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Abstract: Protein hydrolysates containing bioactive peptides have emerged as therapeutic agents.
However, these peptides may lose this bioactivity under gastrointestinal conditions. Encapsulation
in edible biopolymers is a solution to this problem. Protein hydrolysates with ACE-I inhibitory
activity, obtained previously, were encapsulated. A 1% solution of the biopolymers alginate (AG)
and pectin (PC) in various ratios was prepared. The beads formed were evaluated in both wet
and dry states for size, roundness, thermal gravimetric analysis (TGA), encapsulation efficiency,
and ACE-I inhibitory activity. Selected samples underwent in vitro digestion, after which peptide
release and ACE-I inhibitory activity were determined. Size analysis revealed that increasing the
PC content increased the bead size, with 100% PC beads showing total deformation and reduced
roundness. TGA indicated that wet beads had lower thermal stability compared to dry beads. The
highest encapsulation efficiency (95.57% ± 0.49) was observed with 100% AG beads. The 75%
AG 25% PC beads exhibited the highest ACE-I inhibitory activity (97.97% ± 1.01). Encapsulated
protein hydrolysates retained their ACE-I inhibitory activity after simulated digestion, whereas
non-encapsulated hydrolysates lost their bioactivity. Encapsulation of amaranth protein hydrolysates
with AG and PC thus preserves antihypertensive activity even after in vitro digestion.

Keywords: encapsulation; fermentation; ACE-I; alginate; pectin

1. Introduction

Amaranth, a pseudocereal belonging to the Amaranthaceae family, is notable for its high
nutritional value, containing significant amounts of dietary fiber, lipids, and protein [1,2].
It also stores essential vitamins (vitamin B6, C, carotene, and folate) and contains high
levels of calcium, sodium, iron, zinc, and magnesium. It is gluten-free, making it safe
for individuals with celiac disease [3,4]. The FAO considers amaranth one of the most
promising crops for feeding the global population [5]. In recent years, its high protein
content (13–19%), high protein quality (90% digestibility), and balanced amino acid profile
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have been of great interest [6]. Due to its nutritional composition, it has been identified as a
potential source of protein hydrolysates [7].

Protein hydrolysates are a mixture of oligopeptides, peptides, and free amino acids [8].
Peptides, sequences of 2 to 20 amino acids, stand out due to their significant health ben-
efits, such as antihypertensive activity [9]. Small peptides (<3 kDa) with aromatic rings
or cycles and aliphatic chains exhibit the greatest antihypertensive effects by inhibiting
the angiotensin I-converting enzyme (ACE-I) [10,11]. Inhibition of this enzyme is crucial
because it catalyzes the conversion of angiotensin I to angiotensin II, leading to increased
vasoconstriction and inflammation, and consequently contributing to elevated blood pres-
sure [11].

The composition of protein hydrolysates, as with the mixture of peptides that compose
them, is influenced by several factors; one of these is the method used for hydrolysis [12].
The most common methods are enzymatic hydrolysis and microbial fermentation; both
have several advantages, including their Generally Recognized As Safe (GRAS) charac-
ter [13]. In recent years, microbial fermentation of amaranth has gained attention for
producing protein hydrolysates with high percentages of ACE-I inhibition [7,14]. This
method is favored for its diverse microbial proteases, high protease activity, and cost-
effectiveness compared to enzymatic hydrolysis [15,16].

However, protein hydrolysates may lose their bioactivity upon consumption due to ex-
treme pH conditions and the digestive enzyme complex in the gastrointestinal tract [17,18].
Additionally, they have an undesirable or bitter taste, low solubility, poor stability during
processing, and poor oral bioavailability [19]. One strategy to protect these molecules and
improve some of their characteristics is encapsulation.

Encapsulation is the process used to trap a substance within another substance, known
as an encapsulant, coating, or wall material [20]. This process protects molecules such as
protein hydrolysates from adverse environmental or gastrointestinal conditions and im-
proves their stability [21]. Encapsulation of protein hydrolysates using natural biopolymers
employs biodegradable, biocompatible, and less toxic materials [22]. Pectin and alginate
are biopolymeric polysaccharides that are considered GRAS. Alginate is widely used to
protect protein hydrolysates, while pectin has shown favorable results in the controlled
release of various bioactive ingredients [23,24]. Combining or using these two polysaccha-
rides individually can improve the unfavorable characteristics of protein hydrolysates that
inhibit ACE-I.

The aim of this study was to develop alginate/pectin beads to encapsulate amaranth
protein hydrolysates with ACE-I inhibitory activity and evaluate their stability in retaining
this bioactivity even after in vitro digestion.

2. Materials and Methods
2.1. Materials

Sodium alginate (AG) was purchased from Cape Crystal Brands (Summit, NJ, USA),
and low methoxyl amidated pectin (PC) was purchased from Modernist Pantry (Portsmouth,
NH, USA). Alpha-amylase (M2871, 165,000 BAU/g) was purchased from MP Biomedicals
(Santa Ana, CA, USA). Pepsin from porcine gastric mucosa (P-7012, ≥2500 units/mg) and
pancreatin from porcine pancreas (P-1750) were obtained from Sigma-Aldrich (St. Louis,
MO, USA). Enterococcus faecium-LR9 was donated by the Food Research Department of the
Universidad Autónoma de Coahuila.

2.2. Encapsulation by Ionic Gelation

Amaranth protein hydrolysates were obtained from the fermentation of amaranth
protein with Enterococcus faecium-LR9, following previous research conducted by the work-
ing group. The fermentation process was conducted at 37 ◦C for 24 h with a cell density
of 7.0 log CFU/mL, according to the conditions reported by Ayala-Niño et al. [25]. The
samples were then centrifuged at 6000× g for 15 min at 4 ◦C and subsequently freeze-dried.
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The AG-PC protein hydrolysates were encapsulated using the ionic gelation method
described by Pamunuwa et al. [26] with some modifications. Different mixtures of AG-PC
were made at different concentrations: 100% AG, 75% AG 25% PC, 50% AG 50% PC, 25%
AG 75% PC, and 100% PC. An aqueous solution of the polymers (1% w/v) was prepared
and homogenized by stirring. Subsequently, the lyophilized protein hydrolysate (1% w/v)
was added, and this solution was stirred again for 30 min at 1500 rpm. The polymers and
protein hydrolysates solution were dripped using a 22G-gauge syringe, 10 cm high, over
50 mL of 0.1 M CaCl2. The formed beads were washed three times with distilled water.

The effect of bead drying was evaluated by comparing wet (undried) beads with beads
dried using two different techniques: air-drying and freeze-drying. For the air-drying
process, the beads were dried in a forced air circulation oven at 37 ◦C until a constant weight
was achieved. The freeze-drying process was conducted using a freeze-dryer (Ecoshel,
ECO-FD10PT, PHARR, TX, USA) at −60 ◦C and a minimum pressure of 2 Pa for 24 h.

2.3. Particle Size and Roundness Percentage

Particle size and percent roundness were evaluated as described by Zhao et al. [27]
with some modifications. For particle size, the longest (Dmax) and shortest (Dmin) diameters
of 100 beads were measured randomly with a digital vernier caliper (0–150 mm, accuracy
0.02 mm, Shanghai, Beijing), and the average of the values obtained was calculated. The
percent roundness (% RD) was calculated according to the following equation:

% RD =
Dmin
Dmax

× 100

where Dmin is the minimum diameter and Dmax is the maximum diameter of the beads.

2.4. Encapsulation Efficiency

Encapsulation efficiency was determined as the concentration of peptides trapped in
the core or surface compared to the initial amount added [28]. The o-phthaldialdehyde
(OPA) method of Church et al. [29], with some modifications by Muhialdin et al. [30],
was used to calculate the concentration of peptides. Briefly, to prepare the OPA solution,
25 mL of 100 mmol/L sodium tetraborate, 2.5 mL of 20% (wt/wt) SDS, 40 mg of OPA
(dissolved in 1 mL of methanol), and 100 µL of β-mercaptoethanol were mixed and diluted
to a final volume of 50 mL with deionized water. To a 96-well microplate, 36 µL of the
sample and 270 µL of OPA reagent were added. A standard curve with tryptone (0.25 to
1.5 mg/mL) was used as a reference. The solution was incubated in the dark for 3 min at
room temperature, and the absorbance was measured at 340 nm (BioTek, EPOCH2, Bad
Friedrichshall, Germany).

The following equation was used to calculate the percentage encapsulation efficiency
(% EE) in the wet gel beads:

% EE =
PI − PSb

PI
× 100

where PI is the initial peptide concentration and PSb is the peptide concentration found in
the supernatant.

To calculate the % EE of the dried beads, they were dissolved in 0.1 M sodium citrate,
and the following equation was used:

% EE =
P f
PI

× 100

where Pf is the peptide concentration in the dissolved bead sample and PI is the initial
peptide concentration.

2.5. Thermogravimetric Analysis

The beads’ thermal stability was evaluated via thermogravimetric analysis under con-
trolled N2 atmospheres using Pyris 1 TGA (PerkinElmer, Norwalk, CT, USA). The samples
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were subjected to a temperature range of 30–800 ◦C, with a heating rate of 30 ◦C/min, and
the mass loss was recorded.

2.6. Inhibitory Activity of ACE-I In Vitro

The ACE-I inhibitory activity of the selected beads was determined by dissolving
them in 0.1 M sodium citrate. A fluorescent method was used with the ACE-I activity assay
kit (Catalog No. CS0002, Sigma-Aldrich® (St. Louis, MO, USA)) according to the protocol
described by the manufacturer. All reagents were diluted in the assay buffer according to
the manufacturer’s instructions. Ten µL of the assay buffer (control) or samples are mixed
with 40 µL of ACE. Then, 50 µL of the fluorogenic substrate, previously heated to 37 ◦C,
was added to the experimental samples, controls, and blank [31]. A standard curve between
0 and 8 nmol was also prepared to calculate the enzymatic activity. ACE inhibitory activity
was measured using a fluorescence plate reader, with excitation and emission wavelengths
of 320 and 405 nm, respectively. The % inhibition of ACE was calculated using the equation:

% ACE = 100 × (mUC − mUB)− (mUS − mUBs)
(mUC − mUB)

where mUC (control) is mU after the action of ACE on substrate in the absence of inhibitor;
mUS (sample) is mU after the action of ACE on substrate in the presence of inhibitory
sample; mUB (blank) is mU of substrate; and mUBs (blank sample) is mU of substrate
and sample.

2.7. Simulated Gastrointestinal Digestion of Encapsulated Protein Hydrolysates

The selected beads and non-encapsulated protein hydrolysate (at the same concentra-
tion as the encapsulated protein hydrolysate) were subjected to in vitro digestion according
to the standardized INFOGEST protocol [32]. The digestion consisted of three simulated
phases: oral, gastric, and intestinal.

In the oral phase, 1 g of the beads were weighed, and 1 mL of salivary liquid solution
(SSF), salivary alpha-amylase enzyme at a concentration of 75 U/mL, and 1.5 mmol/L
CaCl2 × 2 H2O were added. The samples were placed in a water bath at 37 ◦C for
2 min with constant agitation at 120 rpm. Porcine pepsin was added to the samples
at a final activity of 2000 U/mL, in addition to a solution of gastric fluid (SGF) and
CaCl2 × 2 H2O 0.15 mmol/L to continue the simulation of the gastric phase. The pH
was adjusted to 3 with 1M HCl. Samples were incubated at 37 ◦C for 2 h with constant
agitation at 120 rpm. In the intestinal phase, a solution of intestinal fluid (SIF), porcine
pancreatin at a final activity of 100 U/mL, bovine bile 10 mmol/L, and CaCl2(H2O)2 at
0.6 mmol/L were added. The pH was adjusted to 7 with NaOH 1M. Samples were in-
cubated at 37 ◦C for 2 h with constant agitation at 120 rpm. Samples were taken at the
end of each in vitro digestion step. The enzymes were inactivated by heating at 90 ◦C for
5 min. All digested products of each stage were centrifuged at 500× g for 15 min. The
supernatants were taken and centrifuged at 10,000× g for 5 min.

Each digest was evaluated for peptide release using the OPA method and ACE-I
inhibitory activity.

2.8. Statistical Analysis

Data were subjected to one-way ANOVA; when needed, pair-comparison of treatment
means was achieved by Tukey’s procedure at p < 0.05, using the statistical software Statistica
(Statistica7.0 per Windows).

3. Results and Discussion
3.1. Particle Size and Roundness Percentage

The particle size and % RD of the evaluated beads are presented in Table 1. The
graphical visualization of the evaluated beads is shown in Figure 1. In all the beads, the
addition of PC influenced the bead size. Higher PC concentrations resulted in larger bead
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sizes. The beads made with 100% PC did not have a defined shape, making their size
unmeasurable (Figure 1E,J,O). This is because the galacturonic acid in PC is randomly
distributed, and when it binds to Ca2+ ions, it forms a structure resembling an egg-box in
“dot mode”. This results in faster, non-uniform gelation, producing larger beads with larger
pores compared to those with higher AG concentrations. In contrast, the guluronic and
mannuronic acid in AG are distributed in a more structured manner, forming an egg-box
structure in “zipper mode” when bound to Ca2+ ions, leading to smaller bead sizes [26].
This behavior is similar to that described by Pamunuwa et al. [26], where the size of folic
acid beads increased with higher PC concentrations.

Table 1. Size and degree of roundness of wet and dry amaranth protein hydrolysates beads with the
different treatments.

Sample
Encapsulating

Biopolymer
Treatment (%)

Dmax (mm) Dmin (mm) Mean (mm) RD (%)

Wet

100 AG 3.7 ± 0.2 3.5 ± 0.2 3.6 ± 0.2 a 94.0 ± 4.3 a

75 AG 25 PC 4.2 ± 0.4 3.5 ± 0.3 3.9 ± 0.3 ab 85.0 ± 8.4 ab

50 AG 50 PC 4.4 ± 0.7 3.6 ± 0.5 4.0 ± 0.5 b 82.1 ± 12.8 bc

25 AG 75 PC 6.7 ± 1.1 4.9 ± 1.0 5.84 ± 0.90 c 73.9 ± 15.0 cd

100 PC - - - -

Freeze-dried

100 AG 3.0 ± 0.6 2.5 ± 0.9 2.7 ± 0.5 a 83.8 ± 10.6 a

75 AG 25 PC 3.6 ± 0.8 2.6 ± 0.6 3.1 ± 0.6 a 72.5 ± 14.5 bc

50 AG 50 PC 4.7 ± 1.1 3.1 ± 0.7 3.9 ± 0.8 bc 68.0 ± 18.2 c

25 AG 75 PC 5.2 ± 1.3 3.7 ± 1.0 4.4 ± 0.9 c 73.1 ± 18.4 bc

100 PC - - - -

Air-drying

100 AG 2.0 ± 0.3 1.5 ± 0.3 1.8 ± 0.2 a 71.7 ± 15.2 a

75 AG 25 PC 1.9 ± 0.3 1.3 ± 0.2 1.6 ± 0.2 a 68.7 ± 15.1 a

50 AG 50 PC 3.1 ± 0.8 1.9 ± 0.6 2.5 ± 0.5 b 65.0 ± 21.5 a

25 AG 75 PC 3.1 ± 1.1 2.4 ± 0.8 3.0 ± 0.9 c 65.6 ± 16.0 a

100 PC - - - -
Different letters show significant differences between group means (p < 0.05). AG: Alginate, PC: Pectin.
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Figure 1. Wet, freeze-dried, and air-dried amaranth protein hydrolysates beads with different treat-
ments. (A): 100% AG wet, (B): 75% AG 25% PC wet, (C): 50% AG 50% PC wet, (D): 25% AG
75% PC wet, (E): 100% PC wet, (F): 100% AG freeze-dried, (G): 75% AG 25% PC freeze-dried,
(H): 50% AG 50% PC freeze-dried, (I): 25% AG 75% PC freeze-dried, (J): 100% PC freeze-dried,
(K): 100% AG air-drying, (L): 75% AG 25% PC air-drying, (M): 50% AG 50% PC air-drying,
(N): 25% AG 75% PC air-drying, and (O): 100% PC air-drying. AG: Alginate, PC: Pectin.
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The size also varied between wet and dry beads, where air-drying beads (Figure 1K–O)
presented a smaller size than freeze-dried (Figure 1F–J) and wet beads (Figure 1A–E). The
size difference between dried and wet beads is due to water loss, which weakens the
gelatinous structure, causing shrinkage and collapse of the encapsulate surface [33]. These
results are similar to those reported by Stachowiak et al. [34], who produced PC-AG
polymer encapsulates and dried them by freeze-drying. They also correspond with the
findings of Santagapita et al. [35], who evaluated the effect of different drying methods
(freeze-drying, vacuum drying, and air-drying) on the encapsulation of invertase with AG.

According to Table 1, the wet beads with 100% AG had the highest % RD. When more
PC is added to the beads, the % RD decreases, as shown in Figure 1. This occurs because
PC forms irregular and large pores, which affect the size and shape of the beads. Drying
also affected the % RD, with wet beads showing better % RD than dry ones (Figure 1).
However, the freeze-drying process better preserved the roundness of the beads compared
to air-drying. During freeze-drying, the beads were frozen, and water was removed by
sublimation, which minimized shrinkage and collapse. In contrast, air-drying subjected the
beads to temperature and oxygen, leading to more severe shrinkage and collapse.

3.2. Encapsulation Efficiency (EE)

Results for the evaluated % EE of amaranth protein hydrolysate in beads are displayed
in Figure 2. The highest % EE (95.57% ± 0.49) was observed with the 100% AG wet beads.
This value is higher than that reported by Alvarado et al. [36], who found a 70% EE of whey
protein peptides in AG beads. The differences may be attributed to the different protein
sources from which the peptides come, and the varying parameters used for encapsulation
and % EE determination.
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The concentration of PC in the encapsulation formulation impacts % EE. Specifically,
higher concentrations of PC lead to lower % EE, likely due to the properties of the materials
used, such as their entrapment and binding capacity [36]. AG is composed of guluronic acid
and mannuronic acid arranged in a clockwise manner. The egg-box structure in “zipper
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mode” produces a three-dimensional network with greater stability, resulting in better
entrapment [26]. In contrast, PC forms smaller egg-box dots, leading to lower mechanical
stability compared to AG. Therefore, the % EE was lower [37]. However, forced air-dried
beads with 25% AG 75% PC demonstrated high % EE despite the high PC concentration.
This may be attributed to interactions between the protein hydrolysates and the specific
concentrations of AG and PC, where PC was more available to interact with the protein
hydrolysate. Additionally, the effect of forced air-drying at this temperature may have
enhanced these interactions, resulting in a higher % EE compared to the wet and freeze-
dried beads.

The drying process negatively affects the % EE of the beads. This can be caused by the
formation of crystals during freeze-drying, which can damage the bioactive compound, as
noted by Vivek et al. [38]. On the other hand, the presence of oxygen and temperature dur-
ing forced air drying can also lead to changes in % EE compared to wet beads. Additionally,
the drying process can increase porosity, leading to the release of protein hydrolysates [34].
Between the two drying methods, forced air-drying results in a greater decrease in % EE
compared to freeze-drying.

3.3. Thermogravimetric Analysis

TGA was performed, and DTG curves were calculated to evaluate the thermal stability
of the non-encapsulated amaranth protein hydrolysate and the prepared beads. The results
are presented in Figure 3. The protein hydrolysate exhibited three stages of weight loss.
The first stage, occurring between 44 and 181 ◦C, showed a 6.1% weight loss, which is
attributed to the release of free water or water weakly bound to the protein molecules [39].
In the second stage, the non-encapsulated amaranth protein hydrolysate lost 11.14% of
its weight between 219 and 270 ◦C, likely due to the volatilization of peptides [40]. The
most significant weight loss, 44.11%, was observed between 270 and 415 ◦C, which can
be attributed to the slow decomposition of peptides from the previous stage, as complex
decomposition reactions occur with increasing temperature [39].

In contrast, the wet beads exhibited a 98.48% weight loss between 50 and 226 ◦C
(Figure 3A,B), primarily due to the evaporation of their high water content. Similar findings
have been reported by Paswan et al. [41], where the bioactive compound demonstrated
higher thermal stability without encapsulation. This may be due to the addition of AG
and PC, which have lower decomposition temperatures, and the high water content of
the beads.

Although the wet beads displayed lower thermal stability compared to the non-
encapsulated amaranth protein hydrolysate, it is essential to consider the other advantages
of the encapsulation strategy. Additionally, the weight loss of the wet beads occurs at
temperatures higher than those typically encountered during storage and some types
of cooking.

Figure 3C,D show the TGA and DTG results for the freeze-dried beads. The highest
weight loss (30.58%) occurred between 236 and 370 ◦C, indicating that the beads no longer
contain water. This temperature range is associated with the decomposition of AG carbon
chains and the formation of sodium carbonate [42]. For PC, the galacturonic acid chains
undergo thermal degradation, leading to the formation of solid carbon [43]. Subsequently,
as observed in the DTG curves (Figure 3D), additional weight-loss events were observed
at higher temperatures. Beads with a higher percentage of AG showed weight losses of
14.79% for 100% AG beads and 15.43% for 75% AG 25% PC beads between 667–765 ◦C,
attributed to the decomposition of sodium carbonate [42]. The 50% AG and 50% PC beads
had two additional weight loss events between 589–676 ◦C and between 682–760 ◦C. The
25% AG 75% PC beads had weight losses between 524–616 ◦C and 707–767. On the other
hand, the 100% PC beads showed weight losses between 504–581 ◦C and 685–738 ◦C,
which is attributed to the partial destruction of solid carbon [43]. The freeze-dried beads
exhibit slightly lower thermal stability compared to the non-encapsulated amaranth protein
hydrolysate, as they do not contain the high water content present in the wet beads.
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TGA and DTG results for air-dried beads are shown in Figure 3E,F. Two distinct weight
loss events were observed at 220–287 ◦C and 294–350 ◦C, corresponding to the issues
described above. The air-dried beads exhibit slightly lower thermal stability compared to
the non-encapsulated amaranth protein hydrolysate, as they do not contain the high water
content present in the wet beads.
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3.4. ACE-I Inhibitory Activity

Figure 4 presents the ACE-I inhibitory activity of the selected beads (wet beads), which
were chosen because they showed better results in size, % RD, and % EE. The amaranth
protein hydrolysates maintained their ACE-I inhibitory activity after encapsulation using
the ionic gelation technique. This technique is effective in protecting bioactive compounds
from temperature/pH variations as well as light/oxygen exposure, thereby retaining their
bioactivity [44].

Although there was no significant difference among the treatments, the 75% AG
25% PC beads had a greater tendency towards a higher percentage of inhibition of ACE-I
(96.97% ± 1.01). This could be due to synergistic effects between AG and PC concentrations,
which could help maintain the appropriate amino acid sequences with the right structure,
charge, size, or composition necessary for this bioactivity.

While the 75% AG 25% PC beads had a high % EE, the 100% AG beads had the highest
% EE. However, the latter may not demonstrate a high trend in ACE-I inhibition percentage,
as % EE is based on the concentration of encapsulated peptides. It is possible that some
encapsulated peptides do not possess the essential characteristics required to inhibit ACE-I.

The 100% AG beads and the 75% AG 25% PC beads showed the most favorable results
in terms of characterization, % EE, and a high tendency towards ACE-I inhibition. Therefore,
these beads were selected to evaluate the stability of bioavailability after undergoing
in vitro digestion.
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3.5. Simulated Gastrointestinal Digestion of Encapsulated Protein Hydrolysates

Peptide release (monitored as protein concentration) and ACE-I inhibitory activity
were determined during oral, gastric, and intestinal phases simulation for the selected
samples listed in Table 2.

Table 2. Peptide release and ACE-I inhibitory activity of selected beads (wet beads) and non-
encapsulated amaranth protein hydrolysate under simulation of gastrointestinal digestion.

Digestion Phase
Peptide Release (mg/mL) ACE-I Inhibition (%)

100% AG 75% AG 25% PC Non-
Encapsulated 100% AG 75% AG 25% PC Non-

Encapsulated

Oral 0.005 ± 0.001 c 0.007 ± 0.003 b 0.050 ± 0.003 c 9.97 ± 11.33 23.68 ± 10.05 0 ± 0
Gastric 0.142 ± 0.005 b 0.108 ± 0.006 b 0.126 ± 0.007 b 0 ± 0 17.46 ± 5.03 0 ± 0

Intestinal 0.532 ± 0.091 a 0.548 ± 0.015 a 0.515 ± 0.059 a 19.93 ± 6.30 16.10 ± 8.77 0 ± 0

Total 0.679 ± 0.097 0.663 ± 0.024 0.691 ± 0.069 29.9 ± 17.63 57.24 ± 23.85 0 ± 0

Different letters indicate a significant difference between the means of each digestive phase. AG: Alginate,
PC: Pectin.
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In all tested samples, the highest release of peptides occurred during the intestinal
phase, which is favorable as peptides need to reach the intestine to be absorbed. On the
other hand, the lowest peptide release was observed during the oral phase. Additionally,
the amaranth protein hydrolysate without encapsulation showed a higher tendency to
release peptides compared to the encapsulated samples. This is undesirable, as peptide
release is ideally targeted to occur during the intestinal phase. This is attributed to the
encapsulating material protecting the samples during different phases of digestion, thus
preventing a higher release of peptides. During the oral phase, both AG and PC protect
the protein hydrolysates because amylase does not target these biopolymers. Additionally,
the near-neutral pH (~6.8–7.2) of the oral environment prevents significant deprotonation
of the carboxyl groups in AG, and PC remains stable at this pH. In the gastric phase, the
acidic environment (pH 3) activates pepsin, which specifically targets proteins and does
not degrade AG or PC. The acidic pH does not substantially affect the stability of these
biopolymers. In the intestinal phase, the pH increases to a more neutral level (pH 7), leading
to the deprotonation of carboxyl groups in AG. While PC is generally more resistant to
changes in pH, it forms less stable structures compared to AG, potentially affecting its
integrity [45,46]. These findings are similar to those reported by Alvarado et al. [36].

The non-encapsulated amaranth protein hydrolysate did not exhibit ACE-I inhibitory
activity during any stage of the digestion process (Table 2). This lack of activity is attributed
to the production of inactive peptides under the conditions and enzymes present during
the in vitro digestion phases. Previous studies have also reported the instability and
rapid degradation of non-encapsulated protein hydrolysates, leading to a loss of biological
activity during digestion [36,47].

During the oral phase, the 100% AG beads demonstrated a low percentage of ACE-
I inhibition (9.97% ± 11.33). However, this bioactivity was not observed in the gastric
phase (0% ± 0), likely due to the production of inactive peptides. In the intestinal phase,
bioactivity reappeared (19.93% ± 6.30), probably due to the favorable conditions and
enzymes present in this phase, which resulted in the production of peptides with the
necessary characteristics to inhibit ACE-I. Additionally, more peptides were released from
the encapsulation during this phase, contributing to the observed bioactivity. Despite this,
the percentage of ACE-I inhibition in the intestinal phase remained low (19.93% ± 6.30).

In the case of beads composed of 75% AG and 25% PC, as mentioned earlier, a
low release of peptides was observed during the oral phase (0.007 ± 0.003), which is
advantageous as the goal is to release these peptides primarily in the intestinal phase.
Notably, these beads exhibited a higher tendency to inhibit ACE-I during the oral phase
(23.68 ± 10.05) compared to the gastric (17.46 ± 5.03) and intestinal 16.10 ± 8.77 phases.
This could be attributed to the modification of the released peptides by the amylase enzyme,
which may have imparted structural characteristics conducive to a higher level of ACE-I
inhibition. However, this bioactivity decreased during the gastric and intestinal phases,
where more peptides were released. The increased hydrolysis and pH changes in these
later phases might have contributed to the production of inactive peptides.

Differences in ACE-I inhibitory activity were observed between the various phases
of the digestion process for the 100% AG beads and the 75% AG 25% PC beads. These
differences are likely attributable to the varying concentrations of AG and the addition
of PC, as also reflected in the % EE, as these parameters had a significant influence. The
bioactivity observed in each digestion phase may result from the release of peptides with
different structures in each bead (100% AG and 75% AG 25% PC). Depending on the
structure of the peptides, complexes may or may not form with each bead, influenced by
the differences in the concentrations of the biopolymer (AG) and the addition of another
biopolymer (PC). This could explain why, during the intestinal phase, the 100% AG beads
favor the production of ACE-I inhibitory peptides, while the 75% AG 25% PC beads tend
to produce inactive peptides.

When comparing amaranth protein hydrolysates with and without encapsulation, it
was found that beads encapsulated with AG and PC preserved bioactivity during in vitro
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digestion, but only to a limited extent. The study showed that the 100% AG beads and
75% AG 25% PC beads contained 87.33% ± 4.22 and 96.97% ± 1.01 ACE-I inhibition,
respectively, before in vitro digestion. However, the formation of complexes between these
biopolymers and the protein hydrolysates may prevent the release of the ACE-I inhibitory
peptides, resulting in low inhibition percentages.

4. Conclusions

A study was conducted to encapsulate amaranth protein hydrolysates using the
ionic gelation method with different concentrations of AG and PC. The findings indicated
that beads with higher PC concentration were unsuitable due to their larger size, being
less round, and having lower encapsulation efficiency. Additionally, drying the beads
negatively impacted encapsulation efficiency. The best results during characterization
were obtained with 100% wet AG beads. However, the better preservation of ACE-I
inhibitory activity was observed with beads containing 75% AG 25% PC. Consequently,
beads composed of 100% AG and 75% AG 25% PC were selected for evaluation in a
simulated gastrointestinal digestion. The encapsulation of amaranth protein hydrolysates
using these selected concentrations of AG and PC preserved ACE inhibitory activity,
whereas non-encapsulated protein hydrolysates lost bioactivity during gastrointestinal
digestion simulation. However, the ACE-I inhibitory activity observed during the intestinal
phase was very low, indicating that other biopolymers and concentrations need to be
evaluated to enhance protein hydrolysate stability.
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