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Abstract: This manuscript focuses on the production of polymeric matrices enriched in minerals
and antioxidant compounds. The biopolymers employed are obtained from different by-products
of the agro-food industry (porcine plasma protein, pea protein concentrate and soy protein isolate),
which helps to revalorize them. Two different manufacturing techniques are employed to produce
these matrices: 3D-printing and injection molding. Bioactivity was enhanced through immersion of
the samples in magnesium glutamate and iron lactate solutions. To incorporate these minerals and
bioactive compounds into the matrices, two additional stages are required: (1) an immersion stage in a
mineral/bioactive containing solution, which allows simultaneous removal of the glycerol employed
as plasticizer and entrapment of the minerals and bioactive compounds; and (2) a subsequent freeze-
drying stage. Matrices produced through these manufacturing processes were assessed through water
uptake capacity, mineral analysis, bioactivity and color measurements. The studied matrices have
great potential in the food industry, as the threshold for claiming a significant mineral content was
reached after the immersion stage. The presence of bioactive compounds could avoid the degradation
of these matrices when food processing includes stages at relatively high temperatures.

Keywords: proteins; mineral retention; astaxanthin; antioxidant compounds; 3D-printing; injection
molding

1. Introduction

Three-dimensional printing (3D-printing) is a manufacturing technique that emerged
in the 1980s and has impacted several fields in the last decades [1,2]. This is the case in the
food industry and in the way meals are being manufactured [3]. Also known as additive
manufacturing, 3-D printing is a computer-based production process which deposits a
material layer by layer from a cartridge, eventually building up a 3D item [4]. This technique
saves and extends raw material customization (sizes and shapes of the product) when
compared to subtractive technologies [5,6]. Several materials can be 3D-printed, such as
thermoplastics (PLA) [4], glass [7], concrete [8] and even edible materials [9,10]. Thus,
this technology has been widely used in the food industry, employing different protein
mixtures, such as edible dough, to fill the cartridge [11-13]. The importance of knowledge
of the rheological properties of these materials for adequate 3D-printing performance has
been highlighted elsewhere [3,10,12]. Although 3D-printing has a huge potential in lots of
fields, it could not replace some other manufacturing techniques, which can give modulated
properties to the materials, such us excellent reinforcement. In this sense, injection molding
is one of the most industrially used manufacturing techniques. It has also been extensively
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used to produce biodegradable materials from different protein-based doughs by different
researchers [14-16]. This scalable technique requires, just like 3D-printing, a previous
mixing of the raw materials. The resulting dough is then pushed into the cavities of the
mold, just as dough is pushed out from a reservoir through a nozzle when submitted to a
certain pressure [10,17]. In summary, 3D printing is typically recommended for small batch,
complex parts, while injection molding is employed mostly for large volume production of
less complex parts for which the design stage has already been successfully completed [18].
When comparing manufacturing processes, 3D printing seems to allow an effective use
of energy and resources, resulting in a positive environmental impact by reducing waste
production and carbon footprint. However, further research into the techno—economic and
socio—economic status of 3D printing should be carried out [19].

For this kind of raw material, the use of a plasticizer is required in both techniques, 3D-
printed or injection molding, to increase the malleability of the dough during the procedure.
The plasticizer used during the study and most commonly employed with protein sources
is glycerol [14,16].

The food industry is continuously striving to comply with increasingly demanding
safety and quality regulations, as well as to meet customer requirements. The growing
awareness of the importance of healthy food is promoting the development of different
functional foods which can provide noteworthy benefits to the body’s performance. Nutri-
ents (e.g., minerals) are crucial for the proper development of different biological activities
in the human body [20]. In this sense, the presence of iron (Fe) in the diet is recommended
to avoid anemia, especially in women [21,22]; magnesium (Mg) is involved in more than
600 biochemical reactions and its intake helps in maintaining the muscle and nervous
systems, as well as repairing bones [23-25]. Furthermore, the consumption of antioxidants
and bioactive compounds also generally improves health. These bioactive compounds,
such as astaxanthin pigment [26], may be easily found in some natural marine resources.
Astaxanthin is a nutraceutical compound and one of the most powerful antioxidant com-
pounds, extensively used in the food and cosmetics industries [27]. It is extracted from
the cell disruption of the Haematococcus pluvialis, a green microalga [28]. Thus, the pro-
duction of food products enriched in these bioactive compounds is an interesting way
to introduce them into a healthy diet. When working with these kinds of compounds,
controlling the processing parameters is widely important as they can be easily degraded
by temperature [29] or storage conditions [30,31], losing or reducing functional properties.

The protein sources used in the production of some of these biodegradable items
often come from the food industry as by-products or waste. Th is the case with the porcine
plasma protein (PPP) obtained from the surpluses of blood in slaughterhouses [32,33] which
is discarded, producing an important environmental issue due to its high organic load.
Pea protein concentrate (PPC) is also obtained from the surpluses in pea production [34],
and soy protein isolate (SPI) is obtained as a by-product of the soy oil industry [35]. All
these protein sources have been extensively studied as raw materials for protein-based
products [10,36,37]. The high water absorption capacity of some of these materials [38—40]
has already been used by including some specific elements within the protein matrix [41,42].
Furthermore, all three have also been widely used in the food industry as emulsifiers,
thickeners or substitutes for another ingredient [43—49].

The main objective of this study is to produce functional snacks through both an emergent
and traditional manufacturing technique (3D-printing and injection molding, respectively)
in order to obtain edible materials using the protein sources mentioned above (PPP, PPI and
SPI) as main raw materials. The high water absorption and swelling ability of the resulting
materials is expected to allow the inclusion of different minerals (Mg and Fe) and bioactive
compounds (astaxanthin) into the snack when immersed in solutions containing them. The
novelty of this work remains in the fact that it will try to take advantage of the high absorbent
capacity of these materials to include minerals and bioactive compounds in the matrix. As
this is one of the final stages, the bioactive compounds will not be subjected to the high
temperatures that are commonly employed in food processing and which degrade their
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functional properties. The obtained matrices or snacks were assessed for water absorption
capacity, mineral, total phenolic and antioxidant contents.

2. Materials and Methods
2.1. Materials

The main raw materials employed in obtaining the materials developed in the present
manuscript were PPP porcine plasma protein (AproPork) from Essentia Proteins (Ankeny,
IA, USA); SPI soy protein isolate from SUPRO 500E, Dupont (Kingston, NY, USA); and PPC
pea protein concentrate from Pisane® HD, Cosucra (Warcoing, Belgium); the first two were
kindly supplied by PROANDA S.A (Sevilla, Spain). Their protein content was determined
using a LECO CHNS-932 nitrogen microanalyzer (Leco Corporation, St. Joseph, MI, USA)
through % N, which was multiplied by the Kjeldahl factor (6.25). These determinations
were made in quadruplicate. The ash content was measured following a protocol already
described [16,50], and the Soxhlet method, using hexane as solvent, was carried out to
determine the lipids content.

The plasticizer employed during the experimentation, in order to relax the polymeric
chains, was Pharma grade glycerol (Gly), which was supplied by Panreac Quimica S.A
(Barcelona, Spain). The salts used in the immersion media were Iron (II) lactate hydrate
(from here on, Iron lactate) and Glutamic acid Magnesium salt dehydrate (from here on,
Magnesium glutamate), purchased from Sigma Aldrich (St. Louis, MO, USA). Moreover,
the astaxanthin used in this study was purchased from Xi’An Natural Field Bio-Technique.

The dough composition was optimized in a previous study, which optimized the compo-
sition of analogous systems for their convenient performance in the 3D-printing process [10].
Thus, the selected formulation kept a constant biopolymer/glycerol ratio of 45/55. Within the
biopolymer fraction (PPP/PPC/SPI), 1/0/0,9/1/0 and 8.5/0/1.5 were used.

2.1.1. Mixing of Doughs, 3D-Printing and Injection Molding

In the case of 3D-printed samples, biopolymer/glycerol doughs were obtained, stirring
adequate amounts of the ingredients for 10 min at 80 rpm. For this purpose, an IKA-Visc
MR-D1 (Staufen, Germany) homogenizer was used at 20 °C with a four-bladed propeller
(D: 50 mm) [51]. Afterwards, the homogeneous doughs were 3D-printed into a “duck feet”
shape employing a first-generation 3D-printer model from Foodini (Natural Machines,
Barcelona, Spain), with a 1.5 mm diameter-nozzle, at 20 °C. This snack shape has been
optimized in a previous study to guarantee adequate print details [10]. The printing
process took 6.5 min, requiring around 9 mL of dough to print each batch with a flow rate of
0.024 mL/s approximately [10]. On the other hand, doughs with identical composition were
injection molded. These doughs were mixed in a two-blade counter-rotating batch mixer
Haake Polylab QC (ThermoHaake, Karlsruhe, Germany) at room temperature, at 50 rpm,
for 5 min. Afterwards, homogeneous blends were processed into rectangular polymeric
probes (1-10-60 mm?) using a Minijet Piston Injection Molding System (ThermoHaake,
Germany). The injection molding parameters used were: 40 and 70 °C for cylinder and
mold temperatures, respectively; injection and holding times of 10 and 140 s, respectively;
and a pressure of 500 bar for both the injection and holding stage; these parameters were
based on previous studies concerning the proteins used in the present manuscript [39].

2.1.2. Preparation of the Salt-Containing and Antioxidant-Containing Solutions

Samples enrichment with Mg and Fe was achieved by immersing the original samples
in solutions of magnesium glutamate and iron lactate, during 24 h at room temperature.
These salt-containing solutions were prepared using a salt amount equal to 10 and 20 times
that required to be considered as a food rich in that certain salt. These claims are specified
in the European Regulation No 1169/2011 [52]. According to this regulation, the daily
nutrient reference values (NRV) for Fe and Mg in adults are 14 and 375 mg, respectively,
and a significant amount of these minerals is considered to be 15% of the NRV per each
100 g. Thus, solutions with a concentration of salts equal to 2.9-1073 and 5.8-10~2 g/L in
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the case of iron lactate and 0.3 and 0.6 g/L in the case of magnesium glutamate were used
in this study.

2.2. Methods
2.2.1. Water Uptake Capacity and Soluble Matter Loss

The values of Water Uptake Capacity (WUC) were assessed for all samples, either
3D-printed or injection molded, according to the protocol [17]: polymeric samples were
first placed in an oven for 24 h at 50 °C (w1); then, they were subsequently immersed in
deionised water or in a salt-containing solution for 24 h (w,); and, finally, swollen samples
were frozen at —40 °C before being finally dehydrated in a LyoQuest freeze-dryer (Telstar
Technologies, Barcelona, Spain) at —80 °C, for 24 h (w3). Thus, WUC was estimated using
Equation (1):

Wy — W3

WUC (%) = 100 1)

w3

2.2.2. Mineral Analysis—Induced Coupled Plasma (ICP)

Fe and Mg content were determined in order to know if the snacks produced reached
the required standard after their immersion in the salt-containing solutions. Mineral (Mg,
Fe) analysis was performed using inductively coupled a plasma (ICP) spectrometry (iCAP
Spectrometer equipped with ASX-520 AutoSampler, Thermo Scientific, Waltham, MA, USA).
For this purpose, 0.25 g of every lyophilized sample were placed in digestion vessels, where
3 mL of HNO3 and 9 mL of HCl were added to induce the digestion (SCP Science, DigiPREP
MS, Baie d’Urfe, QC, Canada). Digestion conditions (1st: 40 °C for 30 min; 2nd: 80 °C for
30 min; and 3rd: 105 °C for 90 min) were carefully controlled throughout the whole process.
Afterwards, once the sample cooled down, distilled water was added up to a final volume of
50 mL, and then the solution was allowed to settle down. ICP analysis was carried out for the
supernatant [53]. All the samples were measured at least three times.

2.2.3. Color Measurements

The color of samples obtained through the two different processing techniques (3D-
printing, injection molding) was modified after being immersed in water or astaxanthin
solution. These color changes were assessed employing a CR-400 colorimeter (Minolta,
Tokyo, Japan) using illuminant D65 as standard with a visual angle of 2°. The colour
variations were studied based on the changes in L*, a* and b* parameters of the CIELAB
system, as specified in Equation (2):

AE* = \/(Aa*)z + (Ab*)? + (AL*)? @)

2.3. Statistical Analysis

In the present study, all the measurements were performed at least in triplicate and
Statgraphics 8 software (The Plains, VA, USA) was used to perform one-way ANOVA tests
(p < 0.05). Uncertainty was expressed as main values + standard deviations or by typing
superscript letters (lower-case, upper case and Greek) for all the parameters calculated. At
least 3 replicates were conducted for any measurement.

3. Results and Discussion
3.1. Characterization of the Protein Sources

The characterization of the protein sources used in the present work gave the results
gathered in Table 1, which shows the protein, ashes, moisture and lipids content of the
protein sources used. It may be observed that both PPP and PPC were protein concentrates
(<90%), while SPI was an isolate (>90%).
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Water uptake (%)

Table 1. Basic composition of the protein sources employed during the present study (Porcine Plasma
Protein, Soy Protein Isolate and Pea Protein Concentrate).

Composition (%) PPP SPI PPC
Proteins 740+ 1.7 91.8 £0.9 88.0+£1.2
Ashes 16.0 £ 0.1 50+£0.2 6.0+0.1
Moisture 9.0+0.4 6.0+04 50+05
Lipids 20+0.1 1.0+£0.2 1.5+02

3.2. Water Uptake Capacity—Effect of the Immersion Media
3.2.1. Water Uptake Capacity in Pure Deionized Water

The water uptake capacity (WUC) values of PPP/PPC/SPI samples (1/0/0,9/1/0
and 8.5/0/1.5) obtained either through 3D-printing and injection molding (Figure 1A or B,
respectively) were tested. When no salt was solubilized, and pure deionized water was
used as immersion media (~0% Mg or Fe), no noticeable differences were observed for
samples containing PPC or SPI in the formulation (9/1/0 and 8.5/0/1.5, respectively) of 3D-
printed samples compared to the corresponding injection moulded samples, in which WUC
was always around 2400%. However, the processing technique did affect the WUC values
of samples containing only PPP as biopolymer (1/0/0): when these samples were obtained
through 3D-printing, lower WUC values were observed (~1800%), when compared to
the same formulation processed through injection moulding, with similar WUC values
(~2400%) to those of the samples containing SPI or PPC. This can be related to the higher
pressure the material suffered during the injection moulding procedure which allows
inclusion of more protein in the structure, thus achieving higher sweeling. In any case, all
samples showed WUC values that exceeded the superabsorbent threshold (1000%), while
keeping their structural integrity for all formulations. These high WUC values highlight
the potential of using these samples as a way of incorporating specific ingredients (i.e.,
bioactive compounds, minerals) through immersion in an aqueous media where they were
previously solubilized.
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Figure 1. Water uptake capacity of protein-based matrices obtained through 3D-printing (A) or
injection molding (B) after being submitted to immersion in deionized water or magnesium glutamate
solutions (0.3 and 0.6 g/L, respectively). The dashed line shows the WUC threshold needed to be
considered a superabsorbent material. Lower-case, upper-case and Greek letters indicate significantly
different values (p < 0.05).

3.2.2. Water Uptake Capacity in Magnesium Glutamate Solution

WUC was then measured by immersing samples in aqueous media with different
magnesium glutamate content (0.3, 0.6 g/L). The concentration selected corresponded to 10
and 20 times, respectively, the amount of Mg required for a product to be considered rich
in this element. As can be seen from Figure 1, WUC dramatically dropped in the presence
of the magnesium salt (by more than a half for all samples when the amount of salt added
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was 0.6 mg/L), independently of the processing technique (3D-Printing, injection molding)
or the sample composition (PPP/PPC/SPI1:1/0/0,9/1/0,8.5/0/1.5). This fact might be
related to higher ionic strength in the solution due to the presence of the salts, which is
commonly associated with a hindering of the ability of samples to absorb water [54,55]. The
decrease in WUC seems to be related to the salt content, especially for injection molding
samples, as WUC barely reached the superabsorbent threshold (1000%) when immersed in
a 0.3 g/L solution, and then most samples definitely lost their superabsorbent properties
when the amount of salt was duplicated (0.6 g/L). The only exception was the 3D-printed
9/1/0 sample containing PPC (Figure 1A), whose WUC values were fairly similar for both
salt contents.

3.2.3. Water Uptake Capacity in Iron Lactate Solution

WUC was also measured when samples were immersed in aqueous solutions contain-
ing different levels of iron lactate, specifically 2.9-10~3 and 5.8-10~2 g/L, which, respectively,
correspond to 10 and 20 times the amount of Fe required for samples to be considered
rich in this element. Compared to magnesium glutamate, the addition of iron lactate to
the immersion media clearly showed (Figure 2) a much lower impact on WUC, as values
were now closer to those obtained for samples immersed in deionised water. In the case
of samples prepared exclusively with Gly and PPP (1/0/0), either 3D-printed or injection
molded, WUC displayed no significant differences when adding the iron salt to the im-
mersion media. However, samples which also included PPC or SPI (9/1/0, 8.5/0/1.5)
displayed a certain decrease in WUC in the presence of iron lactate, although not so drastic
as to lose their superabsorbent character, displaying the lowest WUC value observed over
1500%. This lower impact on WUC in the presence of iron lactate compared to magnesium
glutamate might be associated with the amount of salt required to reach the claims, as
for Fe it is much lower than that required for Mg. Thus, the amount of salt added to
the immersion media was around 100 times smaller in the case of iron lactate, due to its
lower claim, compared with magnesium glutamate. A lower amount of salt resulted in a
lower ionic strength in the immersion media, which permitted water to enter the polymeric
network to a greater extent, as a high ionic strength has been reported to inhibit the swelling
of superabsorbent gels [54].

3500 3500
PPP/PPC/SPI PPP/IPPCISPI
3000 J Hm /0/0 A 3000 E 00
| B 9170 1 97140
_ 2500 4 - 85/0/15 R 2500 Bl s5/0/15
= =
o 2000 o 2000
S o
& 1 o
S 1500 4 S 15004
I3 5
© 1000 4 e 1
2 2 1000
500 | 500
04 " 0.
0 29-10° 5810 0 29-10° 58-10°
Concentration of Fe (g/L) Concentration of Fe (g/L)

Figure 2. Water uptake capacity of protein-based matrices obtained through 3D-printing (A) or
injection molding (B) after being submitted to immersion in deionized water or iron lactate solutions
(2.9-107% and 5.8-1073 g/L). The dashed line shows the WUC threshold necessary to be considered a
superabsorbent material. Lower-case, upper-case and Greek letters indicate significantly different
values (p < 0.05).

Morphological changes after water immersion were quite apparent, specially for 3D-
printed samples, whose shape was more complex than that obtained by injection molding.
Thus, higher WUC values resulted in a certain loss of detail in the shape when compared
to the original sample before immersion (Appendix A, Figure A1).
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3.3. Assessment of the Magnesium and Iron Incorporated into Polymeric Samples
3.3.1. Magnesium

The amount of Mg in every sample (PPP/PPC/SPI: 1/0/0,9/1/0, and 8.5/0/1.5)
immersed in deionized water, as estimated through the ICP technique (Figure 3), was
enough to achieve the claim. Neither the 3D-Printed (Figure 3A) nor injection molded
samples (Figure 3B) contained enough Mg (at least 562.5 mg/kg of the sample). Figure 3
also shows that none of the studied protein sources possessed an important amount of
this mineral before immersion in the magnesium glutamate aqueous solution. However,
samples immersed in a magnesium glutamate solution showed a noticeable increase in
Mg content (Figure 3). In the case of the amount of magnesium glutamate included in the
aqueous solution being 10 times that required to reach the Mg claim (0.3 g/L), all samples
reached the claim point for Mg, with the sample that contained plasma and pea protein
(9/1/0) showing the lowest value. The highest value, more than 15 times the content
required for the claim, was obtained for the sample containing plasma and soy protein
(8.5/0/1.5). For samples containing only plasma (1/0/0), the amount of Mg prompted
at least four times. When samples were immersed in a solution containing 20 times the
amount of Mg required for its claim, a remarkable increase in the amount of Mg present in
samples took place, except for the 3D-printed 1/0/0 sample (Figure 3A). This was the only
sample that did not contain a higher amount of Mg when immersed in a salt solution of
high concentration. Therefore, in general, immersing the samples in a dissolution, which
contained Mg salt generally increases the Mg content within the structure, affirming that the
mineral was entrapped within the protein structure. Other research included Mg in their
samples in order to take advantage of its benefits by itself (also to reduce bitterness [56]) or
together with other compounds, such as proteins [57].

2000 2000
PPP/PPC/SPI PPP/PPC/SPI
Bl /0/0 A B Bl 1/0/0
1500 | /110 1500 01110
Bl s5/0/15
2 g
B D
= 1000 =1000
o (o]
£ E
500 500
a
0- 0- —
0 0.3 0.6
Concentration of Mg (g/L) Concentration of Mg (g/L)

Figure 3. Amount of Mg present in protein-based matrices obtained through 3D-printing (A) or
injection molding (B) after being submitted to immersion in deionized water or magnesium glutamate
solutions (0.3 and 0.6 g/L). The dashed line shows the claim required to be considered rich in Mg.
Lower-case, upper-case and Greek letters indicate significantly different values (p < 0.05).

3.3.2. Iron

When the Fe content of both samples obtained through 3D-printing (Figure 4A) or
injection molding (Figure 4B) was determined after immersion in deionized water, the
amount of Fe was enough to satisfy the claim of matrices being rich in this mineral (21 mg
Fe/kg), as expected, since the PPP source is blood. Only 3D-printed samples containing
PPC (9/1/0) possessed a Fe content slightly below the claim. To make these snacks rich
enough in iron to be used as functional foods for iron deficiencies, knowing that iron has
a problematic absorption, an iron salt was included in the immersion media (Figure 4),
and the amount of Fe contained in the sample generally increased. However, 3D-printed
samples did not show a clear evolution along with the iron lactate content in the immersion
media. Thus, the 8.5/0/1.5 sample was the only one that kept the same iron content when
the concentration of iron lactate in the immersion media shifted from 0 to 10 times the claim.
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When the iron concentration in the immersion media was 20 times the claim, a decrease in
the iron content, after immersion in the less concentrated solution, was detected, which
is similar to the evolution previously commented on for the 3D-printed 1/0/0 sample.
This might be linked to the high quantity of salt in the immersion media, which hinders
the entrapment of water within the sample, inhibiting its swelling. The resulting smaller
pores would hardly retain the salt after freeze-drying. On the other hand, injection molded
samples always showed an increasing trend in iron content when immersed in solutions
with a higher iron lactate concentration. For example, the iron content for the 1/0/0 sample
was duplicated and triplicated after immersion in 2.9-10~2 and 5.8:10~2 g/L solutions,
respectively, as PPP matrix, being from blood, reflects a high affinity with Iron. Thus,
immersion in the iron salt solution, seems to be an appropriate technique to satisfactorily
include iron within the protein-based samples. Thus, other studies have also dealt with
the incorporation of Fe into the food item, such as bread [57,58] or emulsions [59], but by
adding the salt that contains the mineral directly to the raw materials.

100 PPP/PPC/SPI 100 PPP/PPC/SPI
c Bl 1/0/0 A B Bl 1/0/0
804 L] 9/1/0 801 O 9/17/0 c
Bl s5/0/15 Bl s5/0/15 %

60 o 60+

= B
40 o 401

£

204

-a -
0

2.9-10° 5.8-10° 0 2.9-10° 5.8-10

Concentration of Fe (g/L) Concentration of Fe (g/L)

Figure 4. Amount of Fe present in protein-based matrices through 3D-printing (A) or injection
molding (B) after being submitted to immersion in deionized water or iron lactate (2.9-1073 and
5.8-1072 g/L). The dashed line shows the claim to be considered rich in Fe. Lower-case, upper-case
and Greek letters indicate significantly different values (p < 0.05).

3.4. Color Measurements

Color is an essential quality parameter in the food industry as it is the first visual
attribute evaluated by consumers. Table 2 gathers the color parameters obtained through
CIELAB systems to quantify the color differences among the different samples. The
parameter L¥, representing the lightness of the samples, decreased for all samples that
were immersed in astaxanthin solution, except for injection molded samples containing
only plasma as protein source (1/0/0), which presented a slight increase in lightness. The
parameter a* specifies the chromatic differences from greenness (negative value) to redness
(positive value). All samples immersed in astaxanthin solution showed higher values of
a* than those immersed in deionized water. This fact was associated with the orange/red
colour of astaxanthin [60], which can be used as a natural pigment [61]. The parameter b*
makes reference to the blueness (negative value) and to the yellowness (positive value).
Only the 3D-printed samples obtained from PPP and SPI increased the values of b* (Ab*),
gaining a yellow color, when they were immersed in astaxanthin solution. The rest of the
samples reduced or approximately kept the same b* values. The AE* values indicate total
colour differences, which must be above 5 to be perceived by the human eye [62]. Thus,
only 3D-printed matrices obtained from PPP and SPI experienced a perceptible change in
color when immersed in the astaxanthin solution.
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Table 2. Color parameters of 3D-printed or injection molded protein-based matrices after being
submitted to immersion in deionized water or astaxanthin solution. Lower, upper-case and Greek
letters indicate significantly different values (p < 0.05).

L* a* b* AE*
1/0/0 79.04 8 4.75€ 24.01Y
Y 1/0/0 ast 74.46 4 6.89 F 24.75 %8 5.12
:g 85/0/1.5 81.98h 3.66 B 21.86Y
> 8.5/0/1.5 ast 78.26 '8 6.02 DE 25.52 ¢ 5.73
= 9/1/0 81.23h 3.074 22.12 «
9/1/0 ast 77.88 £ 630 E 23.37 B 482
g 1/0/0 71.332 6.95F 31.41°
§ 1/0/0 ast 73.08 be 810G 28.30M 4.05
g 85/0/1.5 73.74 ¢4 6.00 DE 28.30 M
£ 8.5/0/1.5 ast 72.85° 7786 27.69 ¢ 2.08
g 9/1/0 74.96 © 55150 28.21 &M
g 9/1/0 ast 72.99 € 7.99D 28.26 1 3.16

The fact that these samples can incorporate astaxanthin is promising, as they could
be potentially used in the development of bioactive snacks. However, further research is
required to assure compliance with current regulations.

4. Concluding Remarks

Matrices from different protein resources (porcine plasma protein, pea protein con-
centrate and soy protein isolate) can be obtained through two different manufacturing
strategies, 3D-printing and injection moulding. Moreover, the water absorption of these
hydrophilic protein snacks could be employed to include minerals, such as magnesium or
iron, and/or different beneficial compounds, such as astaxanthine, in the formulation.

Samples were immersed in aqueous solutions that included the desired ingredient (magne-
sium glutamate, iron lactate or astaxanthine), incorporated into the protein snack during the
absorption process. Even if water absorption capacity dramatically decreased in the aqueous
solution of the salts selected, especially at higher salt contents, all samples immersed in these
solutions achieve the amount of Mg or Fe required to satisfy the claim. This is specially impor-
tant in the case of Mg, as original samples were below the content required to reach the claim,
while samples already reached the Fe claim before immersion in iron lactate solution. Protein
matrices or snacks with superabsorbent properties could be obtained, independently as to
whether they are obtained through 3D printing or injection molding, typically showing greater
mineral content after the immersion stage at higher salt contents. It should be highlighted
that the freeze-drying step used at laboratory scale in the present work should be replaced at
industrial scale by cheaper, and more energy efficient alternatives.
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Figure Al. Images of PPP/PPC/SPI (1/0/0) printed samples before and after immersion in iron
lactate solutions (0,2.9-1072 and 5.8-1073 g/L).
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