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1. Introduction

Assessing the properties of protein foams as an
alternative absorbent core layer in disposable
sanitary padst

12 Mercedes A. Bettelli, 2 12 Pamela F. M. Pereira, (°

® Mikael S. Hedenqvist {2 @ and Antonio J. Capezza (2 *®

Athanasios Latras,
Amparo Jiménez-Quero,

Developing biodegradable menstrual products using co-stream proteins as a material alternative to fossil
counterparts presents a significant environmental advantage across their entire value chain. The intrinsic
properties of wheat gluten foams derived from wheat starch production have been validated with respect
to their potential as absorbent core layers in disposable sanitary pads, which is relevant to the rising
demand for eco-friendly disposable sanitary pad alternatives. Here, we report the fabrication of a gluten-
porous absorbent layer and evaluate its liquid absorption properties and mechanical stability under rele-
vant operating conditions compared to a commercial absorbent foam layer used in sanitary pads. The
porosity was achieved using sodium and ammonium bicarbonate, which are non-toxic and food-grade
blowing agents, and the materials were shaped/foamed using a conventional oven. The use of sodium
bicarbonate resulted in a more homogeneous and lower-density foam with smaller pores than with
ammonium bicarbonate. The developed prototypes show comparable mechanical properties under com-
pression to foams used in commercial pads, retaining up to 95% of their initial shape after 3 h of com-
pression. Moreover, the foamed structure permitted a liquid uptake of saline and blood of 4.5 g g‘1 and
1g g7 respectively, with the possibility to absorb up to 1.5 g g of saline under load. The results indicate
that the choice of blowing agent has a large impact on the performance of gluten pads under constant
pressure. It is thereby demonstrated here that protein-based foams have adequate mechanical and
absorption properties that make them interesting for their future use as the absorbent layer in sanitary
products following a circular economy model.

that assemble these (ie., plastic films, nonwovens, fluff pulps
and the absorbent core layer).>® An average woman during her

With the environmental regulations becoming more stringent,
there is a need to shift from fossil-based to bio-based plastics
and from landfill waste accumulation to materials that biode-
grade. This is needed since waste accumulation and microplas-
tic generation are increasing, especially within personal hygiene
and sanitary single-use items." The sanitary market size is pre-
dicted to increase by 3% until 2032 and reach 578 billion USD
in 2032.>° A representative example of extensively consumed
sanitary items is single-use menstrual products, which today
can contain up to 90 wt% of plastics, considering all the layers
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reproductive lifespan uses approximately 11 000 single-use men-
strual products,” which translates to approximately 25 kg of
plastic waste per woman (taking 2.6 g as the weight of a typical
daily pad). Further, the extended use of synthetic menstrual pro-
ducts has been revealed to expose the sensitive intimate tissue
of individuals to toxic or carcinogenic chemicals, such as vola-
tile organic compounds, phthalates, dioxins, and furans,>’
which are readily absorbed in the body.*° In the last decade,
some attempts have been made to promote the use of recyclable
and/or polysaccharide-based foams as a more sustainable
choice than traditional absorbent materials, as this core typi-
cally represents up to 50% of the total weight of a sanitary
pad.’®"" However, even if marked as recyclable/compostable,
single-use sanitary pads are disposed of in landfills or inciner-
ated due to their content of biological matter.*'> Therefore, it is
crucial to focus on developing sustainable alternative layers that
consider the choice of raw materials and their impact on the
ecosystems, for instance, avoiding the risk of microplastics
upon disposal.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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An interesting alternative to synthetic polymers used in
absorbent layers reported in recent literature is biopolymers
that possess good thermomechanical processability using con-
tinuous and environmentally friendly methods.”*™*° Within
the realm of readily thermomechanical processed biopoly-
mers, wheat-gluten protein (WG) is an attractive choice, being
an abundant low-cost co-product from the starch industry.'®™!
Previous works have shown that bioplastics made out of gluten
are readily biodegradable and do not release eco-toxic com-
ponents or persistent microplastics into the environment.'*??
The unique protein composition of WG (i.e., gliadin and glute-
nin) is responsible for their exceptional viscoelastic behavior
and the formation of stable 3D networks when thermo-
moulded, due to disulfide and hydrogen bonds that are
formed."®**?* Such thermomechanical properties give WG the
possibility to be manufactured and shaped by applying estab-
lished processing methods, such as extrusion, injection and
compression moulding.>**>"*° Recently, WG has been demon-
strated as a suitable candidate for producing a porous struc-
ture with the addition of chemical blowing agents, such as
sodium bicarbonate (SBC) and ammonium bicarbonate (ABC),
with liquid uptake capacities promising for their use as single-
use absorbents.”®3°32 However, to our knowledge, the
mechanical/structural characteristics of these materials simu-
lating operating/service conditions relevant to single-use
absorbent layers contained in sanitary items have not been
assessed, which is of utmost importance for their further vali-
dation as biopolymeric alternatives in these applications.

In this study, we produced flexible porous absorbent pads
(foams) from WG using oven expansion at low temperatures
with a stable microstructure and high liquid absorption under
load. The materials were foamed using sodium bicarbonate
(SBC) and ammonium bicarbonate (ABC) as chemical blowing
agents. The porosity and structural integrity of the absorbent
pad layer were dependent on the choice of blowing agent and
processing temperature. The elastic recovery of the materials
also relied on the blowing agent used, and the properties
matched that of highly porous synthetic absorbents used in
commercial disposable sanitary pads. The study guides through
relevant performance indicators of these gluten-absorbent pad
layers during usage and addresses key needs to increase the
competitiveness of these new readily processable porous pro-
teins as alternatives to today’s plastic absorbent materials. The
possibility to contribute to studies producing fossil-free disposa-
ble sanitary products allows us to take the next step into increas-
ing the reliability of these new types of plastic-free absorbent
layers compared to traditionally used absorbents and even envi-
sion the design of other layers that are needed to assemble a
complete disposable sanitary product.

2. Experimental
2.1 Materials

Wheat gluten powder (WG) was supplied by Lantminnen
Reppe AB, Sweden. The powder consisted of 85 wt% wheat
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gluten protein (N x 6.25), 5.8 wt% wheat starch, 1.2 wt%
lipids, 1 wt% ash, and 7 wt% water. Glycerol (ACS >98%),
sodium bicarbonate (SBC, NaHCO;, ACS >98%), and
ammonium bicarbonate (ABC, NH,HCO3, ACS >98%) were
purchased from Sigma-Aldrich, Sweden. n-Hexane (CgHyy,
ACS >98%) was purchased by VWR International, Sweden.
The defibrinated sheep blood was purchased from Hatuna
lab (Sweden). The water used was Mili-Q water (MQw, 18.2
MOhm cm at 25 °C).

2.2 Pad layer prototype preparation

The sample preparation process is shown in Fig. 1. In brief,
100 g of WG powder was homogenously mixed with 5 g of
SBC or ABC (achieving 5 g of foaming agent per 100 g WG
powder). Thereafter, 5 g of MQw and 50 g of glycerol per
100 g WG were added and mixed thoroughly to form the
plasticized gluten formulation. 20 g of the WG mixture was
placed into a steel mould with 2 mm thickness and pressed
in between two steel plates covered with polytetrafluoro-
ethylene (PTFE) sheets on both sides of the sample to
prevent the material from sticking to the metal. The mixture
was expanded in a Memmert UF 260 oven (Fan: 50% and
Flap 100%) for 20 min at 70 and 120 °C for ABC and SBC,
respectively. The actual recipes and the choice of processing
route (oven expansion) were selected based on previous
work showing that such processing route resulted in the
highest porosity.>> The pads were dried overnight at 40 °C in
a ventilated oven and were then stored in a desiccator con-
taining silica gel before any test. The full description of the
samples is given in Table 1. The reference samples prepared
only with glycerol are named WG/GI, and the samples with
SBC and ABC are referred to as WG/GI-SBC and WG/GI-ABC,
respectively.

2.3 Density and porosity

The density was calculated using two methods. First, the
foam’s apparent density (p,) was calculated by die-cutting
three cylinders from random locations along the final product
(Fig. 1d). Then, the weight of the dry samples in kg (w) was
divided by their respective volume in m* (V). The dimensions
of each sample were measured at three places with a digital
caliper. The apparent density (p,) is estimated according to

eqn (1).

Pa = V (1)

The porosity of the foams was estimated by eqn (2), using
the density of solid WG material (1280 = 20 kg m™®) as a
reference.’

Porosity (%) = (1 — (pa/1280)) x 100 (2)

The density was also estimated using a three-component
model based on a modified Archimedes principle, described
in eqn (3).%*

pP= wa/vtotal (3)
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Fig. 1 Experimental protocol for the production of the protein pad layers, involving the mixing of the protein, glycerol and foaming agent (a),
spreading the mixture in the moulds evenly for the oven expansion process (b), allowing for the formation of crosslinks between glutenin (rep-
resented by red chains containing —SH) and gliadin (represented by blue units containing —S—S-) in the protein matrix and foaming induced by the

bicarbonates (c). The scale bar in the final pad (d) is 5 cm.

Table 1 Sample nomenclature and composition

Sample name SBC (g per 100 g of protein) ABC (g per 100 g of protein) MQw (g per 100 g of protein) Tprocessing (°C)
WG/GI-120 — — 5 120
WG/GI-SBC-120 5 —

WG/GI-70 — — 70
WG/GI-ABC-70 — 5

All formulations include 50 g glycerol per 100 g of protein.

where w, is the weight in the air and the total volume (Vi) is Velosed pores = Wa — Wi Ve /a1 (7)

the sum of the volumes of open pores, closed pores, and the
gluten/glycerol matrix, according to eqn (4).

Viotal = Vopen pores + Velosed pores + VWG/GI (4)

The volume of the solid gluten/glycerol matrix (Viyg/g) was

determined from eqn (5) by measuring the sample’s weight in

the air (w,) with a Mettler Toledo AL104 balance (Switzerland)

equipped with an Archimedes accessory attached to the

balance. The weight was divided by the determined density of
the solid gluten/glycerol mixture (pwg,er = 1280 kg m™).

Wa

(5)

Vwe/ar =
PWG/GT

The volumes of open and closed pores were estimated with
eqn (6) and (7), using the weight of the sample in air (w,), the
weight of the sample immersed in n-hexane (w;) (py = 661 kg
m™>), and the weight of the sample immediately after being
removed from n-hexane (wet sample, W,,).

Wy — Wy

Pliq (6)

Vopen pores —
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From the ratio of these volumes, the total volume and
the porosity of open and closed pores were calculated from

eqn (4).

2.4 Scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDS)

The surface and cross-section microstructure of the samples
were assessed in a Hitachi Tabletop SEM (TM-1000, Japan) at
10 kV. For the sample preparation, the specimen was cryo-frac-
tured with liquid nitrogen and subsequently broken into
pieces. These cryo-fractured pieces were placed onto an alumi-
num specimen holder using conductive carbon tape. To evalu-
ate the sample’s microstructure after 24 h saline-swelling and
after absorption under load, the samples were frozen at —35 °C
and lyophilized for 48 h. The microstructure of these systems
was also evaluated in a Hitachi field emission scanning elec-
tron microscope (FE-SEM S-4800, Japan). A voltage of 3 kV and
a current of 10 pA were used, and the pad foams were sput-
tered with platinum/palladium, forming a 1-2 nm conductive
layer and using an Agar High-resolution Sputter Coater (model
208HR, Japan). The elemental map analysis was performed
using an EDS sensor (Oxford Instrument) attached to the

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lp00323c

Open Access Article. Published on 06 de febrer 2025. Downloaded on 3/2/2026 8:52:11.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Applied Polymers

FE-SEM, at 10 kV and a current of 20 pA. The average pore size
was obtained from a minimum of 50 measurements from the
SEM micrographs using the Image J® software.

2.5 Prototype liquid absorption performance

The free swelling/uptake capacity (FSC) was assessed according
to the NWSP 240.0.R2 standard by first placing approximately
200 mg of dried sample (wq) into an empty tea bag and then
immersing it in a saline solution (0.9 wt% NaCl in MQw) or
defibrinated sheep blood up to 30 min. The tea bag was
hooked into a glass rod and placed into a beaker containing
the solution. After the desired immersion time, the tea bag
with the sample was lifted for 10 s and gently placed on paper
tissue for another 10 s to remove excess liquid before being
weighed again (w;). The w; values were calculated by removing
the tea bag’s wet weight. The FSC results were obtained follow-

ing the eqn (8).
FSC g) _ Wi — Wd
Wq

After the FSC test was completed, the tea bags with the
material were centrifuged at 1230 rpm (2502) for 3 min, and
the weight was subsequently recorded (w.). The centrifu-
gation retention capacity (CRC) values were calculated
according to the NWSP 240.0.R2 standard. The FSC test
yields the swelling capacity of the materials without any
external force, while the CRC addresses the capacity of the

(8)

Filter paper(FP)

3

)+ <
N, L
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material to hold the liquid at extreme conditions (here spin-
ning at 1230 rpm).

(9)

CRC ('g) _ We — Wd
. Wd

The materials’ capacity to absorb liquid under a constant
load was determined using the Absorbance Under Load (AUL)
test according to the NWSP 240.0.R2 standard (illustrated in
Fig. 2a). Here, 0.90 g of dry pads (wq) with dimensions 20 x
20 mm®> were used. A polyurethane (PUR) foam extracted
from a commercial product was used here as reference
material but weighed 0.06 g to match the same dimensions
as for the gluten pads. The sample with a weight w, was
placed in an outer cylinder (¢ = 6 cm), having a plastic grid at
the bottom. A second inner cylinder was placed on the top of
the sample containing a standard weight (w = 500 g, ¢ =
6 cm), resulting in pressures ranging from 19 to 21 psi
(0.13-0.14 MPa), depending on the sample dimensions. The
test is performed to simulate the pressure on the material
when a newborn is sitting on top. The entire set-up was
placed on a Petri dish with a ceramic porous plate
(160-250 pm porosity) and filter paper. 180 ml of saline solu-
tion (0.9 wt% NaCl in MQw) was added to the Petri dish,
which is sufficient to reach the top of the ceramic plate and
enable the liquid to come into contact with the sample
through the plastic grid. The absorption process was per-
formed for up to 1 h, whereafter the entire set-up containing

Saline (c)
solution (SS) 00—~ |
! Weig
5 — = Sample
L= ~

"
WG Pad Cylinder(0C)  Porous plate(CPP) Rl Ui ) PO pseyp PO
WG Pad Compression Compression Recovery
set device 50%

b)

Fig. 2 Schematic illustration of (a) the Absorbance Under Load (AUL) set-up and (b) the Compression Set test. The scale bar in the WG pad layer is 5 cm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the sample was removed from the Petri dish, and then the
load was removed. The sample was weighed (wg), and the
AUL values were determined according to eqn (10). The
experimental set-up is shown in Fig. 2a. FSC, CRC, and AUL
are all standard tests to assess the product quality of new
materials for their use in absorbent hygiene products.

AUL (g) _Wp —Wa
g

”_ (10)

2.6 Fourier-transform infrared spectroscopy (FTIR)

The infrared spectra were assessed to evaluate potential inter-
actions between the WG foams, PUR pad layers and the water
in the saline solution. 1 x 1 cm” pieces were cut and placed
inside an oven at 45 °C for 48 h to remove the moisture, while
for the wet samples, the pieces were placed in saline solution
for 30 min. The FT-IR spectra were obtained with a Spectrum
100 equipment (PerkinElmer, USA). The scan resolution was
4.0 em™" with a scanning step of 1.0 cm™'. The curve was
obtained from 16 consecutive scans between 4000 and

600 cm ™.

2.7 Mechanical properties

The compression set (CS) was determined to evaluate the
potential permanent deformation of the foam pad layers at
constant strain (Fig. 2b). This property is fundamental as the
materials will be compressed during dry conditions if the user
sits on the product. The test measurements were performed
following the ASTM D395-18 standard and the samples con-
ditioned at 23 + 1 °C/50 + 2% RH for 48 h. The compression
set test consists of two plastic plates: one upper with a rec-
tangular shape of 5 x 30 x 20 mm? and a lower circular plate of
diameter 25 mm and 5 mm thickness. The pad foams were cut
into 1 x 1 em? squares and placed between the two plastic
plates. The samples were then compressed to 50% strain for
0.5, 1, 3, and 24 h. After each compression, the samples were
removed from the plates, and their height was measured after
0, 1, 5, 30, 60 min and 3 and 24 h to obtain the foam recovery
as a function of time (¢,). The compression set (CS) was calcu-
lated according to eqn (11).

to—t
CS(%)=°t71><100

(%

(11)

where ¢, is the 50% compressed sample thickness and ¢, is the
final sample thickness.

The tensile testing of the WG-pad and PUR layers was per-
formed using an Instron 5944 universal testing machine with a
load cell of 500 N (Instron, USA). The extension rate was
10 mm min~", and five dumbbell-shaped specimens of each
sample were tested. The stress-strain curve of each specimen
was obtained, and the elastic modulus (E) was calculated from
the slope of the linear region (below 5% strain). The stress at
break (¢,) and elongation at break (e,) were measured as the
highest value of stress and the strain at the last recorded data
point before the break, respectively. The dumbbell shapes
used were die-cut at random places on the gluten and commer-
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cial PUR pads, and the conditioning followed the same pro-
cedure as described above for the compression set.

The tear propagation resistance of the WG-pad and PUR
absorbent layers was determined with the same Instron 5944
universal testing machine and 500 N load cell for the tensile
tests, following the ASTM D1938 standard. The samples were
75 mm long and 25 mm wide, and the thickness of the WG
samples was between 2.5 mm for WG/GI-ABC-70, 5.5 mm for
WG/GI-SBC-120, and 2.5 mm for the PUR foam. A notch of
50 mm in length was cut in the middle section of the samples.
The tear deformation rate was 250 mm min~*, and the dis-
tance between the grips was 50 mm. Three specimens of each
sample were tested. The average tear propagation force was
estimated from the resulting load-time curves. For the low-
extensible samples (here, PUR), only the average tear propa-
gation force was calculated by averaging the load over the
extension range until the rupture of the sample. For the high-
extensible samples (here, WG), the average tear propagation
force was calculated together with the initial force to continue
the propagation of the slit, the maximum force, and the exten-
sion at maximum force before the complete sample rupture.

2.8 Prototype bioactivity properties

The antioxidant activity of the WG-based pad layers was based
on the assessment of scavenging activity against the DPPH
radical (1,1-diphenyl-2-oicrylhydrazyl) following previously
reported methodology with some adaptations for micro-
assays.>* The radical scavenging activity of the WG-based pad
layers was quantified as the percentage of DPPH remaining in
the solution after undergoing three cycles of oxidation to
determine whether the antioxidant properties could be main-
tained over time.*® Microplates were analyzed using the
ClarioStar microplates reader (BMG Labtech, Germany),
measuring absorbance at 517 nm. To determine the radical
scavenging activity of individual additives employed in the pro-
duction of WG-based pad layers, a 0.2 mM methanolic solu-
tion of DPPH was mixed with distinct concentrations of
aqueous/methanolic additives solutions (ranging from 10 to
0.31 mg mL™"). The result was expressed as EC50, indicating
the concentration of antioxidants needed to reduce the initial
DPPH concentration by 50%.

The antimicrobial activity was evaluated using a disk
diffusion assay. Pathogenic bacteria, namely Escherichia coli
(CCUG 10979) and Bacillus cereus (CCUG 7414), representing
Gram-negative and Gram-positive bacteria, respectively, were
employed. The E. coli strain was cultured in Tryptic Soy Broth
(TSB) media, while the B. cereus strain was cultured in
Lysogeny Broth (LB) media. The cell density concentration was
adjusted to a McFarland scale of 0.5 using a spectrophoto-
meter. In the disk diffusion test, 100 pL of the inoculated
media was spread on the surface of solidified agar plates.
Subsequently, the samples were placed onto the dried surface
of the plates. The assessment of antimicrobial activity involved
measuring the diameter of the antibacterial inhibition zone
and observing bacterial growth on the contact surfaces of the
material after an incubation period at 37 °C for 24 h.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.9 Statistical analysis

Statistical analyses were performed with the least significant
difference (LSD) in Fisher’s procedure, evaluating the signifi-
cance 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. Prototype pad foam structure

Fig. 1 shows that the wheat gluten formulation (powder) was
successfully processed into a porous material layer, resembling
the structures of previously developed gluten-based porous
materials.?® The pad was successfully produced in the already-
made shape shown in Fig. 1. Square samples of 15 x 15 cm?
(Fig. S1}) were also produced to demonstrate that the final pad
layer could be die-cut to the right shape as an alternative man-
ufacturing route. The oven-expanded WG material resulted in
flexible pad layers with rapid elastic recovery even after being
folded several times, resembling the properties of commercial
foams extracted from commercial sanitary pads (see Fig. 1d).
The reference samples (manufactured without SBC or ABC)
showed a low total porosity (~28%) and a density above 900 kg
m™ with also low pore sizes (Table 2 and Fig. 3a, c). These
samples also had an open porosity of ~21%, according to
Archimedes’ density results. In contrast, the foam produced
with SBC (i.e., WG/GI-SBC-120) displayed a highly porous
microstructure (Fig. 3b), with the lowest apparent density and
highest porosity (430 kg m™> and 66%, respectively, see
Table 2). This sample floated in the Archimedes test, impairing
the estimation of its density and total porosity and suggesting
the presence of a large content of closed pores.

All the samples were porous both in the interior and at the
surface, which is relevant for absorbent material layers con-
tained in sanitary products, allowing the liquid to penetrate
efficiently (Fig. 3). The use of ABC resulted in larger pore sizes
in the cross-section than those foamed with SBC. Further, the
ABC sample had higher apparent and Archimedes densities
than the SBC sample, including a wider pore size distribution.
All in all, the results suggest that SBC is more suitable than
ABC for manufacturing low-density foams with narrower pore
size distributions when using “free expansion” oven foaming
(Fig. S2dt). Based on the determined density, the SBC foam

Table 2 Physical properties of the WG pad layers

View Article Online
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can be categorized as a high-density foam.*>**” The presence of
pores in the reference samples (i.e., WG/G1-120 and WG/GI-70,
Fig. 3a and c, respectively) has been previously explained as
being due to rapid moisture uptake by the dry hygroscopic WG
powder when removed from the desiccator just before the
thermal processing (Fig. 1a). Furthermore, Fig. 3b-b.1 shows
the presence of crystals of SBC or sodium carbonate (reaction
products of the thermal decomposition of the SBC), as also
observed in previous works.”*?>?%33 In contrast, no crystals
were observed in the sample with ABC (Fig. 3d and d1). Here,
future work should focus on obtaining more regular and con-
trolled porous structures so that they resemble further the
structures of commercial absorbent foam pad layers used
today in sanitary products, having up to 96% porosity.**

3.2. Functional absorption properties

Fig. 4a shows the free swelling capacity (FSC) in saline of the
WG absorbent pad layers. The oven-expanded samples with SBC
(WG/GI-SBC-120) had the highest uptake among all samples
produced, with ca. 3.5 g g~* after 1 min and 4.5 g g™ after
30 min. The reference pad layers and those with ABC experi-
enced lower uptake, with a maximum of 1.5 g g~* after 30 min.
The high and rapid uptake for the SBC sample correlates well
with its low density and high open porosity (Table 2), and are in
line with previous work, where protein samples produced with
SBC also had higher values than those produced with ABC.>®

The capacity of the pads layers to retain saline solution was
assessed by centrifuging the pads at 250g for 3 min after being
swollen in saline for 30 min (CRC, Fig. 4b). WG/GI-
SBC-120 had the highest retention capacity, with ca. 0.7 g g7,
followed by the sample with ABC (WG/GI-ABC-70) with ca.
0.5 g g~ *. The samples that did not contain any foaming agent
(WG/GI-70 and WG/G1-120) experienced the lowest CRC (0.4 g
¢™"). The FSC and CRC values in saline solution for the WG-
pad layers were 22% and 7% of the FSC and CRC values of
commercial PUR foams in sanitary pads, which are also
reported to have 96% porosity.*® Previous works have shown
that the degree of porosity and the pore architecture play a
crucial role in increasing these values, as lyophilized gluten
samples having 90% porosity reach the same absorption as the
PUR foam layers. Thus, future work should focus on decreas-
ing further the density of the material and increasing the poro-
sity and pore interconnectivity while keeping the same upscal-
able processes reported here (oven expansion).

Apparent Porosity with Archimedes Total Open Closed Cross-section Surface

density apparent density porosity porosity porosity average pore average pore
Sample (kg m™?) density (%) (kg m™?) (%) (%) (%) size (um) size (um)
WG/GI-120 1039 + 10° 19+1° 919 + 64 28 + 5% 21 +5°% 7 £0% 147 £ 77° 47 + 347
WG/GI-SBC-120 430 + 16% 66+ 1° <661¢ — — — 342 + 2297 84 + 60*
WG/GI-70 1017 + 35" 21 + 3% 928 +108* 27 + 8 21 + 9% 6+1% 171 + 1367 43 +17°
WG/GI-ABC-70 866 + 125" 32+ 10° 834 + 64° 35+ 5% 27 + 4% 8+2°% 455 + 476 212 +237°

“The archimedes density of the WG/GI-SBC-120 sample was not measured due to low density compared to the solvent used (Ppexane: 661 kg m™).

Different letters mean the values are significantly different (P < 0.05).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Microstructure of the WG pad layers: The column (a—d) shows the cross-sections, and the column (a.1-d.1) shows the surface structure.

The blood uptake of the WG/GI-SBC-120 sample was also the
highest among the samples produced, with 1 g g™* after 30 min,
followed by WG/GI-ABC-70 (Fig. 4c). The reference samples (WG/
Gl-70 and WG/GI-120) exhibited the same blood uptake values
with a maximum uptake after 30 min (0.4 g g”'). The blood
uptake reported here was 4.4% of that of the PUR foam layer
extracted from the commercial sanitary pads. The results indi-
cate that the choice of processing temperature played a lower
role (70 °C versus 120 °C) in increasing the blood absorption
compared to the choice of the foaming agent (impacting con-
siderably the microstructure of the materials). The lower absorp-
tion of the defibrinated blood compared to saline is due to its
more complex composition and higher viscosity, containing a
mixture of both polar and non-polar molecules.>*>°

444 | RSC Appl. Polym., 2025, 3, 438-452

The WG/GI-SBC-120 sample was swollen in saline for
30 min, freeze-dried, and cryo-fractured to assess if the saline
solution uptake happened homogenously throughout the
cross-section of the material (using EDS analysis). Fig. S3 dis-
plays the surface of the WG/GI-SBC-120 after swelling and lyo-
philization. Fig. S41 shows a more porous structure after lyo-
philizing the swollen samples, ascribed to the water within the
pore walls, forming ice crystals and sublimating during the lyo-
philization. Additionally, Fig. 4d shows the presence of Na and
Cl ions on the sample surface and throughout the cross-
section of the material after being exposed to the saline solu-
tion for 30 min. However, the content of Na and Cl was lower
in the interior than in the surface region, indicating that the
sample was not fully saturated with saline solution after the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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30 min experiment. Alternatively, the reason could also be
ascribed to the gluten matrix “sieving” the ions as the liquid
penetrated the sample.

To validate the material as a future candidate in hygiene
applications, an absorbance-under-load (AUL) test was per-
formed as a representative assessment of the material mimick-
ing operating conditions having a user on top. Fig. 5a shows
the AUL values when using a piston, which results in a con-
stant pressure of 0.20 psi (equal to 0.14 MPa) on the WG pad
layers. The sample with SBC (WG/GI-SBC-120) had the highest
AUL value at 1.5 g g, while the reference (WG/GI-120) only
showed an AUL of 0.65 g g~ '. The samples produced at 70 °C,
with or without ABC, had an AUL value similar or slightly
lower than the reference sample produced at 120 °C, despite
that the actual pressure on these materials was slightly lower
than on the SBC samples (Fig. 5b). The results show that the
SBC-foamed sample maintained a high absorption despite
being compressed, with an AUL value being half of the FSC
value (compare Fig. 4a and 5a).

Fig. 5c-b.1 displays the WG/GI-SBC-120 pad microstructure
after the AUL test and lyophilization, showing that the micro-
structure was essentially unchanged despite the compression

© 2025 The Author(s). Published by the Royal Society of Chemistry

during the absorption test. On the contrary, the microstructure
of the WG/GI-ABC-70 sample contained collapsed pores
(Fig. 5¢, d and d.1). The reason for the ABC sample having a
collapsed microstructure could be ascribed to the large pores
being less efficient in keeping the structural integrity under
constant load and the low foaming temperature resulting in
less disulfide cross-linking in the gluten (i.e., weaker pore
walls).>® The AUL values of the SBC sample were 25% of that
of the commercial PUR foam from a menstruation pad used as
a reference. The overall results from FSC, CRC, and AUL show
the potential of protein-based foams as a replacement for
today’s synthetic foams in absorbent layers for sanitary pads
while using readily scalable methods such as oven expansion.
However, in order to increase the materials’ competitiveness,
future work should focus on decreasing the density of the
materials and increasing further their FSC and AUL values.
Also, to fully assemble an entire sanitary pad, future work
should evaluate this material produced in different shapes and
layers, such as non-wovens and fluff pulp and assess their
breathability and tear/bursting properties.*’

The potential interactions between the water in the saline
solution (0.9 wt% NaCl) and the PUR and WG-pad absorbent

RSC Appl. Polym., 2025, 3, 438-452 | 445
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layers were investigated with FTIR (Fig. S5f). All WG-based
materials (dry and wet) had the characteristic amide I and II
peaks at 1666 cm™" and 1540 cm™ ", ascribed to the stretching
vibration of C—0 and deformation of N-H, respectively.*' The
PUR foam had characteristic peaks at 1200-1220 cm™" (attribu-
ted to N-H bending) and 1705-1720 cm™' (C=O bending),
which originate from the urethane group.*” The WG and PUR
materials have bands peaking at different positions in the
region above 3000 cm™" (which originate from O-H and N-H
stretch vibrations). In the presence of water, the resulting
bands indicate contributions from the same peaks as well as
from water (estimated peak position as a shoulder between
3250 and 3500 cm ™). This indicates that water has not pene-
trated all parts of the samples. It also indicates that most of
the water has the same degree of hydrogen bonding (a change

446 | RSC Appl. Polym., 2025, 3, 438-452

in the degree of hydrogen bonding would shift the frequency
of the O-H water band) in both the WG and PUR samples.
Hence, this suggests that the portion of water that interacts
directly with the material is small compared to the majority of
the water present. It may also indicate that the interactions
between water and the pad materials, including PUR, are
similar.

Even though this work is focused on the use of the WG-
based layers in sanitary pads, future work should also focus on
revealing the detailed mechanism of water-protein inter-
actions, in order to be able to increase the water absorbance
further. Some suggested approaches to assess protein-water
molecular interactions rely on atomic force microscopy (AFM),
single-molecule force spectroscopy (SMFS), and modeling
tools.*?

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.3 Mechanical properties

Fig. 6 shows the compression set and strain recovery of the
samples; relevant properties for the foam layer in a sanitary
pad. Overall, the degree of recovery after a 50% compressive
strain decreased with increasing compression time (from
30 min up to 24 h) for all foams (Fig. 6a-d). The SBC and
ABC foamed samples showed, however, a high recovery (low
compression set) of ca. 90 and 80%, respectively, after
30 min to 3 h compression (Fig. 6b and d). These specific
periods of time were chosen based on established guidelines
and recommendations for the use of sanitary pad products
to maintain optimal menstrual hygiene and prevent health
complications, e.g., infections, bacterial growth or odors.***>
A high recovery was also observed for the samples without
foaming agents at a shorter compression time. In general,
the samples produced at 70 °C (WG/Gl-70 and WG/GIl-
ABC-70) exhibited a lower 24 h-recovery after a short-term
(30 min) compression. These results provide further evi-
dence that the material’s integrity is significantly influenced
by the processing temperature, where the higher tempera-
ture results in greater disulfide cross-linking and more
aggregated protein structures, leading to stronger pore
walls.**™*® The WG/GI-SBC-120 pad layer exhibited the
fastest recovery, which was comparable to the PUR material
after 3 h recovery time (excluding the 24 h compression
time, Fig. 6e). This superior recovery in the WG/GI-SBC-120
pad is attributed to its homogenous porous structure, which

View Article Online
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enhances its ability to retain shape even after 24 h under
compression, as well as its high porosity. Fig. 6f shows the
compression set directly after removing the samples from
the compression device and as a function of compression
time. The result shows that the compression set is indepen-
dent of the compression time and the type of sample.
Further, the results are a first step in demonstrating the
potential of new bio-polymeric sources (proteins) in replicat-
ing up to 97% of the elastic compression recovery set of syn-
thetic absorbent layers used in sanitary pads.

Tensile test results show that the WG absorbent layers,
irrespectively of the formulation and density, have higher
elastic modulus (E) and larger extension at break (E = 3.2 MPa
and e, = 225%) than the synthetic PUR absorbent layer,
which makes them more competitive in terms of mechanical
properties (Fig. 7a and b). The samples that showed the
largest elongation at break were those processed at 70 °C
(here WG/GI-ABC-70 and WG/GI-70), followed by WG/GI-
SBC-120, which was processed at 120 °C (see Fig. 7b). The
increase in the extension at the break at lower temperatures
can be ascribed to the aggregation/self-crosslinking tempera-
ture of gluten occurring at 90 °C** and the previously
reported high alkalinity provided by SBC, inducing further
crosslinking in the protein.*®

The load-time time curves in the tear test of the WG-based
and PUR layers are displayed in Fig. 7. The PUR showed a
typical low-extensibility behaviour, with an average tear propa-
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elongation at break (ep). (c) Load-time charts for WG-based layers (highly extensible) and PUR (low extensible) and (d) average tear propagation force
and maximum extension before total fracture. Note: the values (within the same color group) are not significantly different (P < 0.05).

gation force of 0.06 N, which is 300 times lower than those of
the WG-pad materials. In addition, the WG-based materials
showed a high extensibility behaviour during the tear test,
with a high deformation visible around thecrack tip before its
propagation (see ESI Video S1f). The result from the tear
propagation test reveals that the WG materials have a higher
resistance to tear propagation compared to PUR foams. The
high resistance to tear propagation is an advantage for the
future design of other layers needed to assemble a complete
sanitary pad and future work should explore these properties
together with measurables of the flexibility of these materials.

3.4 Antioxidant and antimicrobial properties

The antioxidant and antimicrobial activity of WG-based
materials is shown in Fig. 8. These properties are important to
determine for sanitary items since they provide input consider-
ing the risk of infections or odors during their use.
Antioxidant activity helps to neutralize odor-causing oxidation
reactions, while antimicrobial activity inhibits bacterial
growth, ensuring better vaginal health and allowing for safer
usage.’® The samples produced at 120 °C were used in the test
since the SBC pad layer had the best overall foam and absorp-
tion properties. The use of SBC as a foaming agent decreased
the antioxidant activity by ca. 90% compared to the reference

448 | RSC Appl. Polym., 2025, 3, 438-452

WG material. A hypothesis is that SBC is interfering in the
rearrangement of disulfide (-S-S-)/sulfhydryl (-SH) groups at
elevated temperatures, possibly lowering the amount of avail-
able sulfhydryl-groups, which, in turn, contributes to a
decrease in the antioxidant activity of WG-pad materials con-
taining SBC.>?

The antimicrobial activity of WG-based materials, after 24 h
and 37 °C incubation, was investigated, and the results are
shown in Fig. 8b. The WG/Gl-120 and WG/GI-
SBC-120 materials presented surface antimicrobial activity
against E. coli and B. cereus, as it can be seen by the non-
opaque contact surface over the materials analyzed. This is
particularly evident for WG/Gl-120 foams, which demonstrated
more than 90% of the translucid surface, suggesting no
microbial growth on the contact surface of the material for
both bacterial strains evaluated. This can be explained by the
potential contribution of the charged amino acid residues in
WG, which contributes to antimicrobial activity due to lipophi-
licity, electronic properties, and electrical charges leading to
interaction and degradation of bacterial cell morphology.”* On
the another hand, the incorporation of SBC to WB-based
materials contributed to lowering the antimicrobial activity of
the materials, as opaque regions are detected in the WG/G1-
SBC-120 materials. This late result might be associated with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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activity was detected. Note: different letters mean the values are significantly different (P < 0.05).

the increase in the pore formation promoted by SBC as a
blowing agent. This creates ideal conditions for bacterial
growth, which can be correlated with the increase of contact
surface and their capacity to adapt their metabolism.>*

Both microorganisms are potential vaginal pathogens;
E. coli, a Gram-negative bacteria, can cause infections through
contamination from the gastrointestinal or urinary tract, while
B. cereus, a Gram-positive spore-former, can infect the vagina
through contact with contaminated surfaces. Both can lead to
symptoms such as irritation, discharge, and discomfort,
requiring prompt medical attention. Therefore, designing pads
that reduce the risk of infections is of high importance.’®>®
Surface antimicrobial activity is interesting in cases where the
prevention of microbial growth is required in touch with the
material, such as wound healing, which demonstrates the
potential of the developed pads to reduce/inhibit bacterial
growth during the time it is used. It is worth mentioning that
thermally processed gluten has previously been shown to have
rapid biodegradation in soil and hydrolytic environments,
which is relevant for developing absorbent layers in sanitary
pads that rapidly degrade into safe molecules for the environ-
ment, avoiding risks for micro-plastic and PFAS
accumulation.?®>°

4. Conclusions

The fabrication of environmentally friendly WG (protein)-
based absorbent layers displaying relevant properties to be
considered as potential alternatives to synthetic foams con-
tained in sanitary pad products, is reported. The use of gluten
and non-toxic foaming agents enabled the fabrication of
absorbent pad layers through simple batch expansion at low

© 2025 The Author(s). Published by the Royal Society of Chemistry

temperatures with a circular bioeconomy strategy. The pro-
duced protein pad layers showed high mechanical extensibility
and superior tear resistance despite their low density (down to
430 kg m™), and the materials’ microstructure was highly
related to the bicarbonate type used. The results suggest that
the absorption capacity (both with and without load) is pri-
marily dependent on the blowing agent used, while the struc-
tural integrity of the materials depends on processing tempera-
ture. The processed pad layer using sodium bicarbonate
resulted in AUL values up to 1.5 g g~ " after 1 h and with an
almost complete shape recovery after 3 h of compression.
Despite the incorporation of the blowing agent causing a
decrease in the natural antioxidant activity of WG-based pads,
the materials have exhibited antimicrobial activity against
pathogen bacteria strains. The mechanical properties were
within the range of reference PUR foams used in commercial
absorbents, with relevant blood, saline uptake and mechanical
properties making them competitive for absorbent layers in
menstruation pads. The work paves an avenue towards includ-
ing gluten-based alternatives in absorbent layers contained in
sanitary pads, which reduces, on a global scale, the littering
and landfilling and also limit microplastic issues, and opens
up for future studies on manufacturing more layers that, when
assembled form a full sanitary article.
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