, respectively. The total
chlorophyll content (CC) was obtained using a calibration curve, in
accordance with the procedure of Mackinney et al.*' and Kirk and
Allen* using eq 4

CC = 8.02 X Agg; + 202 X Agys

(4)

where A; corresponds to the UV absorbance value at wavelength i.

2.9. Antioxidant and Antibacterial Assessment. The
antioxidant activity was assessed by analyzing the scavenging activity
against the radical DPPH (1,1-diphenyl-2-picrylhydrazyl) (Figure
1d.4a). Following the method used in previous work," the radical
scavenging activity of WG-based porous materials was determined as
the percentage of DPPH remaining in the solution after three cycles
of oxidation to determine whether the antioxidant properties could be
maintained over time. Microplates were read in a microplate reader
ClarioStar (BMG Labtech, Germany) using the absorbance at 517
nm. The radical scavenging activity from individual additives used in
the manufacturing of WG foams was determined by mixing DPPH
(0.2 mM methanolic solution) with different volumes of an aqueous/
methanol solution containing the additive in concentrations between
100 down to 0.5 mg mL™" and then leaving the mixture in the dark for
30 min. The results were expressed as ECS0, representing the
concentration of antioxidants required to reduce the initial
concentration of DPPH by 50%.

The antibacterial activity of the wheat gluten foams was assessed
with the disk diffusion assay method (Figure 1d.4b). The bacteria
Escherichia coli (CCUG 10979, E. coli) and Bacillus cereus (CCUG
7414, B. cereus) were used to represent the effects of potent skin
pathogen bacteria of either Gram-negative (E. coli) or Gram-positive
pathogen (B. cereus). E. coli strain was inoculated in TSB (Tryptic Soy
Broth) medium, while B. cereus was inoculated in an LB (Lysogeny
Broth) medium. The cell density was adjusted on the McFarland scale
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of 0.5 with the aid of a spectrophotometer. The inoculated media
(100 uL) was coated on the surface of solidified agar plates,
whereafter samples were placed on the dried surface of the plates. The
antibacterial activity was evaluated qualitatively by the observation of
any bacterial inhibition zone and of bacterial growth on the surface of
the material after incubation at 37 °C for 24 h.

2.10. Recycling Properties. Compression molding was per-
formed in a platen hot press (Fontijne TP-400, The Netherlands) to
determine the recyclability of WG foams (Figure 1d.5). The WG
foam was ground at 6000 rpm using a Retsch Ultra Centrifugal Mill
ZM 200 (Germany) equipped with a ring sieve labeled 1 before
pressing. The sample was hot pressed into 1 mm thick rectangular
molds with sides 120 and 30 mm. Polytetrafluoroethylene (PTFE)
sheets were placed on both sides of the sample to prevent the material
from sticking to the metal plates during the pressing, and 10 mm thick
plates were placed between the press plates and the PTFE sheets to
distribute the pressure more even over the mold. Ca. 4.5 g of the
gluten mixture was placed evenly into the mold and was then
compacted at room temperature using a 250 kN press force for 1 min
to exhaust air. After the pressure was released and the press plates of
the hot press were separated, the temperature was raised to 130 °C,
and the samples were pressed again using a force of 250 kN for 15
min. Subsequently, the samples were cooled to room temperature
while remaining under pressure and then removed from the press. A
new (non-recycled) WG mixture was separately prepared as a
reference. For a 50 g batch of WG/G, 35 g (70 wt %) of WG powder
was manually mixed with 15 g (30 wt %) of glycerol until a
homogeneous mixture was obtained. When using the foaming agent
and multifunctional additive, 2.5 g (S wt %) of ABC and CA were
added during the mixing. The mixture was hot-pressed using the same
procedure as above. The new samples prepared with glycerol and
citric acid were named WG/G-NR and WG/G/ABC/5CA-NR,
respectively, whereas the WG foams, ground, and then reshaped into
films were named WG/G-R and WG/G/ABC/SCA-R.

Tensile testing of the samples was performed at 23 °C and 50% RH
using an Instron 5944 universal testing machine (USA) equipped with
a load cell of S00 N. The extension rate was 10 mm/min, and five
dumbbell-shaped specimens of each sample were used. The stress—
strain curve of each specimen was measured, and the elastic modulus
(E) was calculated from the slope of the linear region (below 5%
strain). The tensile stress (6;,) and elongation at break (&;,) were taken
as the maximum stress value and the elongation at the last recorded
data point before failure, respectively. The toughness (U) was
calculated as the area under the tensile curve. The specimens were
conditioned at 50% RH and 23 °C for at least 72 h prior to the tensile
testing.

To evaluate protein structural changes, the samples” FTIR spectra
were recorded with the PerkinElmer spectrum 100 machine using the
same procedure as described above.

2.11. Green-House Gas Emission Assessment. The green-
house gas (GHG) emissions from the production and end-of-life
carbon release of the plasticized WG-based foams and reference
material (for the NBR training mat, the components used were taken
from ref 44) were estimated. The assessment was carried out based on
the components used in production (Tables 1 and S1) and
corresponding emission data (Table S2). The differences between
the production processes of the plasticized WG-based foams and the
reference material were assumed to be negligible, and the impact of
the processing was therefore excluded from the assessment.

2.12. Statistical Analysis. Statistical analyses were performed
with the least significant difference (LSD) in Fisher’s procedure,
evaluating the significance of the measurements (p < 0.05, 95%
confidence level). These analyses were performed with the software
Statgraphics 18 (USA). At least triplicates were used in each
measurement.

3. RESULTS AND DISCUSSION

3.1. Soil Degradation. 3.1.1. Weight Loss, Visual
Observation and Odor. Figures 2 and S1 show the weight
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Figure 2. Weight loss of the foams after 7 weeks during
biodegradation in soil. Note: Different letters mean the values are
significantly different (P < 0.05).

loss of the different samples after 1—8 weeks (2, 3, and 8 weeks
in Figure S1) in the soil. The weight loss after 1 week was
mainly due to the loss of glycerol, but also possibly the loss of
some additives and species from the WG raw material into the
soil and during the cleaning, washing, and drying pro-
cesses.**® After the second week, the rate of degradation
increased considerably in all WG foams, leading to an increase
in weight loss of up to 50% after S weeks (Figures 2 and S1).
The WG/G/ABC foam underwent the largest weight loss
(85% in S weeks), followed by the foam with high citric acid
content (WG/G/ABC/SCA, 82%) (Figure 2). After 8 weeks,
the foams with 1 and 5 wt % genipin had lost the least material,
whereas the loss was similar for all the other WG foams
(Figure S1).

The high degree of degradation of the WG foam sample can
be attributed partly to the high content of nitrogen. Nitrogen is
one of the bases of nutrition of plants and microorganisms that
can be found inorganically as NH," or NO;~ or organically
from protein peptide bonds that are considered the
predominant source of organic nitrogen in soils.””** In this
environment, bacteria, such as Actinomycetes perform the
critical role of degrading materials such as proteins by breaking
peptide bonds.

Figure S2a displays the visual appearance of all foams before
being placed in the soil and after 7 weeks in it. During the
degradation, the samples showed notable morphological
changes and foam resilience decreased (mainly due to early
loss of glycerol), leading to erosion, cracking, and embrittle-
ment within the first few weeks. Changes in color from beige to
black, a structural collapse, and apparent soil fauna (presence
of larvae and worms) were also observed from 3 weeks and
onward (Figure S3 and Video S1).

During the degradation process, odors from the foam
decomposition products were perceived, ranging from sweet
and sour smells of decomposed fruits to feces smell, depending
on the sample formulation. These odors are generated possibly
from the production of esters and alcohols formed during the
fermentation of sugars of organic material, as well as the
formation of nitrogen-containing species and carboxylic acids.
Hydrogen sulfide (H,S) is also formed due to the presence of
methionine and cysteine in the protein.*’ >
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The degradation occurred, in general, faster in the interior of
the rod foams, as observed after 3 weeks (Figure S2b). This is
because the WG foam outer regions were often denser and less
accessible for the microbes than the interior, a consequence of
the pressure exerted by the barrel wall on the material during
the foam extrusion process.”’ By comparing the initial rate of
soil degradation (weight loss after the first and second weeks,
when the structure of the foams were still resembling the
pristine foam, Figures 2 and S2b) with the foam structure
(total/open porosity and pore size, Table 1) of the pristine
foams, no correlation between these was observed. Finally, it
should be mentioned that, as expected, the NBR did not show
any degradation during the 8 weeks.

The formation of mold on the sample surfaces was another
indicator of microbial activity in the soil samples (Figures S4
and SS). These fungal micelles appeared in the WG samples
already after 1 week, covering 80% of the surface, and 100%
coverage was observed after 2 weeks. Morphologically, this
proliferation probably corresponds to fungi of the Trichoderma,
Penicillium, and Aspergillus families, according to previous
reports.”>>® The presence of these organisms is due to the
spores normally present in the air, and the soil proliferates.’”*
Notice that citric acid is one of the main organic acids
produced in fungal fermentation, not the least from Aspergillus
niger, and it is the key intermediary in the Krebs cycle. This
feature, as well as the relatively low density (650 kg/m?) and
high total porosity (~50%) of the S wt % citric acid foam
(Table 1) facilitated its bioassimilation and high microbial
activity.””** As expected, no mold growth was observed on the
NBR foam (Figures S2a and SSa).

3.1.2. FTIR and Protein Secondary Structure. The full
FTIR spectra of the samples before and after degradation in
soil are shown in Figure 3a,b. The undegraded WG foams
showed a broad and intense band at 3286 cm™' assigned to
O—H and N—H vibrational stretching, originating from WG,
glycerol, and the additives (Figure 3a).°* The bands at 2930
and 2845 cm™' originated from aliphatic C—H bond
vibrations.”> In the region 1800—1200 cm™', peaks were
present at 1653, 1540, and 1239 cm™, corresponding to —C=
O stretching (Amide I), the bending of the N—H bond (amide
II), and the C—N stretching and N—H bending (amide III),
respectively. Furthermore, in the region 800—1150 cm™,
bands originating from vibrations associated with C—C and
C—O bonds/O—H deformation in glycerol were observed,
with bands at ~850, 920, 995, 1035, and 1104 cm™.%*~% All
foams showed a change in the absorbance profile in the amide
I region (1650—1580 cm™') compared to that of the pure
wheat gluten powder, indicating a change in the secondary
molecular structure during the manufacturing.21

In line with the weight-loss data during the soil degradation
test, the size of the bands in the 3700—3000 cm™' region
decreased from week 0—7, showing the loss of nitrogen-
containing species (such as ammonia and amines) and
hydroxyl/carboxyl species (Figure 3a,b). Moreover, the peaks
around 2922 and 2876 cm™' decreased slightly after week 7.
This was partly due to the loss of glycerol and also the loss of
degradation products from the aliphatic hydrocarbon parts of
the protein chains. Interestingly, a decrease in the 1725 cm™
band after week 7 was observed, probably a consequence of the
degradation products containing the functional group C=0,
such as carboxylic acids, aldehydes, and/or ketones.

Changes in the secondary structure of the protein occurred
during the soil degradation test, as observed by the changes in
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Figure 3. Full FTIR spectra and the amide I region (1700—1580 cm™") of the samples in different environments: (a) before degradation, (b) soil
degradation (SD) after 7 weeks, and (c) hydrolytic degradation (HD) at pH 10 after S weeks.

shape and size of the amide I/II and III regions: 1635—1531
and ~1296 cm™', respectively. An interesting feature, never
reported before, was observed in the amide I region (1700—
1580 cm™"); the curve shape for all WG foams (peaking in the
1700—1640 cm™ region) indicated a sizable amount of a-
helices and random coil (unordered) protein chain segments in
the undegraded material. However, after 7 weeks of
degradation, the curves peaked in the 1640—1580 cm™
region, indicating a higher relative content of f-sheets in the
aged material. The denser and more energetically stable f-
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sheet structure did not seem to be as accessible to the
microorganisms and enzymes as the more open o-helix/
random coil structure.”” It should be mentioned that both
glycerol and water have bands in the amide I region. However,
the loss of glycerol or the uptake of water would not yield the
observed changes.ég’69 Finally, the peaks in the 1200—1000

cm™ region showed significant variations, attributed to C—O
and C—C stretching in different structures. These changes

suggest that the degradation process also involved carbohy-
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Figure S6 shows the full FTIR spectra of the NBR foam. The
band at 3521 cm™! is ascribed to the O—H stretch.” Bands at
2845 and 2231 cm™' originate from, respectively, the CH,
group and the CN group.”" The carbonyl group C=O
contributes to the formation of a peak at 1727 cm™', possibly
due to the presence of lubricant/plasticizer from the rubber
processing since this band does not correspond to the base
structure of NBR. The peak at 1596 cm™ is associated with the
—C=C bond.”””? Finally, the band at 978 cm™" is related to
the —CH=CH— (trans) bond of the butadiene component.
In accordance with weight loss data, no significant variations in
the NBR FTIR spectrum was observed in the soil degradation
test.

3.1.3. Observations by Scanning Electron Microscopy.
Figures 4 and S7 show the morphology of the WG foams
before and after soil degradation. After soil degradation for 7
weeks, several structural changes were observed compared to
the starting materials, involving denser and eroded structures
in the former, which were in line with greater weight losses at
longer degradation times (Figures 2, 4b.1—f.1), S1 and S7b.1—
f1. Furthermore, at high magnification, the presence of
microbial activity was discernible [(Figures 4bl1—f1) and
S7(b.1—£.1)]. In the WG/G sample, bacteria with an elliptical
shape was observed, possibly an Alicyclobacillus Acidoterrestris-
type, as previously reported in ref 73 (Figure 4b.1). At the
surface of the WG/G/ABC/1CA and WG/G/ABC/SCA
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samples, long threads or filaments/microtubules of possibly
Paecilomyces varioti appeared (Figures 4e.1 and S7e.1).”* As
expected, no microbial activity was observed on the NBR foam
surface (Figure 4a.1).

3.2. Hydrolytic Degradation. 3.2.1. Weight Loss and
Visual Observations. Figures S and S8 show the results of the
hydrolytic degradation of the foams in acidic, neutral, and
alkaline conditions. All WG foams showed a large weight loss
after 1 week, corresponding to the loss of glycerol and water-
soluble additives and WG species (Figure Sa.dl—a3)./ 27576
After this initial loss, further loss was due mainly to a
hydrolytic attack on the solid material. Notably, the highest
overall weight loss during the S week degradation period was
observed in alkaline conditions (Figure 5a.3). In contrast, the
lowest overall weight loss was observed in the acidic medium
(Figure Sa.1). The largest weight loss (almost 100% in alkaline
conditions) was observed consistently for the foam with S wt
% citric acid (WG/G/ABC/SCA), whereas the foam with 5 wt
% genipin (WG/G/ABC/SGNP) showed overall the lowest
hydrolytic degradation after S weeks (Figure 5a.3). In fact, it
showed only a 60% weight loss in the alkaline condition. This
indicated the presence of a genipin-based cross-linked structure
that ex;)erienced essentially only the loss of glycerol at high
pH.>"”" Moreover, it is well-known that the further the
medium is from the protein isoelectric point (PI) (WG ~
6.2),”*7" the lower is the degree of protein—protein
interactions, giving rise to a higher degree of water—protein
interactions facilitating the hydrolysis of the protein materi-
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al.>>***% The differences in the effects of the different pH on

the degradation were also apparent by comparing the
appearance of the 5 wt % CA foam in the different media
(Figure Sb). The foam became darker, and the geometry of the
sample became more irregular from neutral to alkaline
conditions (after 4 weeks). On the other hand, the sample in
the acidic condition retained both its color and shape better
than that in the alkaline condition. Notable erosion was also
observed in the S wt % CA foams in alkaline conditions

(Figure Sb, week 4). On the contrary, the NBR reference
showed only a very small mass loss after S weeks, without any
pH dependence (Figures Sa and S8). It is known that NBR is
less susceptible to hydrolysis due to the hydrophobic butadiene
part and the sulfur cross-links.*!

The results also revealed that hydrolytic degradation
occurred faster than degradation in soil, with, as mentioned
before, the highest weight-loss rate in alkaline conditions,
showing the materials susceptibility to hydrolysis at high pH

812 https://doi.org/10.1021/acsagscitech.4c00798

ACS Agric. Sci. Technol. 2025, 5, 805-821


https://pubs.acs.org/doi/suppl/10.1021/acsagscitech.4c00798/suppl_file/as4c00798_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.4c00798?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.4c00798?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.4c00798?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.4c00798?fig=fig5&ref=pdf
pubs.acs.org/acsagscitech?ref=pdf
https://doi.org/10.1021/acsagscitech.4c00798?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Agricultural Science & Technology

pubs.acs.org/acsagscitech

(Figures 2, Sa, S1, S8 and Table S3 summarizes the weight loss
in both the hydrolytic and soil environments). Notably the
extent of degradation reached 98% for the S wt % CA foam,
compared to only 57% for the same sample in soil over the
same period. The hydrolytic degradation of WG-based foams
involves water uptake and diffusion into the material followed
by hydration and scission of intermolecular hydrogen bonds,
swelling, and finally, hydrolysis of covalent bonds.*”*’ In
contrast, degradation in soil involves a combination of physical,
chemical, and biological processes. All these mechanisms are
influenced by soil composition, pH, moisture content, and
microbial and enzymatic activity.”¥*> Naturally, the actual
temperature is another important factor in both cases.

3.2.2. pH Evolution and Protein Molecular Weight. Figure
S9a shows the pH values determined during the degradation
period. The pH values in the initial alkaline system decreased
noticeably after 3—5 weeks for all but the 5 wt % genipin and
NBR samples, while in the acidic and neutral systems, the pH
remained relatively constant. These results indicate that the
hydrolysis in alkaline conditions was more prominent, with
also larger weight losses, as shown in Figure 5a.3. The reason is
the formation of acidic degradation products, such as
carboxylic acids (Figure $9b).**>*” Additionally, the electro-
pherogram of the WG foams indicated that the samples
exposed to alkaline conditions exhibited a higher degree of
cleavage of peptide bonds yielding shorter peptides (6—50
kDa) than those formed in acidic and neutral conditions (6—
100 kDa) (Figures Sc and S10).

It should be noted that in future work, it is of importance to
take he investigation further and explore the biodegradation
features in field-trails where the conditions are less controlled,
involving also several types of habitats.

3.2.3. FTIR and Protein Secondary Structure. The full
FTIR spectra of the WG foams recorded during hydrolytic
degradation indicated considerable differences compared to
the unexposed material (Figures 3c and S11b,c). A substantial
loss of glycerol was observed by the significant decrease in the
1033 cm ™" band intensity (compared with the soil degradation
FTIR data in Figure 3b). The size of the bands in the amide I
(around 1618 cm™) and the amide II (around 1542 cm™)
regions decreased in several of the systems relative to the
aliphatic C—H stretch bands (2853, 2917 cm™) (Figures 3¢
and S11b,c). Moreover, the results indicated a decrease in the
amount of peptide bonds (due to peptide chain scissions) at
pH4 and pH10 during the hydrolytic degradation, with an
increase in the f-sheet content relative to a-helix and random
coil content. The latter observation indicates that the
hydrolysis is slower in the more dense and energetically stable
P-sheet structures (Figures 3c and S11b). However, at pH 7,
this effect was less pronounced due to the buffer solution
system being close to the isoelectric point with an overall more
compact (less denatured) protein, consequently resulting in
less protein—water interactions and slower hydrolysis (Figure
Slic).”® As expected, the NBR FTIR spectrum showed no
significant variations in molecular structure in the hydrolytic
degradation test (Figure S6).

3.2.4. Scanning Electron Microscopy. Figures 4 and S12
show the morphology of the degraded samples after 5 weeks of
immersion in acidic, neutral, and basic aqueous solutions. For
the samples subjected to an acidic medium, it was observed
that the surface was slightly less rough compared to that at
neutral pH due to possible surface erosion of the material
(Figure S12b.1—f.1). The erosion was more extensive for the

813

specimens exposed to alkaline conditions, and microcracks
appeared (Figure 4b.2—f.2), in line with the higher degradation
rates in this medium (Figure Sa.3). For the S wt % GNP
extrudates, no significant microstructural changes were
observed during the S weeks test in acidic and neutral
conditions (Figure S12£.1,f2), also in line with the low mass
losses (Figure Sa.l,a.2). The presence of microorganisms was
not observed in any of the foams exposed to hydrolytic
degradation, in contrast to those degraded in soil (Figures
4b.1-f.1)b.2—f2, S7b.1—f.1, S12b.1—£.1,b.2—f.2). The micro-
structure of the NBR foam showed no signs of structural
degradation and, as expected, microbial activity (Figures 4a.2
and S12a.1,a.2). Finally, as with the soil degradation, the initial
rate of the hydrolytic degradation (weight loss within the first 2
weeks) of the different samples (Figures Sa and S8) was
compared with their initial foam structure (Table 1). Neither a
larger pore size, nor an increasing total or open porosity
yielded an increase in the degradation rate. Hence, the
hydrolytic, as well as the soil, degradation rate was primarily
governed by the chemistry and molecular structure of the
foams.

3.3. Exposure to High Relative Humidity. Figure 6
shows the water uptake in the samples during 6 days at 100%
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Figure 6. Mass uptake versus time of the foams during high exposure
relative humidity.

relative humidity. The highest final uptake (ca. 100%) was
observed for the foam containing S wt % gallic acid (WG/G/
ABC/SGA), possibly due to a combination of its low degree of
cross-linking, open cell structure, and the high polarity of gallic
acid.”' The lowest uptake was observed for the NBR samples,
followed by WG/G/ABC/SGNP and WG/G/ABC/1GNP
(Figure 6). A fast uptake but low saturation uptake was
observed for the genipin samples due to its high polarity and
the cross-linked structure;'® the higher cross-link density is the
reason for the lower water uptake in the sample with higher
genipin content.”! Overall, the size of the open and total
porosity, or the pore size, did not determine the size of the
saturation moisture uptake (compare the values in Figure 6
with those in Table 1). Hence, the chemistry and molecular
structure of the foams had a larger effect on the uptake than
the actual foam structure.

Mold was present in all WG foams within the 6 days of
exposure, except for the sample with the highest amount of
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gallic acid (WG/G/SABC/5GA), due to its antifungal
properties (Figure S13). This shows that gluten in combina-
tion with glycerol offers a fertile medium for rapid spontaneous
fungal growth.*>® The presence of these microorganisms
reveals that regardless of the system used here (except that of a
high gallic acid content), wheat gluten/glycerol provides the
conditions necessary for developing fungal life in a humid
environment (RH ~ 100%). In contrast, the NBR foam and
WG powder samples showed high mold resistance (Figure
S$13). Again, for NBR, this was expected.go_92 The WG powder
showed no mold growth after 6 days, possibly due to the
absence of glycerol.”"”> Hence, by choosing different
plasticizers, the WG mold resistance can be tailored, at least
delayed up to 6 days (the end of the experiment).

3.4. Bioassimilation Properties of the Foams. Bio-
assimilation contributes to an efficient circular bioeconomy
and sustainable use of resources. Figure S14 shows the
bioassimilation properties of WG foams with the use of fast-
growing coriander seeds. The coriander cultivation showed
notable compatibility with the WG foams during their
cultivation, with germination rates (GR) of up to 97% after
30 days (Figure S15c shows the bioassimilation properties of
WG foams with the use of fast-growing coriander seeds. The
coriander cultivation showed notable compatibility with the
WG foams during their cultivation, with germination rates
(GR) of up to 97% after 30 days (Figure S15c). Overall, three
growth stages were observed, as reported in refs 93 and 94. All
treatments showed an initial fast germination stage (between 3
to 10 days after cultivation), where the seed absorbed water,
swelled, and began to develop the radicle (first root) and the
cotyledons (the first leaves) (Figure S14a.Il). The second stage
corresponds to vegetative growth (from days 12—20), where
the physiological structure of the plant develops (height and
the number of roots, leaves, and branches increase) (Figure
S14a]ll). Finally, a third stage was observed (from days 20—
30), ascribed to the flowering and fruiting stage of coriander,
where the plant reaches its maturity and can reproduce (Figure
S14a.IV). No exclusion zone for growing seeds was observed
around the buried foams, including in the control samples
(soil, soil with fertilizer, urea, and NBR) (Figure S16).

During the germination process, the WG material exhibited
excellent fertilization properties, especially with the use of
biobased foams with multifunctional additives (GA, CA, and
GNP) (Figure S15). The leaf diameter, plant total height, and
germination rate were overall higher when the WG foams with
multifunctional additives were used (GR ~ 100% in 30 days).
In fact, the rate was overall higher than (or similar to) when
conventional fertilizers and reference materials were used
(Figures S14b and S15a—c).”® Hence, the presence of WG
protein foams favored the biological activity important for
plant growth.” Nitrogen is essential in the formation of amino
acids and chlorophyll and provides for healthier leaves, flowers,
and stalks. Plants can also absorb nitrogen directly from
organic molecules, such as amino acids and peptides, through
the model organism in plants called Arabidopsis thaliana, where
most of the transporters and associated genes have been
identified.”””® Additionally, gallic acid has demonstrated a
positive effect on plants due to its antioxidant and
antimicrobial properties, protecting plants against oxidative
stress, defending them from certain pathogens, and promoting
root growth, which contributes to overall good plant health
and nutrient uptake.gg’gg’g9 Moreover, citric acid contributes to
antioxidant properties (although observed here only at the low
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content), improving plant growth and photosynthesis in plant
cultivation.'®~"%* Genipin is a nontoxic compound known for
its ability to cross-link proteins, and it is used in biomedical
and biotechnical products.'”*™'*° Genipin has been reported
to have antibacterial, anti-inflammatory, and antioxidant
properties,"”” besides its ability to cross-link proteins. It is,
therefore, used in biomedical and biotechnical products.'**~'*°
The mechanisms for its specific effects and biocompatibility
with plants remain to be determined, but based on its natural
origin, it shows promise for applications in plant science.
Furthermore, as shown in Figure S15c¢, the reference system
where plain soil without fertilizers was used exhibited similar
plant morphology/geometry and germination rate up to 30
days as the system with NBR material (GR ~ 70%).

The addition of 0.5 wt % urea (a commercial fertilizer) had a
significant impact on plant growth, with a germination rate of
90% after 30 days. This is attributed to its high nitrogen
content.”” However, the higher amount of urea (1 and 2 wt %)
led to lower GR (70 and 50%), indicating excessive
nitrification and a pH change in the soil. Nitrification is a
key biological process in the soil nitrogen cycle vital for plant
growth whose process occurs in two main stages: ammonifi-
cation (the decomposition of the protein and organic remains
of the plant, releasing ammonium (NH,") into the soil by
Clostridium ammonifying bacteria) and, nitrification (trans-
formation of ammonium into nitrite (NO,") and subsequently
nitrate (NO;™) by oxidizin§ bacteria, such as nitrosomes and
nitrobacter, respectively).'”” The excessive nitrogen in these
two systems indicates possible nitrate toxicity (the leaching of
nitrates in the soil), possibly interfering with the absorption of
other essential nutrients during plant growth. The results
revealed that the use of WG-based materials contributes
positively to the optimal morphological growth of plants and
demonstrates no toxic effects when disposed of in the
environment. Additionally, it was observed in the UV spectra
that all the samples contained chlorophyll A (640—670 nm)
and chlorophyll B (450—480 nm) pigments (Figure S$17).'"
WG/G, WG/G/ABC, and foams with the multifunctional
additives yielded a higher natural pigment content (chlor-
ophyll, CHL) after 20 days of germination compared to the
control samples (Figure S18), except for WG/G/ABC/SCA,
which shows values similar to the urea 0.5% soil, and the
fertilized soil (soil + F). Recent studies have shown that citric
acid may be beneficial in improving nutrient uptake for plant
growth and photosynthesis in plant cultivation.""’ However,
studies have also shown that high levels of citric acid lower the
pH of the soil and reduce chlorophyll pigment levels. At high
levels, citric acid works as a weak chelating agent, which
decreases the uptake of essential macronutrients, which are
critical for chlorophyll synthesis.'' "> These results are in line
with the low antioxidant activity of the samples (see below)
with S wt % CA (Figure 7, first cycle). Low antioxidant
efficiency reduces the protection of plants from oxidative stress
(extreme temperature, light intensity and drought).'**'""
Chlorophylls A and B are complex green pigments found in
plants, fruits, algae, and certain bacteria.''*''* Efficient
methods for extracting small amounts of CHL from leaf tissue
have been developed to study the photosynthesis process,
nutrient effects and environmental stresses in plants.''>~""”
Chlorophyll works by absorbing sun-light and converting it
into chemical energy, serving as a primary energy source for
plants.''® Plants with more pigments are typically better
equipped to absorb and utilize sun-light energy efficiently,
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Figure 7. Scavenging activity (DPPH radical inhibition) of WG-based
foams and representative species with known antioxidant properties.
Note: Different letters mean the values are significantly different (P <
0.05).

which contributes to their growth. This increase in
pigmentation enhances the plant growth rate efficacy by
prolonged germination time (Figure S18). The reference
samples showed practically constant levels of pigments within

both GR periods (10 and 20 days), which suggests that the
roots of the plants under these conditions experience a
limitation in their growth as a consequence of a soil deficient in
nutrients and biological activity, as well as, high abiotic
stress.''”

3.5. Antioxidant and Antibacterial Properties. All
WG-based materials showed antioxidant activity to a certain
extent (Figure 7). The overall highest antioxidant activity was
observed for WG/G/ABC/1GA and WG/G/ABC/5GA.
Gallic acid is well-known for its radical scavenging proper-
ties."*” Both foams showed a radical scavenging efficiency close
to that observed for pure gallic acid, especially after the third
cycle. In the case of citric acid, the sample with 5 wt % of it
(WG/G/ABC/5CA) showed a lower antioxidant effect (first
cycle) than that with 1 wt % (WG/G/ABC/1CA), indicating
that high amounts of citric acid have adverse effects.

The use of GNP also increased the antioxidant activity,
which is consistent with bioassimilation results. A similar
finding has also been reported for chitosan/GNP films.'*”"*!
In comparison to the antioxidant activity of WG, GNP showed
poor antioxidant activity by itself (Table S4). However, a
synergetic behavior between WG and GNP is evident. Cross-
linking of WG with GNP might favor the exposure of charged
amino acid residues. In addition, it may lead to the formation
of carboxyl groups from hydrolysis of the methyl ester group of
GNP.'® These groups can participate actively in redox
reactions. Another interesting point is that the cross-linking
involving GNP reduces its possible release into the solution,

d)

4.0
—— WG/G-NR @
35+ —— WGI/G/ABC/SCA-NR
——WGIG-R
= 301 —— WG/G/ABC/ECA-R
o
2 25-
w
(7]
R
(]
o
[ =
@
= 104
0.5+
00 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200

Tensile Strain (%)

Figure 8. WG/G/ABC/SCA (a) foam and (b) ground material. (c) Compression-molded recycled films: (i) WG/G-R, and (ii) WG/G/ABC/
SCA-R. (d) Image illustrating the high flexibility of the WG/G/ABC/SCA recycled film, and (e) representative tensile curves of recycled and non-

recycled samples. Note: The scale bar in (c) is 3 cm.
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Table 2. Mechanical Properties of the Films®

samples E (MPa) 6, (MPa)
WG/G-NR 24+ 10 042 + 0.16 °
WG/G/ABC/5CA-NR 89 + 43¢ 152 + 073 €
WG/G-R 11+3° 0.19 + 0.06 *
WG/G/ABC/5CA-R 21£1° 0.36 + 0.02 °

U (MJ m™) o, (MPa) & (%)

315 +042° 220 + 034 ° 185+ 30°
0.57 + 027 ° 247 +0.80° 29 + 14°
0.92 + 043 ° 1.0S + 040 ° 114 + 59 °
048 + 0.18 * 1.05 + 0.09 * 54+15°

“The nomenclature refers to E (Young’s modulus), o, (yield stress at 10% strain), U (Toughness), o}, (stress at break), ¢, (elongation at break).
Note: Different letters mean that one column’s values are significantly different (P < 0.05).

which is observed along the oxidative cycles, preventin% the
oxidative process within the material and its degradation.'””'**
This result is beneficial for material applications that require
high oxidative resistance at the material surface.

The antibacterial properties of the WG foams against E. coli
and B. cereus after 24 h of incubation is shown in Figure S19.
Bacterial growth was not observed on the material’s surface in
the case of both Gram-negative (E. coli) and Gram-positive (B.
cereus) pathogen, even for WG with only glycerol added,
indicating that the short-term antibacterial activity of the WG-
based porous materials is mainly associated with the polymeric
matrix. This result may be related to the presence of charged
amino acid residues in WG.'** However, for the samples with
high content of gallic acid (WG/G/ABC/SGA), and those
with genipin (WG/G/ABC/1GNP and WG/G/ABC/SGNP),
bacterial growth of Gram-negative (E. coli) was observed
(Figure S191.d,gh).

3.6. Recycling Properties. Figure 8 shows the ability of
the WG foams (exemplified with WG/G and WG/G/ABC/
SCA (the foam with the lowest density'>®) to be recycled into
new products. The foams were first ground and then
compression molded into films, and the non-recycled material
was compression molded directly into films (Figure 8a—c). All
four films showed good flexibility, exemplified in Figure 8d.
The non-recycled WG/G material was significantly stronger
(yield and fracture strength) and tougher than the recycled
WG/G (Figure 8e). The stiffness (modulus) and ductility
(elongation at break) were also higher for the former sample,
although the differences were not significantly different (Table
2). For the samples with citric acid, the non-recycled material
was stiffer and stronger than the recycled material, but the
toughness and ductility were not significantly different. In fact,
the recycled citric-acid sample tended to have a larger
elongation at break than the non-recycled sample (Figure
8e). The differences in mechanical properties of the recycled
and non-recycled samples are probably due to several factors.
One factor is changes in the cross-link network after a thermal
treatment. In contrast to common synthetic thermoplastics,
protein plastics contain disulfide cross-links, and often
dityrosine cross-links, and these may be broken and reformed
in other molecular geometries under thermal treatment. The
lowering in strength suggests that the cross-link density
decreased in the recycling process. Isopeptide bonds may
develop sparked by successive thermal treatments.'”* These
would, however, result in stronger recycled materials, which
was not observed. Notably, the sample with citric acid (WG/
G/ABC/SCA) was overall stiffer and stronger at yield but
more brittle and less ductile than the citric-acid-free sample
(WG/G) in both nonrecycled and recycled conditions. This is
ascribed to citric acid specific cross-linking.”" It should also be
mentioned that the reaction products from the dissociation of
ABC did not seem to have any affects on the compression
molded (non-recycled) film since no porosity was observed
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(Figure S20aIalLb.b.Il). Hence the reaction products of
ABC were outgassed during the pressing cycle without
expanding the material (Figure S20b). The results show that
WG foams can be recycled into new products as an alternative
to direct biodegradation. However, care should be taken when
deciding on new products. Downcycling into less demanding
products, for instance, various types of covers and plugs, is
probably the most realistic scenario.

3.7. Climate Impact Mitigation. On a weight basis, the
global warming potential (GWP) of the plasticized WG-based
foams was generally 60—70% lower compared to the reference
NBR material (Figure S21). While fossil carbon content in the
reference material contributed to 43% of the total emissions,
end-of-life fossil carbon release in the WG-based foams only
amounted to between 0 and 1.4%. The main sources of
emissions contributing to the GWP of the WG-based foams
were the production of wheat gluten and glycerol. However, it
is important to mention that no GPW data was available for
genipin, which would increase the GWP of the foams
containing genipin. GHG emission savings are usually achieved
by e.g., using low GWP materials and replacing materials with
higher GWP, on a mass basis. In the present case, WG-based
foams had a much higher density: 640—950 kg/m* compared
to the reference NBR (120 kg/ m®).>" This leads to a strong
increase in the amount of material required to replace materials
on a per-volume basis, which makes it currently unfavorable
from an environmental and even an economic point of view.
Future work should, therefore, focus on producing lower-
density WG foams.

From a life-cycle perspective, the impact of the tested
materials is also dependent on to what degree materials can be
reused or recycled. For conventional neat NBR, current
research efforts focus on recycling residual virgin materials that
occur in product manufacturing.'”> However, it is currently
difficult to reuse vulcanized rubbers, and incineration is a
common end-of-life scenario for these. To our knowledge, the
reuse and recycling of WG-based foams have not been
investigated. However, since such foam-based products may
end up in the environment or landfills, biodegradability may
currently play a more important role. In fact, these wheat
gluten-based materials are the focus of mold resistance and soil
biodegradation studies, which show that product shelf life
increases with a higher process temperature and pressure and
with the use of certain foaming agents, such as ABC.”® On the
other hand, WG-based foams have been shown to be readily
biodegradable in suitable environments and degrade faster than
common biobased and biodegradable materials like polylactic
acid (PLA).” The results of the biodegradation tests performed
in the present study support such a claim.

3.8. Industrial Relevance and Scalability of the
Foams. Beyond their biodegradability and bioassimilation,
WG foams also possess potential industrial and commercial
uses with their scalable production and sustainability benefits.
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The foams were manufactured through extrusion, a common
polymer processing method, which showed that they may be
produced in large quantities and high rates.”~""'* In contrast
to most biodegradable plastics, which only decompose under
special conditions,"””” WG foams decompose effectively in soil
and aqueous environments and are therefore suitable for
single-use items like biodegradable single-use sanitary pads, in
packagings, and agricultural mulch films (Figures 2, 5, S1 and
S8). One of the benefits of WG foams is that they provide
several sustainability advantages: not only do they readily
degrade, but they also enhance soil quality through the
introduction of organic nitrogen into the environment, as
demonstrated by the plant growth pattern of coriander in this
study (Figures S14—S18). It is this bioassimilation character-
istic that positions WG foams as viable substitutes for synthetic
agricultural films and soil conditioners, particularly for
horticulture and controlled agricultural systems. In addition,
WG foams have the ability to be recycled using thermoplastic
processing techniques before they are finally considered for the
end-of-life composting/biodegradation (Figure 8). However,
to expand the possible applications, future efforts should focus
on reducing the density of the foams and improve the moisture
resistance (especially for warm and humid (tropical) environ-
ments).
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