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Abstract: The replacement of common acrylic derivatives by biodegradable materials in the formulation of superabsorbent materials would lessen the associated environmental impact. Moreover,
the use of by-products or biowastes from the food industry that are usually discarded would promote
a desired circular economy. The present study deals with the development of superabsorbent materials based on a by-product from the meat industry, namely plasma protein, focusing on the effects of a
freeze-drying stage before blending with glycerol and eventual injection molding. More specifically,
this freeze-drying stage is carried out either directly on the protein flour or after its solubilization
in deionized water (10% w/w). Superabsorbent materials obtained after this solubilization-freezedrying process display higher Young’s modulus and tensile strength values, without affecting their
water uptake capacity. As greater water uptake is commonly related to poorer mechanical properties,
the proposed solubilization-freeze-drying process is a useful strategy for producing strengthened
hydrophilic materials.
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1. Introduction
Superabsorbent materials are capable of absorbing and retaining water in quantities
higher than ten times their own dry weight [1,2]. Traditionally, superabsorbent materials
are based on acrylic derivatives [3,4], which are expensive, toxic, and highly pollutant due
to their fairly low biodegradability. These materials are extensively used in the personal
care industry, so their use time is relatively short as they are easily disposable, which
contributes to the environmental issues caused by poorly biodegradable synthetic plastics.
In contrast, some studies have pointed out the feasibility of obtaining superabsorbent
materials from natural sources such as porcine plasma protein [5–7], soy protein [8–11],
or gluten [12].
The meat industry produces a huge amount of blood, which is rich in proteins [13]
and should not be directly disposed of in landfills or effluents due to its high organic
charge, which can produce high pollution levels due to the high biochemical oxygen
demand (BOD) [14–16]. Therefore, extensive use and revalorization of this by-product
would be of great interest to increase the competitiveness and business growth of the meat
industry and to promote the integration of circular economy principles. Plasma is the
blood fraction that remains after the separation of the red cells and platelets [17] through
centrifugation, which can be dried to obtain a porcine plasma protein (PPP) powder. This
by-product is already used in the food industry either as an emulsifier, as a water-holding
agent [18] in frankfurters [19,20] and sausages [13], or as an alternative to certain other
protein ingredients, such as egg [21,22]. Furthermore, the excellent film-forming potential
displayed by porcine plasma protein has proven to be useful in the development of films
for food packaging, replacing synthetic plastics [23–25]. As mentioned earlier, some studies
have also pointed out the potential of PPP for superabsorbent applications, showing water
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uptake capacity values as high as 3600% [6], which can be attributed to its considerable
contents of polar amino acids, such as glutamic and aspartic acid [26].
The superabsorbent capacity of protein-based materials is strongly dependent on
the processing conditions, being reduced as temperature increases due to the promotion
of crosslinking [5,27]. Furthermore, longer residence times, either in the mold or during
storage at relatively high temperatures, lead to an increase in the physical crosslinking
within the structure, also hindering the swellability of the samples [5,10,28]. Likewise, the
variation of the pH in the raw protein material affect the amount of water that samples
can hold [6]. Temperature, time, and pH are crucial factors, as they promote changes in
the sample structure, and consequently in the existing interactions between the protein
chains [29]. As mechanical properties are mostly inversely related to water absorption,
superabsorbent materials commonly possess very poor mechanical properties, sometimes
even being solubilized to a certain extent when immersed [5,10]. In an attempt to overcome
this drawback, certain strategies have been pursued (e.g., crosslinking agents, acrylic copolymerization), although at the cost of their ecological character [4,30]. The solubilization
and freeze-drying of proteins might impact their conformational structure [31], as has
been highlighted before when this procedure was used to modify the pH of PPP [6]. The
alteration of the molecular structure through freeze-drying could eventually influence the
properties of the material that would be obtained from that protein source after thermal
processing (i.e., injection molding) [32–34], even though the economic and environmental
impacts should not be neglected if applied industrially.
The present manuscript aims to study the effects of freeze-drying on the properties
of porcine-plasma-based superabsorbent materials. For this purpose, the protein source
samples are either directly freeze-dried or first solubilized in water and subsequently
freeze-dried. To evaluate the differences, rheological measurements, mechanical and water
uptake tests, and scanning electron microscopy are carried out.
2. Materials and Methods
2.1. Materials and Sample Preparation
In the present study, porcine plasma protein (PPP) was used as the raw material. The
protein flour was kindly supplied by Proanda S.A (AproPork, Essentia Protein, Ankeny, IA,
USA), asp: 6.97 g/100 g of protein; Glu: 10.04 g/100 g of protein. The PPP protein content
(74% w/w) was determined by multiplying the percentage of nitrogen by 6.25 (the Kejdhal
factor for this kind of material). The nitrogen content was estimated using a LECO CHNS932 nitrogen analyzer (Leco Corporation, St. Joseph, MO, USA). The moisture content was
estimated to be around 6% and the ash content was around 17%. Pharma-grade glycerol
(Gly), delivered by Panreac Química S.A (Barcelona, Spain), was employed as a plasticizer
for all systems.
Untreated PPP flour (UF) in as-received condition (6% humidity) was employed as the
reference. Then, the effects of freeze-drying were studied through two different procedures:
an initial procedure where the flour was conveniently frozen at −40 ◦ C, then freeze-dried at
−80 ◦ C (FD) in a LyoQest freeze-dryer (Telstar Technologies, Barcelona, Spain); and a second
procedure where 10 g of PPP was solubilized in 100 mL of deionized water, after which the
PPP solution was frozen at −40 ◦ C and subsequently freeze-dried at −80 ◦ C (SFD).
Superabsorbent materials based on PPP have previously been obtained by performing
a mild injection molding procedure [5–7], which was also followed in the present study.
This procedure started with a blending stage in a Haake Polylab QC two-blade counterrotating mixer (ThermoHaake, Karlsruhe, Germany), whereby 65 g of PPP and glycerol
were intimately mixed at a 50:50 ratio. This stage took place at room temperature for
5 min and at 50 rpm, while the mixing rheometer recorded the torque and temperature in
the mixing cavity. Subsequently, 1.5 g of the obtained homogeneous blend was injection
molded into a rectangular mold (1 × 10 × 60 mm3 ) using a Minijet Piston Injection Molding
System (ThermoHaake, Karlsruhe, Germany). The temperature of the feed cylinder was
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always 40 ◦ C, while the mold temperature was 60 ◦ C and the pressure employed during
the injection and holding stages, which lasted 150 s, was 500 bar.
2.2. Methods
2.2.1. Linear Viscoelastic Properties
Viscoelastic properties were estimated using dynamic mechanical temperature analysis (DMTA) within the linear viscoelastic range (LVR) by carrying out compressional and
torsional measurements for the blends and protein-based materials, respectively. A RSA3
rheometer (TA Instruments, New Castle, DE, USA) was used to perform the compression
mode tests on blends using a cylindrical geometry measuring 8 mm in. diameter. On the
other hand, protein-based materials were tested in a DHR-3 rheometer (TA Instruments,
New Castle, DE, USA) in torsion mode. In every case, strain sweep tests (0.001–10%) were
initially carried out at 1 Hz to identify the strain amplitudes that defined the LVR. Afterwards, temperature ramp tests were performed by employing a heating rate of 5 ◦ C/min
from 25 ◦ C to 140 ◦ C for blends or from −30 ◦ C to 140 ◦ C for the protein-based materials,
at a constant frequency (1 Hz) and strain (within the LVR).
2.2.2. Tensile Properties
In order to estimate the mechanical properties of the plastic samples, uniaxial tensile
tests were performed until breaking point using a Dynamic Mechanical Analyser RSA3 (TA
Instruments, New Castle, DE, USA), with a rectangular tensile geometry (tension mode) at
a constant strain rate of 1 mm·min−1 at room temperature ('25 ◦ C). Typical mechanical
stress-strain curves were obtained, from which mechanical properties were determined, such
as the Young’s modulus (E), maximum or ultimate stress (σmax ), and strain at break (εmax ).
2.2.3. Differential Scanning Calorimetry (DSC)
DSC tests were performed in an 822 calorimeter (Mettler Toledo, Worthington, OH,
USA) using Mettler Toledo Star System software. For this purpose, 12–14 mg of biomass
were located in hermetically sealed aluminum pans and tests were run at a rate of
10 ◦ C/min from −25 to 300 ◦ C using an empty pan as a reference.
2.2.4. Water Uptake
Water uptake capacity (WUC) values for the obtained samples were determined using
a protocol described in previous studies [1,5]. First, the protein-based materials were placed
in an oven at 50 ◦ C until constant weight (w1 ). Then, they were immersed in deionized
water for 24 h and then weighed (w2 ). Finally, samples that had been dried for 24 h were
weighed again (w3 ). The WUC and soluble matter loss (SML) can be calculated using the
following equations [5]:
(w2 − w3 )
WUC (%) = 100·
(1)
w3
SML (%) = 100·

( w1 − w3 )
w1

(2)

2.2.5. Scanning Electron Microscopy
Following immersion, swollen PPP-based samples were then freeze-dried (−80 ◦ C,
0.01 mbar) and cut into small pieces (2–3 mm). Afterwards, they were gold-coated and
observed using scanning electron microscopy (SEM). A ZEISS EVO (Carl Zeiss Microscopy,
White Plains, NY, USA) microscope was used to evaluate the microstructure of the selected swollen PPP-based materials. Micrographs were acquired using a beam current of
11–12 pA at a working distance of 6 mm and with an acceleration voltage of 10 kV. Analyses
were carried at 60x magnification. In addition, the pore size was studied using a digital
processing software (ImageJ, Bethesda, MD, USA). The mean diameter was obtained by
measuring several pores in the images obtained for each system.
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2.3. Statistical Analysis
In the current study, all measurements were performed in triplicate. Statistical studies
were performed using ANOVA comparisons in the Statgraphics software (The Plains, VA,
USA). Uncertainty was expressed as mean values ± standard deviations, which were
plotted for all calculated parameters.
3. Results and Discussion
3.1. Mixing Stage
In this section, the torque and temperature evolution inside the mixer as the PPP
and glycerol were blended are presented in Figure 1. The evolution of both parameters
was similar to that observed in previous studies for analogous systems [5,7]. The torque
profile initially displayed a sudden increase due to the instantaneous compaction of the
raw materials when pressed down by the plunger. The torque value dropped down to
2 N·m immediately after, remaining steady at this value during the whole mixing stage.
Regarding the temperature profile (∆Temperature), explained as the difference between
the instantaneous temperature inside the mixer and the initial temperature of the blend, no
noticeable changes were observed, as the largest increase of temperature recorded within
the cavity of the mixer was about 2.5 ◦ C for the SFD sample, remaining at 1.2 ± 0.3 ◦ C at the
end of the mixing stage in all cases. All samples showed the same tendency, which led to
the conclusion that no significant mechanical energy dissipation took place inside the mixer
during the mixing stage. This means that no important protein reticulation or crosslinking
may be expected, as these interactions, which commonly occur when the processing
conditions are extreme, typically involve an apparent increase in temperature [35].

Figure 1. Torque and temperature profile developed within the mixer cavity during the mixing stage
for porcine plasma protein-glycerol blends using UF, FD, and SFD protein systems.

3.2. Thermal Characterization of the Systems
3.2.1. Evolution of the Rheological Properties of the Blends with Temperature
The homogeneous blends obtained just after the mixing stage were rheologically
characterized (Figure 2) in order to observe the thermal transitions of the PPP systems,
which provided valuable information for the subsequent injection procedure [7]. All
studied samples showed similar behavior, presenting the same qualitative events: (I) at
relatively low temperatures, steady storage moduli (E0 ) values were observed until a certain
temperature (between 45 and 60 ◦ C) was reached; then (II), a temperature-induced drop
took place until a minimum was achieved, reaching a decrease of two orders of magnitude
in the E0 values; from the temperature where the minimum was located, (III) an increase in
E0 took place due to protein aggregation and gelation processes.
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Figure 2. Evolution of the compressional storage modulus (E0 ) and loss tangent (tan δ) of blends
from porcine plasma protein (PPP) and glycerol materials using UF, FD, and SFD protein systems,
obtained through temperature sweep tests ranging from 30 to 140 ◦ C at 1 Hz within the lineal
viscoelastic range.

The glassy plateau observed in the first stage (I) was kept until a certain temperature,
which seemed to be displaced onto higher temperatures when PPP samples were submitted
to a freeze-drying step. Thus, the storage moduli of the reference sample (no freezedrying) started to decrease around 45 ◦ C, while both freeze-dried samples started to
decrease at approximately 57 ◦ C, independently of the procedure followed. Likewise, the
freeze-drying of the protein flour also seems to quantitatively influence the viscoelastic
moduli, showing lower values in the reference (UF) sample than for samples that were
freeze-dried, regardless of having been previously solubilized in deionized water (SFD)
or not (FD). The observed differences may be associated with the fact that the freezedried samples did not contain any moisture, unlike the reference, which contained 6%
water, which could play a plasticizer role. Therefore, in spite of all samples possessing
the same glycerol content, FD and SFD samples contained lower overall quantities of
plasticizer, resulting in reduced mobility between chains, and eventually promoting greater
viscoelastic moduli [36]. Moreover, the SFD PPP system could also have been affected
by the difference in the ice nucleation history, which may have promoted a difference in
the stresses exerted on the protein as the water removal gradually increased the protein
concentration in the aqueous solution. As it was freeze-dried, a solution with increasing
viscosity was formed, which could increase intermolecular reaction rates, resulting in an
alteration in the protein conformation [37].
The decrease observed in the second stage (II) of the thermal treatment of the blends
was reported to be associated with the promotion of the mobility of polymeric chains at
higher temperatures [6]. At the end of this event, an apparent minimum was observed at
a temperature that depended on the procedure followed, as previously observed for the
glassy plateau. The reference sample displayed lower viscoelastic moduli values at the
minimum point than the freeze-dried samples, which may be connected with the higher
amount of plasticizer, as previously mentioned. These minimum values were located at
62.5 ◦ C for the UF and SFD samples and at approximately 73 ◦ C for the FD sample.
The increase in the storage modulus after the minimum (III) occurred as proteins such
as albumin [38,39] aggregated. The two different slopes shown during the strengthening
may correspond to the different protein fractions present in the PPP [5]. Additionally,
similar behavior was presented in previous studies for PPP-Gly blends [5,6]. However, the
effects of freeze-drying observed on the rheological properties of the protein source were
quite apparent and innovative.
Additionally, as observed in Figure 2, the loss tangent (tan δ = E”/E0 ) generally showed
values below the unity level across the whole temperature range studied, indicating a solid-
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like behavior for all samples, as the storage moduli (E0 ) were always higher than the viscous
moduli (E”) [7,40]. A remarkable peak in tan δ could always be distinguished, which is
typically referred to as the glass transition of the system [41]. Thus, the temperatures at
which this peak occurred for the studied samples were between 60 and 65 ◦ C, matching
values previously reported for similar samples [6].
3.2.2. Differential Scanning Calorimetry (DSC)
It should be highlighted that the thermal transitions detected in the SFD sample
happened at higher temperatures but within a smaller temperature range than the rest. To
confirm this, DSC was performed on both the UF reference and the SFD sample (Figure 3).
DSC tests confirmed this, which could be explained by certain molecular rearrangements
that might have taken place when dispersing the sample in deionized water.

Figure 3. DSC thermograms for the UF and SFD porcine plasma protein systems run at a heating
rate of 10 ◦ C/min.

Calorimetric techniques are widely used to identify the thermal transitions in proteins
and other biomacromolecules [42,43]. Regarding these results, only two well-differentiated
peaks could be distinguished in the thermograms—the first at around 162 and 167 ◦ C and
the second located at 177 and 187 ◦ C for the UF and the SFD samples, respectively. The
thermal energy values related to the first peak were around 2.4 (W/g)·◦ C and were quite
similar for both samples. On the other hand, in the case of the second endothermal peak, it
was slightly higher in the case of the solubilized and freeze-dried sample (27.5 (W/g)·◦ C)
when compared to the reference (23.7 (W/g)·◦ C). These peaks might correspond to a
denaturation point that would favor a greater flowability [44] that would take place in a
broader temperature range for the reference (20 ◦ C) than for the SFD sample (10 ◦ C), with
a thinner peak. Therefore, these results would confirm the fact that the SFD-containing
blend showed thermal transitions across a smaller temperature range, just as observed
in the DMTA tests (Figure 2). The differences among samples may be caused by the
conformational changes suffered by the proteins after being solubilized in water, which
could eventually produce alterations in the protein functionality and stability [45,46].
3.2.3. Evolution of the Rheological Properties of the PPP-Based Materials with Temperature
Injection-molded plastic materials obtained from UF, FD, or SFD systems were submitted to temperature sweep tests in order to identify the influence of temperature on their
viscoelastic properties (Figure 4).
As expected, in all cases, the samples showed G0 values higher than those for G”,
which resulted in tan δ values below the unity level across the whole temperature range.
At lower temperatures, the sample subjected to the SFD process showed higher values for
G0 than the rest of the samples, implying the formation of a more strengthened structure,
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which could be associated with the rearrangements that might have occurred during the
solubilization process. As the temperature increased, softening was detected for all samples
through a decrease in G0 until a minimum was found, from which G0 significantly increased.
This increase in the viscoelastic properties took place at temperatures higher than 60 ◦ C
(the molding temperature), as previously reported for similar materials based on PPP and
glycerol [5–7,47]. The increase in the viscoelastic properties as the temperature gets higher
is typical of the thermosetting potential shown by plastic materials molded in relatively
mild conditions, under which plasticized polymers still display thermoplastic behavior.
A previous study highlighted the importance of mild processing conditions in producing
superabsorbent materials from PPP, as thermal crosslinking hinders water uptake [5].
However, the promotion of the hydrophilic character of the materials is achieved at the
expense of a poor strengthening of the structure, which sometimes leads to undesired
disintegration of the superabsorbent material when immersed. Moreover, the UF sample
displayed the lowest G0 values at the minimum point, which may be explained by the
greatest plasticization degree being achieved due to the higher moisture content of the flour.
However, samples obtained from freeze-dried flours displayed similar values for G0 at the
minimum point, as water was removed from both of them. As the temperature further
increased, a tendency toward plateau values was observed for all samples. Nevertheless,
the FD sample finally displayed higher values of G0 than the SFD sample, indicating a
greater thermosetting potential for this sample.

Figure 4. Evolution of the storage (G0 ) and viscous (G”) moduli in torsion mode for porcine plasma
protein-glycerol materials using UF, FD, and SFD protein systems, obtained through temperature
sweep tests from 30 to 140 ◦ C at 1 Hz within the lineal viscoelastic range.

3.3. Mechanical Characterization of the PPP-Based Materials
The evolution of the main mechanical properties (E, σmax , εmax ) of the protein-based
materials obtained from PPP submitted to different procedures is shown in Figure 5. Typical
stress-strain curves of uniaxial stress until breaking point were obtained for all samples. At
the beginning of the curves, a linear slope characteristic of an initial Hookenian behavior
could be distinguished, from which Young’s modulus (E) values could be determined.
After the yield stress was surpassed, plastic deformation was observed, whereby small
stresses resulted in important deformations. The tests ended when materials reached the
ultimate stress point (σmax ) and underwent rupture at the maximum strain point (εmax ).
When the mechanical parameters of the materials obtained from the UF sample were
compared to those of the materials from the FD source, no differences were perceived
in terms of Young’s modulus values. However, a significant although slight decrease
could be perceived in σmax values, being more noticeable than εmax values. The lower
deformability shown by the FD sample might be related to the reduction in the amount
of plasticizer (glycerol + moisture) [48]. On the other hand, more remarkable differences
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were determined for materials processed from the SFD flour. The SFD stage led to a greater
strengthening of the injection-molded sample, as E increased from 0.1 × 105 to 7.8 × 105 Pa.
This strengthening was also denoted by a remarkable increase in the tensile strength, as
σmax increased from 0.5 × 106 to 1.8 × 106 Pa. As the lower plasticizer content did not
have a strong influence on E or σmax , the solubilization in deionized water should be the
main reason for this reinforcement. Moreover, εmax dropped from around 135% to 13%
when PPP was solubilized, as the reinforcement made the samples more fragile. Some
authors have reported that ice formation during freezing may promote protein denaturation
through ice-protein interactions, altering the conformational structure of the protein [49].
Zhan et al. showed that unfolding takes place in proteins when they are freeze-dried,
which may produce higher amount of reactive sites, promoting the bonding between
chains (hydrophobic interactions and hydrogen bonding) (Figure 6) [50]. The results
obtained with SFD samples seem to support this hypothesis, whereby a greater exposition
of reactive groups along the polymeric chain to ice may lead to a greater reinforcement
during the material processing.

Figure 5. Mechanical parameters of porcine plasma protein-glycerol materials using UF, FD, and
SFD protein systems, obtained through uniaxial tensile tests at a deformation rate of 1 mm/s.
Average values marked with different lower-case or upper-case Greek letters are statistically different
(p < 0.05).

Figure 6. Proposed scheme for the main interactions promoted when protein unfolding takes place.
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3.4. Water Uptake Capacity of PPP-Based Materials
The water uptake capacity (WUC) values obtained for the different samples can be
observed in Figure 7. Regarding the WUC values of the different samples obtained from
different procedures (UF, FD, SFD), it is remarkable that all of them can be considered
superabsorbent materials, as their WUC values surpassed the lowest threshold required
(1000%) [2]. Superabsorbent materials were previously obtained from porcine plasma
protein, as reported in some studies [5–7]. Furthermore, although the SFD sample displayed
a higher WUC value than FD or UF samples, no significant differences were found. Thus,
the reinforcement in the material achieved by the aqueous solubilization of PPP, as shown
by the remarkable increases in the mechanical properties of the samples, did not seem to
have any negative consequence in terms of the water absorption capacity.

Figure 7. Water uptake capacities of porcine plasma protein-glycerol materials using UF, FD, or SFD
protein systems, obtained through deionized water immersion over 24 h. The dashed line indicates
the superabsorbent threshold. Average values marked with different lower-case Greek letters are
statistically different (p < 0.05).

Otherwise, the SFD treatment of the PPP prior to its blending and subsequent injection
molding seemed to have a great impact on the soluble matter loss.
3.5. Scanning Electron Microscopy (SEM)
Figure 8 shows the micrographs obtained through SEM of the swollen and freezedried matrices of the reference sample (Figure 8A) and the samples submitted to the FD
(Figure 8B) and SFD procedures (Figure 8C). The porous structure observed for all samples
was caused by the inclusion of water into the polymeric structure during the immersion
stage, as glycerol was lost into the immersion media during the 24 h immersion process.
This entrapped water was later removed in the freeze-drying stage that took place after
swelling, leading to the formation of pores throughout the structure. As can be seen, the
UF sample had much larger pores (182 ± 53 µm) than the SFD sample (74 ± 15 µm), which
displayed a larger number of smaller pores, while the FD sample contained intermediate pores (110 ± 30 µm). Thus, smaller pore sizes may be the result of the mentioned
reinforcement in the structure, as shown by the increases in E and σmax values [7,10] in
Figure 5. As mentioned before, a conformational change should take place solubilized
and freeze-dried proteins [31], which would influence the protein-protein interactions [42],
and consequently the overall structure of the materials. In previous studies, reductions
in pore size were achieved through an increase of the mold temperature or through an
excessively long molding stage, causing thermal crosslinking, and consequently lower
WUC values [5,10]. In the present manuscript, the obvious reduction the pore size was
caused by the initial treatment of the raw material, which did not hinder the WUC but did
improve the mechanical properties of the final material.

Polymers 2021, 13, 772

10 of 12

Figure 8. SEM micrographs of matrices obtained after swelling and freeze-drying of injection-molded reference (A), FD (B),
and SFD (C) porcine plasma protein samples.

4. Conclusions
The solubilization and freeze-drying processes used in the development of green
superabsorbent materials based on porcine plasma protein and glycerol seems to exert a
significant influence on the final physicochemical properties.
When the protein source was only freeze-dried prior to blending with the plasticizer,
slight changes in the rheological and mechanical properties could be detected, being mainly
attributed to its lower plasticizer content due to moisture removal. Otherwise, the addition
of a solubilization stage of the porcine plasma protein prior to freeze-drying resulted in
greater differences. In this case, samples showed greater viscoelastic moduli across the
whole temperature range, either for blends or PPP-based materials. Furthermore, the
Young’s modulus and maximum stress values of the solubilized-freeze-dried samples
were greater, being around 7.5 and 3.5 times higher, respectively. On the other hand,
the maximum strain values reduced more than 10-fold when compared to the rest of the
samples, making them considerably more fragile. The observed change in the mechanical
properties could be supported by the noteworthy decrease in the pore size of the solubilizedfreeze-dried samples.
One of the most remarkable facts of the present study is that neither of the two
treatments carried out (FD or SFD) led to any significant modification of the water uptake
capacity of the UF-containing matrix, with samples surpassing in every case the lowest
threshold required to be consider as superabsorbent materials. Thus, improvements in
the mechanical properties of superabsorbent materials developed from porcine plasma
protein and glycerol could be achieved without needing to use a stronger thermal treatment,
submitting the protein source only to freeze-drying (especially if a previous solubilization
stage had been previously conducted) before mixing and injection.
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