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Abstract: Porcine plasma protein is a by-product of the meat industry, which has already been
applied in the manufacture of superabsorbent materials. The effects of plasticizer content (0%, 25%,
50%), together with those of the drying method (freeze-drying, thermal drying at 50 °C), during the
processing of superabsorbent porcine plasma matrices were studied in this manuscript. Although the
presence of glycerol accelerated the water absorption kinetics, the highest water absorption (~550%)
was achieved by samples not containing any plasticizer. Viscoelasticity decreased at higher glycerol
contents and especially after water absorption. When swollen samples were dried through freeze-
drying, porous structures with a sponge-like appearance were obtained. Oppositely, thermally dried
samples suffered an evident shrinkage that reduced porosity, displaying a more uniform surface.
The effect of the drying method was observed since only freeze-dried samples can be rehydrated,
displaying a superabsorbent ability (absorption higher than 1000%), which could be used in several
applications (food, agriculture, personal care).

Keywords: porcine plasma protein; rheology; polymer processing; superabsorbent materials

1. Introduction

Absorbent and superabsorbent materials (SAMs) are able to absorb and retain a huge
amount of water (over 1000 wt.% its own weight) [1]. During and after water absorption,
the hydrophilic three-dimensional network can retain a large amount of water without
dissolving in it, due to the existence of chemical and physical interactions that keep the
structure together [2]. Although these materials have many applications, mainly in the
personal care market, most of them are based on non-biodegradable synthetic polymers
(i.e., acrylic based) [3]. Growing environmental awareness promotes the replacement
of these petrochemical polymers by biodegradable natural polymers [4], whose process-
ing onto biodegradable superabsorbent materials would also bring about a reduction in
oil dependence [5].

Proteins are biopolymers comprising different combinations of 20 amino acid residues
existing in nature linked by peptide bonds [6]. Moreover, several food industry wastes
and by-products are rich in protein fractions, converting them into a relatively cheap,
sustainable raw material source for a circular economy [7]. Proteins from different natural
sources, such as soy, rapeseed, blood meal, and gluten, among others, have been used for
the manufacture of protein-based superabsorbent materials [8-12]. In this sense, the success
in the development of superabsorbent materials from protein sources relies on their content
of polar amino acids (e.g., aspartic and glutamic acids). Porcine plasma protein, which is
a by-product from the meat industry, is rich in hydrophilic residues, and it has already been
employed in the food industry as a water-holding agent [13] or has even replaced other raw
materials, such as egg [14]. Furthermore, when formulated and processed conveniently,
porcine plasma protein can produce biodegradable superabsorbent materials [11,15,16].

The processing method for superabsorbent materials may vary, including extrusion,
injection molding, compression molding, and casting [17-20]. These processing techniques
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traditionally used for synthetic polymers typically require a heating stage to promote the
formation of the polymer network. Consequently, the reinforcement of the biopolymer
network is achieved through the development of covalent bonds, which in counterpart
would result in a reduction in the probe swelling and consequently a diminished water
absorption capacity [21,22]. The processing conditions of protein-based superabsorbent
materials predetermine their further functional properties (i.e., water absorption capacity,
stiffness, transparency), and as a result, they can be adjusted to enhance some specific
properties [22]. In this context, emerging technologies for polymer processing (e.g., freeze-
drying) may play a key role in the next polymer generation [23].

Freeze-drying processing allows solvent evaporation without promoting significant
structural changes, which, in this kind of materials, would mean maintaining the porous
structure formed after water absorption [24]. This would lead to the formation of a sponge-
like structure in the final freeze-dried matrix, which would be able to reabsorb the solvent.
Previous studies have demonstrated that a porous structure has a positive effect on water
uptake capacity, facilitating water penetration through the porous structure [11].

Contrary to conventional heat-based processing techniques, the final volume of sam-
ples does not change significantly when they are dried by freeze-drying, and if the polymer
concentration is high enough to bear its own weight, the tridimensional structure present in
the solution remains after solvent evaporation [25]. This processing technique has already
been described for the formation of scaffolds for tissue engineering generated from dis-
solved polymers [26]. However, this method has not been still proposed for the formation
of a tridimensional matrix with superabsorbent capacity.

The goal of this work was to analyze the effect of freeze-drying processing compared
to natural convection heat-based drying processing to produce protein-based superab-
sorbent matrices with a sponge-like structure. Porcine plasma protein was initially mixed
with glycerol as a plasticizer at three protein/plasticizer ratios (50/50, 75/25, and 100/0).
Swollen matrices were generated after water immersion for 48 h, and then natural convec-
tion heat-based drying and freeze-drying were applied to obtain sponge-like structures
with superabsorbent properties. The mechanical properties of the probes at different stages
of the process were determined by dynamic mechanical analysis (DMA), whereas the
kinetics of water absorption and subsequent reabsorption was also analyzed.

2. Materials and Methods
2.1. Materials

Proanda Ltd. (Seville, Spain) kindly supplied the porcine plasma protein (PPP; Es-
sentia Proteins, Ankeny, IA, USA) used in this study. According to the results previously
reported, the protein content of the PPP system was ca 74% [11]. Glycerol (Gly) from
Panreac Quimica S.A. (Barcelona, Spain) was the only plasticizer used for all samples.
Deionized-grade water was used for water absorption tests.

2.2. Methods

Protein-based samples were obtained following a two-stage process: Initially, PPP and
glycerol blends were obtained at three different ratios (50/50, 75/25, and 100/0) by using
a two-blade counter-rotating Haake Polylab QC batch mixer (ThermoHaake, Karlsruhe,
Germany). Blends were obtained at room temperature and 50 rpm for 5 min; subsequently,
protein-based samples were obtained after the processing of blends by the Minijet Piston
Injection Molding System (ThermoHaake, Karlsruhe, Germany). Cylindrical specimens
(10 mm diameter, 15 mm length) were obtained at 60 °C and 500 bar pressure for 150 s [17].
Superabsorbent matrices were generated after submitting protein-based samples to 48 h
of water immersion and subsequent drying either in a conventional oven or by freeze-
drying. On the one hand, the samples were placed in a UN55 oven (Memmert, Germany) at
50 °C for 24 h. Samples were subjected to heat-drying under natural convection con-
ditions (in the absence of any forced air circulation). On the other hand, the samples
were first conveniently frozen at —40 °C for 24 h in a static freezer (Model EVF 110/45;
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Equitec, Madrid, Spain), and then they were freeze-dried in vacuum flasks fitted to an
8-port manifold of a LyoQuest freeze-dryer (Telstar Technologies, Barcelona, Spain) (con-
denser temperature: —85 °C; temperature of sample holder: room temperature; pressure:
0.01 mbar).

2.2.1. Linear Viscoelastic Properties

The viscoelastic properties of the samples studied were determined through dynamic
mechanical analysis (DMA) within the linear viscoelastic region (LVR). Samples studied
included (i) probes after injection molding, (ii) swelled probes after water immersion for
48 h (i.e., containing the water absorbed), and (iii) superabsorbent matrices obtained either
after natural convection thermal drying or after freeze-drying. DMA tests consisted of
frequency tests (from 0.01 to 20 Hz) performed in an RSA-III rheometer (TA Instruments,
New Castle, DE, USA) at room temperature. A 10-mm-diameter cylindrical compression
geometry was selected for these tests. Prior to frequency tests, strain sweep tests were
performed to select a strain within the LVR.

2.2.2. Water Uptake and Swelling Ratio

The water uptake capacity (WUC) and the soluble matter loss (SML) were deter-
mined after placing the samples (1-1.5 g) in a vessel containing 300 mL of water. These
parameters were estimated for the injection-molded probes and superabsorbent matrices
as follows [27]:

WUC (%) = =0 900 )
Wo
SML (%) = 22— "d 100 ?)
wo
where wy refers to the initial weight of the sample, w; to the weight of the sample after
water immersion for a time t (swollen samples), and wy to the weight of dried samples
after water immersion.
To analyze the effect of protein content on absorption properties, the WUC can also be

referred to the initial protein content as follows:

WUC, (%) = "0 109 3)
Wo-Xp

where Xp is the protein fraction present (0.5, 0.75, and 1 for 50/50, 75/20, and 100/0 PP1/Gly

ratios, respectively).

Apart from the WUC and SML, the kinetics of the water absorption was also estimated
by measuring the increase in weight as a function of time. No external load was applied
during the water uptake measurements.

During water immersion, the dimensions of the samples (diameter and height) were
measured to determine their volume, as well as the swelling kinetics observed, along with
the immersion time. The swelling ratio (S) was calculated as follows:

Vi — Vo

S (%) = 100 (4)

Vo

where v refers to the initial volume (immersion time: 0 h) and v; refers to the volume of
the sample after immersion time t.
The water absorption kinetics was fitted to a pseudo-first-order model, expressed as

In(WUCg(%) — WUCH(%)) = In WUCeq (%) — ki ®)

where WUCeq and WUC; are the water uptake values (%) at the maximum value and at
a given time t (h), respectively, and k is the absorption kinetic constant.
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The parameter ¥ was defined to compare the WUC and S results as a function of
immersion time: WUC -1
+ Ot
Y= — | = —
o) ==(3) ®

where pg and p; are the densities of the protein matrix before and after water immersion,
respectively, for a given time, t.

2.2.3. Scanning Electron Microscopy

The surface of superabsorbent matrices obtained after thermal drying or freeze-drying
was analyzed by scanning electron microscopy (SEM) using a ZEISS EVO instrument
(Oberkochen, Germany). Samples were Au/Pt-coated (12 nm) in a Leica AC600 instrument
(Wetzlar, Germany). The working distance was 6 mm, whereas an acceleration voltage of
10 kV and a beam current of 11 pA were used for these measurements.

2.3. Statistical Analysis

The results included in this work were the average value of at least three samples.
Statgraphics 18 software (Statgraphics Technologies, Inc., The Plains, VA, USA) was used
to perform one-way ANOVA tests (p < 0.05). Standard deviations were included for all the
parameters determined, whereas significant differences were indicated by different letters.

3. Results and Discussion
3.1. Generation of Absorbent Matrices
3.1.1. Water Absorption Properties

Figure 1 shows the water uptake kinetics for compression-molded porcine plasma
protein (PPP)-based materials plasticized with Gly in different PPP/Gly ratios: 50/50,
75/25, and 100/0. This graph evidenced a clear dependence of the WUC and absorption
kinetics on the PPP/Gly ratio. Thus, the system containing the highest amount of Gly
(PPP/Gly ratio: 50/50) also exhibited the fastest water absorption kinetics, since it reached
a maximum value (ca. 260%) after 48 h of immersion and then remained virtually constant
for longer immersion times. A slower kinetics was observed for systems with 75/25 and
100/0 PPP/Gly ratios as the maximum WUC values were achieved at the longest time
studied within the experimental time frame. Other authors [11] have reported the positive
effect of Gly on protein-based superabsorbent materials since its hydrophilic character
facilitates the penetration of water through the porous protein network formed as glycerol
is released into the immersion medium. The formation of these pores associated with the
release of Gly facilitates the faster absorption observed in Figure 1 when Gly is present
in the formulation as compared to the non-plasticized system (100/0). It may be noted
that this non-plasticized system displays WUC values higher than that containing Gly, and
the higher WUC finally achieved corresponds to the 100/0 system. These higher WUC
values can be attributed to the higher protein content of these samples, as PPP is a hy-
drophilic protein. Thus, the WUC at the original protein content (WUC,) was estimated as
641% =+ 38% and 459% =+ 10% for 50/50 and 100/0 ratios after 48 h water absorption,
respectively. These results expressed as water uptake at the original protein content were
higher than the ones found for potato-protein-based absorbent materials [28]. Moreover,
a higher WUC,, was detected at a lower initial PPP content. This is understandable as
the presence of glycerol leads to the formation of a higher number of pores within the im-
mersed sample, which can enhance absorption by the protein matrix. Differences between
WUC and WUCG,, highlight the role of the plasticizer in the swelling process. WUC,, results
neglect the solubilization of a certain protein fraction that actually takes place during
immersion, as pointed out by the SML values observed. The SML values obtained after
48 h for the 50/50, 75/25, and 100/0 systems were 52.5% = 1.2%, 35.3% = 2.28%, and 13.3%
£ 2.6%, respectively. Thus, samples with higher Gly content also exhibited higher SML
values, since the SML has been essentially associated with the release of Gly during water
immersion, due to its high hydrophilic character [29]. Thus, the amount of mass lost to the
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immersion medium is directly dependent on the quantity of plasticizer used. Moreover,
in addition to glycerol, some protein was also transferred into the immersion medium. In
fact, PPP was solubilized to a higher extent as the protein content originally present in
the sample was higher (i.e., 2.5%, 10.3%, and 13.3% protein was estimated to be lost for
the 50/50, 75/25, and 100/0 systems, respectively). WUC values were higher than those
obtained by soy-based absorbent materials [22] but similar or slightly lower than those

obtained by porcine plasma [17], both processed by injection molding.
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Figure 1. (A) Water uptake kinetics and (B) pseudo-first-order kinetic model for compression-molded porcine plasma
protein (PPP)-based materials plasticized with glycerol (Gly) with different PPP/Gly ratios: 50/50, 75/25, and 100/0. Inset
in Figure 1A shows the evolution of the 100/0 system over 168 h adsorption time.

Immersion time (h)

The water absorption kinetics is shown in Figure 1B. Thus, the water absorption
process follows a first-order absorption kinetics.
100/0 systems were 0.076, 0.034, and 0.026, respectively. Note that the experimental
data followed the linear fitting only when the WUC had an exponential increase. The
highest water absorption rate obtained for the 50/50 system at room temperature can be
associated with the higher amount of Gly extracted that would generate larger pore sizes
in the biopolymer matrix.

Table 1 shows the swelling (S) kinetics of the samples with immersion time. A general
increase in S was noted at longer immersion times for all samples showing a tendency to
reach a plateau, independently of the PPP/Gly ratio used. That increase was quite similar
for all samples up to 8 h of immersion. From that time on, a higher increase was indirectly
related to the glycerol content, the sample with a PPP/Gly ratio of 100/0 being the one that
reached the highest value of S at 48 h (around 530%). The ¥ parameter compares the WUC
and S results as a function of immersion time. Thus, from the definition of parameters
WUC and S (Equations (1) and (2)), it can be inferred that parameter ¥ is a function of the
relative density. As can be deduced from Table 1, the protein fraction times the relative
density of the matrix (i.e., parameter ¥) remains close to unity after immersion for 8 h for
the three systems studied. These results indicate that a period of immersion of 8 h or longer
is required to achieve a balance between the increase in volume due to swelling and the
increase in mass due to water absorption.
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Table 1. Swelling kinetics for compression-molded porcine plasma protein (PPP)-based materials plasticized with glycerol
(Gly) with different PPP/Gly ratios: 50/50, 75/25, and 100/0. Significant letters within a column indicates significant

differences (p < 0.05).

Immersion Time (h)

2
4
6
8
24
48

Swelling Ratio (%) Parameter ¥
System 50/50 System 75/25 System 100/0 System 50/50 System 75/25  System 100/0
81.324 7249 131.722 1.43 1.63 0.77
89.822 126.36 ° 181.19P 1.66 1.24 0.82
202.64 <4 190.59 <A 236.37 ¢ 0.88 0.98 0.81
208.98 d 194.81 ¢d 236.37 ¢ 0.95 1.09 0.94
316.04 f 335.87 398.60 & 0.99 0.99 1.04
327.41f 385.72 8 532.82h 1.04 1.05 1.11

A comparison between the WUC values from Figure 1A and the S values from Table 1
reveals that they are quite similar for the non-plasticized system (e.g., after immersion for
24 h, the WUC and S values for the 100/0 system were ca. 410% and 400%, respectively).
However, the two Gly-containing matrices showed higher values for the former parameter,
which is particularly perceptible for samples with a higher plasticizer content (e.g., after
immersion for 24 h, the WUC and S values for the 50/50 system were ca. 630% and 320%,
respectively, whereas the 75/25 system yielded values of 440% and 340%, respectively).
This effect is due to the formation of pores within the polymeric structure as the glycerol
is extracted and transferred to the immersion bath. As a result, water absorption in these
two systems is not solely due to swelling of the protein matrix but also to the diffusion
through the pores formed over glycerol extraction.

It can also be noted that the two Gly-containing matrices showed parameter ¥ values
higher than unity after immersion for 2 and 4 h. These results suggest that this time is
not enough to fully remove Gly, giving rise to WUC values higher than expected and still
moderate protein swelling. In contrast, the Gly-free system displayed values moderately
lower than unity below an immersion time of 8 h. It seems that the increase in mass due to
the incorporation of water into the matrix is lower than the increase in volume produced
by swelling. This event is progressively attenuated as water absorption grows, eventually
leading to the above-mentioned balance achieved after an immersion time longer than
8-10 h. Some slight increase in the ¥ value after a long immersion time may be indicative
of some protein loss by solubilization.

3.1.2. Viscoelastic Properties

Figure 2A shows the frequency sweep tests obtained for compression-molded PPP-
based materials plasticized with Gly at three different PPP/Gly ratios, 50/50, 75/25,
and 100/0, before water immersion. The mechanical spectra obtained for these sys-
tems evidenced a predominant solid behavior, since the elastic modulus was higher than
the viscous modulus regardless of the Gly content within the entire range of frequency
studied. However, the results indicate that the microstructure of the systems obtained
strongly depends on the Gly content, leading to a remarkable reduction in the viscoelas-
tic properties as PPP is replaced by Gly in the formulation [30,31]. The system without
Gly (PPP/Gly ratio: 100/0) showed nearly parallel viscoelastic moduli, where the re-
sponse obtained was not significantly dependent on frequency. However, the dependence
on frequency increased as the Gly content increased, especially at low frequency val-
ues, suggesting protein chain mobility when the relaxation time was high enough [32].
This is especially apparent for the system containing the greatest amount of plasticizer
(PPP/Gly ratio: 50/50), with a more important frequency dependence of the viscoelastic
moduli, as well as lower values. Moreover, E” and E” got closer as Gly content increased.
Thus, this is a clear plasticizing effect of Gly, since plasticizers decrease protein—protein
hydrogen bond interactions, leading to an increase in free volume and molecular mobil-
ity [21,33]. Therefore, the increase in protein mobility found as the Gly content increased was
a consequence of conformational changes, which, in turn, affected the final properties of
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the bioplastics observed [34]. An analogous dependence of the mechanical response on the
plasticizer content has already been reported for protein-based bioplastics, determining
the final techno-functional properties [35]. Apart from the changes in the shape of the
mechanical spectra, the increase in the amount of plasticizer also involved a decrease in the
viscoelastic moduli, since E” at 1 Hz decreased from (1.14 + 0.04) x 10® Pa for the sample
with a PPP/Gly ratio of 100/0 to (4.71 4 0.03) x 107 Pa and (7.35 + 0.06) x 10° Pa for the
samples with PPP/Gly ratios of 75/25 and 50/50 PPI/Gly, respectively. This decrease in
the elastic moduli as a consequence of plasticizer increase has also been observed in other
protein-based materials, being attributed not only to an increase in protein mobility, caused
by the relaxation of the interactions between polymeric chains, but also to a decrease in
protein content [11,36]. Moreover, these values are similar to the ones obtained for other
protein-based bioplastics [15,29,37].
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Figure 2. Frequency sweep tests for compression-molded porcine plasma protein (PPP)—based
materials plasticized with glycerol (Gly) with different PPP/Gly ratios, 50/50, 75/25, and 100/0,
(A) before immersion and (B) swelled after immersion.

Figure 2B shows the mechanical spectra obtained for the swollen probes after 48 h of
water immersion. According to the mechanical spectra obtained, all swollen PPP-based
probes showed a different microstructure from that of the original sample before immer-
sion. The entrapment of water in the polymeric matrix during water immersion resulted
in all samples displaying qualitatively similar mechanical spectra, independent of the
formulation. The mechanical spectra of swollen samples displayed a lower dependency
on frequency, especially for samples originally processed with glycerol. It is worth men-
tioning that according to the results shown above, no glycerol remained inside any of the
protein matrices studied after water immersion for 24 h. Quantitatively, a drastic drop of
3 orders of magnitude in the viscoelastic moduli took place when compared to the original
samples (from ~100 MPa to ~60 kPa). This effect has also been observed in other absorbent
materials [38,39]. In this sense, water exerts a remarkable plasticizing effect in protein
systems, reducing protein—protein interactions and eventually decreasing viscoelastic prop-
erties [40]. When comparing swollen samples, it can be noted that differences between
samples were much smaller than before immersion. The lowest values for the elastic mod-
uli at 1 Hz were observed for the system with the PPP/Gly ratio of 50/50 (37,500 £ 84 Pa),
whereas the highest values were observed for the system with the PPP/Gly ratio of 75/25
(63,280 £ 69 Pa). The system without a plasticizer displayed an intermediate behav-
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ior (46,500 & 53 Pa). These results evidence that the microstructure of the swollen sys-
tems depends to a higher extent on the final water uptake value, which is higher for the
50/50 PPP/Cly ratio and, therefore, cannot be directly related to the initial Gly content.

3.1.3. Microstructural Characterization

Swollen samples with different PPP/Gly ratios (50/50, 75/25, and 100/0) were dried
through two different procedures (heat processing using a natural convection oven and
freeze-drying at low temperature and pressure). Then, the microstructure of the samples
was analyzed through scanning electron microscopy (SEM). The differences found between
the microstructure of the freeze-dried and heat dried samples are shown in Figure 3.

1st Immersion -
Freeze-dried

1st Immersion -
Oven-dried

100um

tooum E— ] o | To0um

Figure 3. Scanning electron microscopy (SEM) images of compression-molded porcine plasma protein (PPP)-based materials
plasticized with glycerol (Gly) with different PPP/Gly ratios, 50/50, 75/25/,100/0, after the first water immersion and the
drying stage (freeze-drying or thermal drying).

Heat-dried samples displayed a rougher surface for higher glycerol contents. The
drying of samples in the oven at 50 °C produced a uniform structure that lacked the porosity
observed in the freeze-dried samples. Even if glycerol has been reported to induce the
formation of pores in protein samples, the sample without glycerol (100/0) showed a more
homogeneous porous structure, with smaller pore sizes than the larger pores displayed by
samples with 50/50 and 75/25 PPP/Gly ratios. The larger pore size of the 50/50 system,
which is associated with the extraction of Gly, would explain the faster kinetics observed
(Figure 1). An estimation of the specific surface area from SEM images indicated that it
ranged from 35,000 to 70,400 mm~! for the freeze-dried probes, whereas it ranged from
140 to 180 mm ! for the thermal dried samples. However, these values would only explain
the initial water absorption kinetics, since the dimensions of the pores and the sizes of the
probes varied during water uptake.

Figure 4 shows the visual appearance of the PPP-based materials with different
PPP/Gly ratios at different stages of their processing: (i) just after compression molding,
(ii) after water immersion, and (iii) after freeze-drying or (iv) after heat-drying in the oven
(natural convection). It is apparent that all the studied samples suffered a noteworthy
increase in volume after water immersion, as denoted in the above-commented swelling
ratio. It can be noted that the sample with a PPP/Gly ratio of 75/25 was the one with lower
water retention. Moreover, the freeze-drying procedure did not lead to a perceptible change
in volume when comparing swollen and freeze-dried samples, while the sample dried in
a natural convection oven showed an apparent shrinkage. Thus, the drying procedure
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defined the eventual structure of samples, as freeze-drying and heat-drying produced
completely different samples in which differences in porosity were clear.

Original Swelled Freeze-dried Oven-dried
sample sample sample sample

-

Figure 4. Appearance of swollen, freeze-dried, and heat-dried (in a natural convection oven)
compression-molded porcine plasma protein (PPP)-based materials with different PPP/Gly ratios:
50/50 (A), 75/25 (B), and 100/0 (C).

3.2. Superabsorbent Matrices: Effect of the Drying Method
3.2.1. Water Absorption Properties

The different microstructures obtained through each drying procedure also influence
the reabsorption kinetics of the matrices once they have been dried. Figure 5 shows
the water uptake kinetics for dried porcine plasma protein (PPP)-based matrices initially
plasticized with Gly at different PPP/Gly ratios (50/50 (A), 75/25 (B), and 100/0 (C)) after
being dried either by freeze-drying or by thermal drying in a natural convection oven.
Results obtained indicated faster kinetics for the absorbent matrices obtained through
freeze-drying, since they reached their maximum values sooner than those obtained by
heat-drying in a natural convection oven. This can be a consequence of the sponge-like
structure obtained when matrices were processed through freeze-drying, which facilitated
water intrusion within the polymeric structure.

Moreover, the freeze-dried matrices also exhibited a higher WUC than those obtained
after drying at 50 °C in a natural convection oven, regardless of the PPP/Gly ratio used
(50/50, 75/25, and 100/0). This may be explained by the uniform structure, lacking pores,
shown by heat-dried samples (Figure 3), which is the result of the heat-induced shrinking
suffered by their microstructure. For all the systems studied, the maximum water uptake
capacity was obtained after 6 h water immersion, since no higher values with significant
differences were obtained for longer times. Unlike freeze-dried matrices, the systems
obtained by heat-drying in a natural convection oven only reached an apparent steady
value after 8 h water immersion for the 50/50 PPP/Gly ratio. The other two heat-dried
systems (i.e., PPP/Gly ratios: 75/25 and 100/0) still did not reach a plateau value after 24 h
water immersion. This may be related to the different mechanism for pore formation when
different drying procedures were used, as freeze-dried samples presented a sponge-like
appearance, which evidenced greater porosity. The interconnection of the observed pores
promoted water absorption, with faster absorption kinetics. In contrast, the heat-dried
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samples showed a closed structure that required longer immersion times to be entirely
hydrated. Longer times were not analyzed, as they are not recommended for common
service conditions of superabsorbent materials. Nevertheless, the results obtained indicate
that there are no important differences in the WUC when the matrices are processed by
freeze-drying at different PPP/Gly ratios. There was a slight decrease when the PPP/Gly
ratio increased (from 1757% = 225% to 1217% = 520% for 100/0 and 50/50 PPP/Gly ratios,
respectively). In any case, these values were significantly higher than the highest value
obtained by heat-drying in a natural convection oven (~1370% for the 100/0 ratio after
24 h water immersion). Moreover, the WUC values displayed by the different samples
were always higher during the second immersion, once they had been previously swollen
and dried. During the second immersion, the WUC was higher for the swollen systems
dried by freeze-drying, indicating that this strategy is successful for the development of
superabsorbent materials. The protein-based superabsorbent materials obtained exhibited
higher or similar absorbent capacity than other materials processed by injection molding,
such as soy, pea, and porcine plasma [11,37,41], being similar to the results obtained by
porcine plasma at pH 3 [15] or soy protein after acylation [27].
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Figure 5. Water uptake kinetics for dried porcine plasma protein (PPP)-based matrices initially plasticized with glycerol (Gly)
with different PPP/Gly ratios, 50/50 (A), 75/25 (B), and 100/0 (C), after drying either by freeze-drying or by heat-drying in

a natural convection oven.

3.2.2. Viscoelastic Properties

Figure 6A shows the frequency sweep tests of samples dried in a natural convection
oven at 50 °C. The mechanical spectra obtained are typical of a solid-like structure since
E’ is above the E” for the whole frequency range studied, and both moduli show a slight
dependence on frequency. Moreover, there were no significant differences between the
PPP/Gly ratios of 100/0 and 50/50 (13.78 £ 0.05 MPa), while higher values were obtained
for the system at the 75/25 PPP/Gly ratio (23.02 £ 0.09 MPa). These higher values
observed for the 75/25 sample agree with the lower water retention displayed in Figure 1.
Although the mechanical spectra obtained evidenced an elastic behavior in the same way
as the probes before immersion (Figure 2A), the values obtained were around 1 order of
magnitude lower, indicating the formation of softer matrices after water absorption and
further drying in a natural convection oven.

Figure 6B shows the frequency sweep tests of PPP-based superabsorbent materi-
als plasticized with Gly at different PPP/Gly ratios, 50/50, 75/25, and 100/0, dried by
freeze-drying. Contrary to probes dried in a natural convection oven, which possessed
a shrunken appearance, these probes showed a much more porous, sponge-like structure
(Figures 3 and 4). This different visual appearance was reflected in the mechanical spectra
obtained for these systems, since they exhibited higher viscoelastic moduli (i.e., E" at 1 Hz
for the 75/25 PPP/Gly ratio was ~9 MPa instead of ~23 M Pa). Moreover, the increase in
the solid character observed for the probes thermally dried in a natural convection oven
was also reflected in the value of tan § (tand = E” /E’), since it decreased from 0.08 to
0.07 (~12.5%). These differences highlighted the importance of the drying procedure used
on the microstructure and, consequently, on the viscoelastic properties.
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Figure 6. Frequency sweep tests for porcine plasma protein (PPP)—based materials plasticized with glycerol (Gly) with
different PPP/Gly ratios, 50/50, 75/25, and 100/0, dried after swelling with two different methods: (A) natural convection

oven at 50 °C and (B) freeze-drying.

3.2.3. Microstructural Characterization

Figure 7 shows the microstructure of dried samples after reabsorption. This figure
evidences an increase in porosity when compared to the same samples after the first
immersion (Figure 3), which can be only compared with the PPP/Gly ratio of 100/0. Heat-
dried samples displayed a porous structure after reabsorption, indicating the regeneration
of the porous structure after heat-drying. However, the structure of the heat-dried matrix
was more continuous and with more irregular pores than the polyhedral pores detected
for freeze-dried samples, which can be related to the slower water absorption kinetics

observed for these samples.

50/50 75/25 100/0

7/

1st Immersion -
Freeze-dried
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)
S
S

E
=1

Figure 7. Scanning electron microscopy (SEM) images of compression-molded porcine plasma protein (PPP)-based materials
plasticized with glycerol (Gly) with different PPP/Gly ratios, 50/50, 75/25, and 100/0, after the first water immersion, the
drying stage (freeze-drying or thermal drying), the second water immersion, and the final freeze-drying.

These images confirm the effect of the drying method on the microstructure of the
samples and, consequently, on the absorption properties of protein-based adsorbent and
superabsorbent materials. The freeze-drying process involves the formation of a more
porous microstructure, which facilitates solvent penetration, and in turn, it leads to higher
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absorption kinetics and capacity. In other words, a different drying process after the
first immersion eventually yields remarkable differences in the microstructure of the final
porous matrix.

4. Conclusions

This work demonstrates the effect of the drying method on the absorbent properties
of PPP-based materials, where the sample composition also plays a key role. A higher
glycerol content in compression-molded porcine plasma materials accelerates the water
absorption during water immersion through pseudo-first-order kinetics. However, higher
absorption values are shown by samples with a higher protein content, which is explained
by the high hydrophilicity of porcine plasma protein.

The microstructure of the swollen probes is determined by the amount of water
absorbed and the drying procedure followed afterward. When freeze-dried, the samples
show a porous structure, with larger pore sizes at high glycerol contents. However, when
heat-dried, the structure closes and packs more tightly, resulting in an apparent shrinkage.
These microstructural modifications, depending on the formulation and drying method
selected for the processing of samples, are reflected in the rheological behavior of the probes.
Thus, the samples dried after water immersion are more packed than those obtained
just after compression molding, which results in higher viscoelastic moduli and a lower
loss tangent.

During rehydration, samples obtained after freeze-drying behaved as superabsorbent
materials that typically absorbed more water as immersion times were longer, which can
be successfully used in some applications (e.g., food, agriculture, personal care). Thus, the
freeze-drying process involves the formation of a highly porous microstructure, which
facilitates solvent penetration and, in turn, leads to higher absorption kinetics and capacity.
This result evidences the importance of the processing method on the microstructure of the
material generated, where the freeze-drying process leads to superabsorbent matrices with
specific applications.
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