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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Quancai Sun Pumpkin seeds are rich in protein (24-36.5%). Some of them are consumed as nuts, while others are regarded as
waste and used for feeding animals. Protein hydrolysates from pumpkin seeds possess some bioactive properties,
such as anti-oxidant activity. In this work, various composite alginate hydrogels contain Aloe vera, CMC, and
tragacanth have been employed to protect PSPH against degradation in simulated gastrointestinal digestion (SGI)
and regulate its release rate. The encapsulation efficiency of PSPH in plain alginate and beads with Aloe vera,
CMC, and tragacanth combinations was 71.63, 75.63, 85.07, and 80.4%, respectively. The release rate of the
plain alginate beads was %30.23 in the SGF and %52.26 in the SIF, and decreased in the composite-based beads.
The highest decreasing rate in the antioxidant activity during SGI was observed in free PSPH, and the decreasing
rate slowed down in the alginate-based composites. The swelling rate in plain alginate was %-23.43 and %25.43
in the SGF and SIF, respectively, and increased in the composite-based beads. The FTIR spectra of hydrogels
before and after loading with PSPH showed identical absorption patterns and were similar to each other. Based
on the data for SEM, it was revealed that substituting other polymers in polymer combinations with alginates
resulted in a porosity reduction of the beads and smoother and more uniform surfaces. Based on the results, the
combination of polysacchared with alginate could protect and increase the applicability of PSPH as a functional
component in the food industry.
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1. Introduction

Pumpkin is a perennial plant that belongs to the family Cucurbitaceae
and different varieties are available worldwide. One of the most popular
types of pumpkin is C. maxima. High protein content (24-36.5%) in
pumpkin seed (Rezig et al., 2016) and the existence of many bioactive
substances, such as oils, sterols, polyamines and antioxidants in pump-
kin seeds, have motivated researchers to explore the use of them in
traditional medicine systems for a long time (Aktas et al., 2018; Aziz
et al., 2018; Cho et al., 2014). Recent studies suggest that hydrolysates
from pumpkin seed protein possess antioxidant properties (Mazloomi--
Kiyapey et al., 2019; Sitohy et al., 2020) and also enhance zinc
bioavailability (Lu et al., 2021). Unfortunately, these by-products are
either discarded as household or agricultural-industrial waste or used to
feed animals. Therefore, based on their nutritional and biological
properties, these seeds hold great potential for being used as food in-
gredients (Amin et al., 2019; Bucko et al., 2015; Rezig et al., 2016).
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Hydrogels are three-dimensional polymer networks with crosslinks
that can take in a large amount of water or biological fluids. According
to Hacker and Mikos (2011), hydrogels can be formed by either chemical
or physical methods. Hydrogels may be formed in the presence of
divalent cations, including calcium, strontium and barium. However, as
a result of being a naturally occurring ion in the human body, calcium
ions are most common since they do not cause any allergic reactions.
Additionally, compared to the other ions mentioned, it has no adverse
toxic effect, according to Zhang and Zhao (2020). There are two kinds of
hydrogels: natural and synthetic. Natural hydrogels are based on natural
polymers such as chitosan, alginate, cellulose, proteins and gum Arabic.
In comparison with their synthetic counterparts, natural hydrogels are
more biodegradable. This property has made them widely used in the
food industry, medicine and biotechnology for making sensors, targeted
drug release carriers, absorption systems for dyes and metal ions, con-
tact lenses, etc. (Ahmed, 2015; Kabiri et al., 2011). In the area of drug
and bioactive compound delivery, hydrogels are capable of being loaded
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with highly dosed bioactive compounds as well as controlling their
sustained release. As a result, stable hydrogels with appropriate struc-
tures exhibit high stability and releases a small amount of the content in
acidic stomach conditions while releasing most of it in intestinal con-
ditions (Swamy and Yun, 2015).

Alginate is a naturally occurring anionic hydrophilic polymer ob-
tained from brown seaweed and has been employed in several food uses
due to its various functions, for example, forming film, gelling effect,
thickening and stabilization (Shah, 2020). Alginate can be applied in
diverse forms such as films, hydrogels, microspheres, fibers and micro-
capsules across different industries, including cosmetics/beauty prod-
ucts, health/wellness products like drug delivery systems or implants,
and scaffolds for tissue regeneration and biomaterials applications
(Prasathkumar and Sadhasivam, 2021). Numerous studies have exam-
ined the utilization of alginate-based delivery systems as matrices for
antioxidant peptides. For example, Betancur-Ancona et al. (2021) used
Guazuma ulmifolia gum and sodium alginate to micro-coat antioxidant
peptides from Phaseolus lunatus. On the other hand, Cano-Sampedro
et al. (2021) encapsulated sprouted soybean protein hydrolysate using
alginate and xanthan gum under colonic fermentation conditions with
controlled release. In a separate study done by Gémez-Mascaraque et al.
(2016), the effect of micro-hydrogels on whey protein hydrolysate
during micro-encapsulation was assessed for their stability in the
digestive system as well as their potential use in yoghurt products. The
usage of alginate has downsides too, like bioactivity, mucosal adhesion
and low shelf life (Perez et al., 2014). In addition, the gel formed has low
mechanical strength, the loading capacity for bioactive compounds is
also low, and it releases loaded molecules quickly at intestinal pH (Busic
et al., 2018).

Aloe Vera mucilage is a hydrocolloid made up mainly of water
(99%), which can be used as a thickening agent with good emulsifying
properties that may be appropriate for encapsulation (Medina-Torres
et al., 2019). Aloe Vera has some medicinal uses such as antimicrobial
(Lorenzetti et al., 1964; Robson et al., 1982), anti-inflammatory (Hirata
and Suga, 1977), analgesic (Fujita et al., 1976), cell-regenerative
(Seyger et al., 1998), antioxidant (Yagi et al., 2003) and anticancer
(Desai et al., 1996; Su et al., 2005). Thus, Sun’s team designed this kind
of nonwoven fabrics to act as a controlled release system (Sun et al.,
2017).

An anionic polysaccharide, tragacanth gum, has a negative charge in
a wide range of pH (Carpentier et al., 2022). Being a heterogeneous and
highly branched complex polysaccharide, is the best description of
tragacanth gum. Such non-food industries as pharmaceuticals and food
products like sauce and ice cream often use this substance (Kurt et al.,
2016). Tragacanth gum is also applied in the development of different
drug delivery systems, such as micro or nano hydrogels (Hemmati et al.,
2016; Hosseini et al., 2016).

Among the most widely used cellulose derivatives is carboxymethyl
cellulose (CMC). This kind of cellulose derivative, when CH,COOH
groups are added to cellulose’s molecular chain, leads to the production
of carboxymethyl cellulose (CMC), which is an anionic linear poly-
saccharide. CMC edible coatings have been produced for food preser-
vation because they can form a film excellently, are soluble in water, are
safe, and are relatively less expensive (Yu et al., 2022). According to
Ali’s team findings, CMC is tasteless, biodegradable, not toxic, and sol-
uble in both hot and cold water since its structure allows it to be broken
down easily into simpler molecules (Ali et al., 2022).

Liang et al. (2016), by microencapsulation of epigallocatechin
gallate inside niosomal vesicles and investigating its iron ion reduction
property during digestion in simulated intestinal conditions, reported
that the amount of antioxidant activity of the free and
micro-encapsulated compounds within 2 h of digestion in the intestine
decreased, but this decrease was less in the microencapsulated sample.
Also, Hu et al. (2017) reported that by microencapsulating orange peel
flavonoid compounds in pectin nanoparticles, their antioxidant power
decreased during digestion in simulated intestinal conditions, and this
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decrease was greater in free flavonoid compared to microencapsulated
flavonoid.

Bogdanova et al. (2022) increased the stability of calcium alginate
hydrogel by adding some gelatin to it, which increased cell viability,
increased ionic bonding and controlled release. Alvarado et al. (2019)
investigated the encapsulation of antihypertensive peptides from whey
proteins and their release under digestive conditions by three composite
materials: alginate-collagen, gum Arabic alginate and alginate-gelatin.
Their results showed that the highest encapsulation efficiency as well
as the highest ACE inhibition rate after the digestive period were related
to gum Arabic-alginate.

The main goal of this article is to investigate the protective effect of
alginate-based composite hydrogels on the protection of PSPH and its
release rate in the simulated digestive environment. This article can help
researchers to choose the best formulation for their research.

2. Materials and methods
2.1. Materials

Tragacanth and Aloe Vera leaves were purchased from the local
market (Gorgan, Iran). Sodium alginate, CMC, Calcium chloride
(CaCLy), Pancreatin (from porcine pancreas, 0.35 U/mg), Pepsin (from
porcine gastric mucosa, 0.7 U/mg), Alcalase (2.97 U/ml), Brilliant Blue,
Hexane, NaOH, Hydrochloric acid (HCL), NagHPO4~NaHPO4, Sodium
chloride (NaCL), Potassium bromide (KBr), Methanol, DPPH, FeCl,,
Ferrozine, Sulfuric acid, Sodium phosphate, and Ammonium molybdate.
All chemicals used were of analytical grade, were used as received
without any further purification, and were obtained from Sigma-Aldrich
and Merck.

2.2. Preparation of core materials (pumpkin seed protein hydrolysate)

Pumpkin fruit (Cucurbita maxima L.) was purchased from the local
market (Astane-ashrafieh, Gilan, Iran). After separating the seeds
manually, they were dried in an oven (Memmert, Germany) at 50 °C for
72 h.

2.2.1. Production of pumpkin protein concentrate

The pumpkin seeds, in a dry state, with husks, were ground by a mill
(500 A, China) and passed through a 40-mesh sieve. Hexane was added
to the powder at a ratio of 10:1 (V/W) and shaken (Noorsanat Ferdous,
Iran) at 440 rpm for 4 h. The oil removal process continued until the
residual oil was down to approximately 5%. Subsequently, any solvent
that was left in the flour was separated using a vacuum oven (Memmert,
Germany) at 40 °C for 24 h. After milling, the yielded flour was sus-
pended in distilled water at a ratio of 1-10 (W/V), adjusted to pH 11
using 1 N NaOH solution in order to open the protein structure, and then
stirred for 1 h by means of a magnetic stirrer (Jenway, UK). Then, the
centrifugation (Combi-514R, South Korea) was carried out at 5000 rpm
for 20 min at 4 °C. After collecting the supernatants, the pH was set to 4
using 1N hydrochloric acid. A repeated centrifugation cycle of 20 min at
5000 rpm and at temperature of 4 °C was performed again. At last, the
pellet was freeze-dried (FDB 5503, South Korea) and maintained in a dry
and cool environment. (Mazloomi-Kiyapey et al., 2019).

2.2.2. Microwave pretreatment

A solution containing 5% W/V of the pumpkin seed protein
concentrate was prepared by adding the concentrate to 0.1 M phosphate
buffer (100 gr/L) (NapHPO4-NaH,PO4, pH 7.4) as a dispersion medium.
It was left for 30 min to stir the dispersion and then subjected to mi-
crowave treatment (Daewoo, South Korea) with a power of 450-900 W
for 30-90 s. It should be noted that after measuring the total antioxidant
activity, microwave pretreatment at 600 W for 30 s was selected and
applied as the optimum condition for pretreatment. Protein solutions
pretreated with microwaves were used as substrates in enzymatic
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hydrolysis experiments (Gohi et al., 2019).

2.2.3. Engymatic hydrolysis

The response surface methodology was used to optimize the condi-
tions of enzymatic hydrolysis. Alcalase and pancreatin enzymes were
added in ratios from 0.5 to 2.5% of the protein substrate, and hydrolysis
time was determined as an independent factor for each sample placed on
a shaker incubator (VS-8480, South Korea) at a speed of 200 rpm within
20-190 min. The temperature and pH of hydrolysis were based on the
optimal temperature and pH of each enzyme (pancreatin: 40 °C and pH
= 7.4; alcalase: 50 °C and pH = 8). Then, protein solution was placed in
a hot water bath (WNB 22, Germany) at a temperature of 85 °C for 15
min so that enzymes could be deactivated in them. Afterward, centri-
fugation took place (Combi-514R, South Korea) at 4000 rpm at 4 °C for
15 min before the supernatant was dried using a freeze dryer and stored
at —20 °C until use (Nourmohammadi et al., 2017).

2.2.4. DPPH free radical scavenging activity

The hydrolysates were dissolved in distilled water at the optimal
concentration (40 mg/ml). Then, 200 pl of the sample were mixed with
600 pl of methanol and 200 pl of DPPH (0.15 mM in methanol). After
shaking vigorously for 2 min, it was kept at room temperature in a dark
place for 30 min. The absorption was measured at 517 nm using a
UV-vis (T80, UK) spectrophotometer. The control sample contained
800 pl of methanol and 200 pl of DPPH (0.15 mM). DPPH free radical
scavenging activity is calculated according to Eq. (1) (Kanbargi et al.,
2017).

DPPH (%) = (Blank absorbance — Sample absorbance)/Blank absorbance
x 100
@

2.2.5. Iron ion chelation activity

200 pl of the sample was mixed with 10 pl of FeCly (2 mM) and 600 pl
of distilled water. Then 20 pl of ferrozine solution (5 mM) was added to
the mixture and mixed vigorously for 2 min. After keeping the mixture at
room temperature for 10 min, the color reduction due to iron chelating
activity was recorded by measuring the absorbance at 562 nm. The
control sample contained 800 pl of distilled water, 10 pl of FeCl,, and 20
pl of ferrozine solution (5 mM). The percentage of chelating activity was
calculated using Eq. (2) (Kanbargi et al., 2017).
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set to 40 °C until complete dryness (Simas-Tosin et al., 2009).

For the preparation of aloe Vera mucilage, the leaves were
completely washed and peeled off to reveal their thick gel, while inside
the mixer, its gel was completely homogenized. After that it was placed
into a tray which was then transferred into an oven (Memmert, Ger-
many) and dried at 40 °C until it was fully dried.

2.4. Preparation of alginate-based delivery system

Ion gelation method was used for making hydrogel beads. First, a
dispersion with a concentration of 2% sodium alginate and different
combinations of polysaccharides such as aloe Vera, Tragacanth gum and
CMC at a ratio of 80:20 were prepared for complete hydration by mixing
them for 24 h at room temperature. This is followed by the addition of
PSPH (40 mg/ml) to different wall materials dispersions in ratiol:1.
Beads were formed by adding the resulting solution to 20 ml of CaCl,
solution (5%) dropwise using a syringe (2 ml). After that, the beads were
removed from the solution and washed with distilled water. Some of
these beads were lyophilized (FDB 5503, South Korea), while the rest
were used directly (Li et al., 2021).

2.5. Encapsulation efficiency

One ml of 0.1 M potassium phosphate buffer (pH = 8) was mixed
with 100 mg of beads, after which it was stirred for 15 min using vortex
(Magsoudlou et al., 2020). Then using centrifugation (Combi-514R,
South Korea) the beads separated from the dispersion at a speed of 15,
000 rpm for 20 min. The supernatant was suitably diluted and assayed
by the Bradford method at a wavelength of 595 nm. Encapsulation ef-
ficiency was measured by Eq. (3) (Bradford, 1976; Guhagarkar et al.,
2009).

Encapsulation efficiency (%) =Cy — Cs/Cr x 100 3

where Cr was the total protein content and Cg was the supernatant
protein content.

2.6. Release rate in simulated gastrointestinal digestion

Simulated gastric fluid (SGF) was prepared first with sodium chlo-
ride 0.2 g and pepsin 0.32% having a final pH of 2, while simulated
intestinal fluid (SIF) was prepared by dissolving pancreatin 0.1% and

Iron Ion chelating activity (%) = (Blank absorbance — Sample absorbance)/Blank absorbance x 100 (2)

2.2.6. Total antioxidant activity

100 pl of the sample with 1 ml of reagent (0.6 M sulfuric acid, 28 mM
sodium phosphate, and 4 mM ammonium molybdate) was added into an
Eppendorf tube and placed in a 90 °C water bath for 90 min. After
cooling the samples, their absorbance was recorded at 695 nm. The
control sample was double-distilled water. The higher absorption rate
indicated the higher total antioxidant activity (Prieto et al., 1999).

2.3. Preparation of wall materials

Tragacanth gum was completely powdered (500 A, China), and
sieved through a 40-mesh sieve. 30 g of the powder were mixed with
1000 ml of distilled water using a magnetic stirrer (Jenway, England)
until dissolved fully. Its impurities were separated by centrifugation at a
speed of 12,000 rpm for 20 min (Combi-514R, South Korea). The su-
pernatant was put in an oven (Memmert, Germany) with a temperature

potassium dihydrogen phosphate 50 mM to get a final pH of 7.4 (Basiri
et al., 2017; Huang et al., 2023). The release rate was determined ac-
cording to the Azad et al. (2020) method. Specifically, 10 ml of the
simulated gastric medium were added to 1 g of beads, after which it was
placed in a shaker incubator at a temperature of about 37 °C at a speed of
50 rpm for 2 h (VS-8480, South Korea). Sampling was done every 30
min. At the end, Bradford’s method was employed to establish the
magnitude of the release. Thereafter, 10 ml of simulated intestinal so-
lution was added to each sample shaking continued at a speed of 50 rpm
at a temperature of 37 °C and was further incubated for 4 h, followed by
sampling every 60 min until the end point and measurement done using
Bradford’s technique.

2.7. Swelling
20 ml of simulated gastrointestinal environment were poured into a

1 gr sample of beads, which were placed in a shaker incubator with 100
rpm seed at temperature of 37 °C. After each process of digestion, filter
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paper gently wiped off any moisture from the medium surrounding the
beads before they were weighed. Eq. (4) helped to establish how much
weight had been added or lost by change in mass (Wong et al., 2021).

Swelling (%) = Ws — W5/Ws x 100 4

where Wg was the weight of swollen beads and Wy was the weight of dry
beads.

2.8. Fourier transform infrared (FT-IR) spectroscopy

The IR analysis of hydrolysates and loaded beads was performed
using an FTIR spectrophotometer. These samples were grinded with KBr,
and their spectral scanning was done within the range of 400-4000
cm ! (Stoica et al., 2013).

2.9. Scanning electron microscopy (SEM)

The samples’ morphological structure was examined under scanning
electron microscopy (SEM) operating at a voltage of 10 kV. The frozen
samples were coated with gold (Au), following which they were assessed
using an SEM instrument (Li et al., 2021).

2.10. Statistical analysis

Enzymatic hydrolysis was done using Design Expert software version
11 and response surface methodology in the form of central compound
design. Data analysis was done with SPSS software version 26, in the
form of a completely randomized design using one-way analysis of
variance (ANOVA). The comparison of values was checked with Dun-
can’s multiple-range test at a 95% confidence level, and graphs were
drawn with Excel 2019 and Origin 2019 software. All tests were per-
formed in three replicates.

3. Results and discussion
3.1. Antioxidant activity of PSPH

According to Fig. 1, the highest amount of antioxidant activity for
pancreatin hydrolysate based on DPPH free radical scavenging activity,
iron ion chelation activity, and total antioxidant activity (absorbance at
695 nm) was 52.6 & 2.1%, 91.1 & 3.9% and 1.0 + 0.1, and for alcalase
was 52% + 2.1, 93 + 4.42% and 0.711 + 0.08, respectively. According
to the results, pancreatin hydrolysates showed higher antioxidant ac-
tivities in DPPH free radical scavenging and total antioxidant activity, so
this sample was chosen as the core material for encapsulation. The
highest amount of antioxidant activity belonged to the time of 105 min
and the ratio of 1.5% E/S. In other words, the amount of antioxidant
activity decreased with increasing time. It can be stated that, probably
due to the continuation of the hydrolysis process and the effect of the
enzyme on the hydrolysates produced in the early stages, it has led to the
destruction of the hydrolysates with high antioxidant capacity (MESH-
GINFAR et al., 2014). Shaban Pour et al. (2017), Kaveh et al. (2019), and
Ovissipour et al. (2009) reported that by increasing time, the amount of
antioxidant activity decreased. On the other hand, by increasing the
concentration of the enzyme up to 1.5%, the amount of antioxidant
activity decreased. This is due to excessive protein hydrolysis, which
causes the complete release of hydrophilic amino acids and makes it
difficult to react active amino acids with the fat-soluble DPPH free
radical (Zhu et al., 2008). Also, higher concentrations of E/S may
destroy the hydrolysates with electron-donating properties and Fe che-
lation activity, which reduce the antioxidant activity.

3.2. Encapsulation efficiency

As it can be seen from Fig. 2, the highest amount of encapsulation
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efficiency (85.06 + 2.54%) belonged to CMC-alginate, and the lowest
one (71.63 + 2.15%) belonged to plain alginate. According to the re-
sults, there were significant differences between EE of the plain alginate
(71.63 + 2.15%), CMC-alginate (85.06 + 2.54%), Tragacanth-alginate
(80.4 + 2.3%), and Aloe-alginate (75.63 + 2.1%) (p < 0.05). Divalent
cations such as calcium ions, by connecting alginate chains, form a
network with cross-ionic bonds, which leads to the formation of a gel-
alginate solution (George and Abraham, 2007). Calcium alginate
hydrogel by itself is very fragile and has poor mechanical properties.
There are many hydroxyl groups in CMC that, in addition to high water
absorption, can establish hydrogen bonds with alginate molecules to
increase the durability of the hydrogel (He et al., 2021). On the other
hand, the cross-links between carboxyl groups in Tragacanth increase
stability (Qasemi and Ghaemy, 2020; Sahraei and Ghaemy, 2017). It
should be noted that the reduction in encapsulation efficiency is due to
an increase in the density of cross-links, which causes a rigid structure,
and a decrease in volume in the polymer matrix (Nagarjuna et al., 2016).
In some studies that have been conducted on different polysaccharides,
the combination of them increased the efficiency of encapsulation,
which is probably due to the creation of cross-links between poly-
saccharides and increasing the stability of hydrogels. For example,
Magsoudlou et al. (2020) investigated the stability and structural
properties of encapsulated bee pollen protein hydrolysates with malto-
dextrin and whey protein. Their results showed that the combination of
maltodextrin and whey protein leads to the highest amount of encap-
sulation efficiency, and maltodextrin by itself causes the lowest amount
of it. Rao et al. (2016) performed the encapsulation of casein hydroly-
sates by using a maltodextrin-gum Arabic combination and reported that
the combination of these two gums led to the highest
micro-encapsulation efficiency.

3.3. Release rate in the simulated gastrointestinal condition

According to Fig. 3A, the release rate in the gastric environment
increased with time for all treatments. The highest amount of release
was at 120 min (30.23 + 0.4%), and the lowest amount was at 30 min
(5.3 £ 0.11%). The amount of release in Aloe-alginate and Tragacanth-
alginate hydrogels was not significantly different in 60 and 90 min (P >
0.05). Also, the highest amount of release belonged to plain alginate,
and the lowest amount belonged to CMC-alginate. According to Fig. 3B,
by increasing time, the amount of release in the intestine environment
increased, and the results showed that the highest amount of release was
at 240 min (52.26 £+ 0.63%), and the lowest amount was at 60 min
(13.46 + 0.18%). It should be noted that, the highest release amount
belonged to plain alginate, and the lowest amount belonged to CMC-
alginate. The results showed that the addition of other polysaccharides
to alginate increases the cross-links and, as a result, increases the sta-
bility of the hydrogel, which preserves the bioactive compound inside
the hydrogel. These results are similar to the findings of Bogdanova et al.
(2022). During a study, they also added some gelatin to increase the
stability of calcium alginate hydrogel, which increased cell viability, the
ionic bond, and controlled release. Sodium alginate, in the presence of
divalent cations, exhibits unique gelling properties in aqueous solutions,
but the gel has limitations such as instability and fragility. The combi-
nation of sodium alginate with different polymers causes stable and
controlled release, high porosity, and multiple responses (Zou et al.,
2020). CMC is one of the synthetic polymers that are created by poly-
merization cross-linking or physicochemical cross-linking, which have
advantages such as high mechanical strength and physicochemical sta-
bility and is used with alginate to increase the stability of the hydrogel
(Wang et al., 2013; Xu et al., 2018). Alginate-CMC hydrogels, based on
two polyanionic polysaccharides, are sensitive to pH in the weak alka-
line environment of the intestine and prevent the leakage of the bioac-
tive compound and the bursting of the hydrogel in the gastric
environment (Hu et al., 2021). In the present study, the release amount
in the alginate-tragacanth sample was lower than the release amount in
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Fig. 1. Antioxidant activity of pumpkin seed protein hydrolysates (PSPH).
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the control sample (alginate), which is different from the results
announced by Nagarjuna et al. (2016), who reported that the release
amount in the control sample was the lowest amount. In the current
study, probably due to the creation of cross-links, the hydrogel wall has
become more stable and stronger, and the release amount has decreased
compared to the control sample (alginate). Also, Chelu et al. (2023)
reported that the presence of aloe Vera in the gel structure gives good
consistency and plasticity to the hydrogel. In medical science, due to the
pharmacological importance of sodium alginate and aloe Vera, the
ionotropic gelation of these polysaccharides constitutes a potential
double drug delivery system (Singh et al., 2012).

3.4. Antioxidant activity in the simulated gastrointestinal condition

According to Fig. 4, the total antioxidant capacity of all samples
decreased during the digestion period in the simulated gastric and in-
testine environments. According to Fig. 4A, the highest amount of total
antioxidant activity (absorbance at 695 nm) in a simulated gastric
environment belonged to free PSPH (0.98 + 0.12), and the lowest
amount belonged to CMC-alginate (0.73 £ 0.08). According to Fig. 4B,
the highest amount of total antioxidant activity (absorbance at 695 nm)
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Fig. 3. The release patterns of hydrogel contained PSPH in A, simulated gastric condition, and B, simulated intestinal condition. Treat 1: Alginate; Treat 2: Aloe-
alginate; Treat 3: CMC-alginate; and Treat 4: Tragacanth-alginate. Data represent a mean value + SD of at least n = 3.
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in the simulated intestinal environment belonged to free PSPH (0.89 +
0.1), and the lowest amount belonged to CMC-alginate (0.61 + 0.05).
On the other hand, after digestion time, the highest decrease was related
to PSPH (0.43 + 0.04 and 0.34 + 0.03, respectively, in the gastric and
intestinal environments). So that after 2 h of digestion in the gastric
environment and after 4 h of digestion in the intestinal environment, its
total antioxidant capacity was reduced by 56.1% and 61.8% respec-
tively. On the other hand, the lowest rate of reduction was related to
CMC-alginate treatment, so that the total antioxidant capacity after
gastric and intestinal digestion decreased by 27.4% and 26.2%,
respectively. Among hydrogels, the highest reduction in antioxidant
capacity was related to plain alginate, and the lowest amount belonged
to CMC-alginate. The results showed that the formulation investigated in
this research has a suitable ability to reduce the instability of the PSPH.
Similar to these findings, Liang et al. (2016), by microencapsulation of
epigallocatechin gallate inside niosomal vesicles and investigating its
iron ion reduction property during digestion in simulated intestinal
conditions, reported that the amount of antioxidant activity of the free
and micro-encapsulated compounds within 2 h of digestion in the in-
testine decreased, but this decrease was less in the microencapsulated
sample. Also, Hu et al. (2017) reported that by microencapsulating

orange peel flavonoid compounds in pectin nanoparticles, their anti-
oxidant power decreased during digestion in simulated intestinal con-
ditions, and this decrease was greater in free flavonoid compared to
microencapsulated flavonoid.

3.5. Swelling in the simulated gastrointestinal condition

According to Fig. 5A, the highest amount of swelling in the simulated
gastric condition belonged to CMC-Alginate (—13.77 + 0.21%) and the
lowest amount belonged to alginate hydrogel (—23.43 + 0.18%). On the
other hand, according to Fig. 5B, the highest amount of swelling in the
simulated intestine condition belonged to CMC-alginate (39.57 +
0.45%) and the lowest amount belonged to alginate hydrogel (25.43 +
0.3%). It has been reported that the amount of water absorption affects
the release rate of trapped molecules and the laboratory degradation of
hydrophilic polymers (Gopferich, 1996). Hydrogels can reversibly
absorb large amounts of water and other liquids. However, the extent of
this property depends on composition as well as cross-linking (Bia-
lik-Was et al., 2022). The low swelling amount of alginate hydrogel is
probably caused by a matrix with weak transverse connections. More
swelling in the intestine environment compared to the gastric
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environment is due to the formation of ions with the same charge, which
leads to electrostatic repulsion between COO™ groups and an increase in
the size of the mesh (Turan and Caykara, 2007). The degree of swelling
is due to the increase in hydrophilicity and the change in the ratio of
sodium alginate, which determines the cross-linking density and
swelling of the resulting polymer (Singh and Singh, 2021). In an acidic
environment, carboxyl residues are protonated. Therefore, the repulsive
forces decrease and lead to the contraction of the matrix, and reducing
its swelling (Ramos et al., 2018). In the intestinal environment, loss of
hydrogen balance and changes in ionic strength weaken the micropar-
ticle structure. Most microparticles swell slightly due to internal elec-
trostatic repulsive interactions between carboxyl groups with a partial
negative charge in polysaccharide chains (Tsirigotis-Maniecka, 2020)
(see Fig. 6).

3.6. Fourier transform infrared (FTIR)

According to Fig. 6A, all samples showed stretching vibrations of
O-H bonds and asymmetric and symmetric stretching vibrations of the
carboxylate group in 3400, 1600, and 1400 (cm™)), respectively. In
addition, the spectra showed C-O stretching vibrations in the range of

1000-1100 (cm ™). The 2100 (cm™!) vibration was attributed to the
symmetric O-H stretching. The vibrations of 3400 (crn’l) belonged to
NH, O-H stretching, and those of 2200 (cm™!) belonged to C=C groups
in protein hydrolysates. 1600, 1400, and 1000 (cm™!) vibrations
belonged to C=O stretching and NH bending groups in the first type
amide, COO~ stretching in the third type amide, and C-O stretching,
respectively. The stretching observed at the lower wavelength belonged
to the carbohydrate fraction, which represented the COH group. Ac-
cording to Fig. 6B, all beads that were loaded with protein hydrolysates
were shown stretching likeFig. 6A. The appearance of multiple bands
instead of a typical band for asymmetric O-H stretching indicates
different hydrogen bonding environments resulting from interactions
with chloride ions as well as water molecules. Based on the results, FTIR
spectroscopy of hydrogels before and after loading of protein hydroly-
sate showed the same absorption peaks and did not differ from each
other. In general, the establishment of hydrogen bonds and electrostatic
interactions indicates the successful loading of protein hydrolysates into
hydrogels. The results of FTIR were similar to the findings of Ahemen
(2013), Araujo et al. (2021), Daemi and Barikani (2012), Kanbargi et al.
(2017), Kora and Arunachalam (2012), and Pereira et al. (2011).
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3.7. Scanning electron microscopy of alginate beads (SEM)

Fig. 7, shows the scanning electron microscopy images of different
alginate beads. All treatments were almost spherical. Treatments CMC-
alginate, Tragacanth-alginate, and Aloe-alginate had smoother and
more polished surfaces than alginate treatment. While the amount of
porosity and roughness in plain alginate was higher than in other sam-
ples. Analysis of surface morphology showed that the porosity of beads
increased with the increase in alginate concentration, their porosity
changed according to the hydrogel composition and caused differences
in the shape and surface of the produced beads (Lei et al., 2008). The
creation of a dense surface may be due to the formation of cross-links
between polymers (Nagarjuna et al., 2016). In general, the use of

other polymers in combination with alginate reduces the amount of
porosity and causes smoother and more uniform surfaces, which is
probably due to the unique structure of each polymer and also the in-
teractions between these polymers and alginate.

4. Conclusion

PSPH showed a remarkable antioxidative property and could be used
to enhance foods for better health situation. Moreover, it was shown that
these hydrolysates can be protected through encapsulation. The
encapsulation efficiency of PSPH in plain alginate and beads with Aloe
vera, CMC, and tragacanth combinations was 71.63, 75.63, 85.07, and
80.4%, respectively. The release rate of the plain alginate beads was %
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Fig. 7. SEM images of Treat a: Alginate loaded with PSPH; Treat b: CMC-alginate loaded with PSPH; Treat c: Tragacanth-alginate loaded with PSPH; and Treat 4:

Aloe-alginate loaded with PSPH.

30.23 in the SGF and %52.26 in the SIF, and decreased in the composite-
based beads. The highest decreasing rate in the antioxidant activity
during SGI was observed in free PSPH, and the decreasing rate slowed
down in the alginate-based composites. The swelling rate in plain algi-
nate was %-23.43 and %25.43 in the SGF and SIF, respectively, and
increased in the composite-based beads. The findings revealed that
compared to plain alginate, these composite alginate-based hydrogels
improved their encapsulation efficiency, protecting bioactive com-
pounds against degradation processes, improving their stability within
simulated gastric environment and releasing them into the intestinal
medium. Furthermore, they also displayed higher anti-oxidant stability
during SGI. FTIR spectroscopy for hydrogels before and after loading
protein hydrolysate showed similar absorption spectra which indicated
successful incorporation of protein hydrolysates into hydrogel matrices.
Analyzing surface morphology exhibited that the use of other polymers
as well as reduction in porosity of beads produced smoother surfaces
which were more uniform than using alginate alone. Such data enables
the scientist to choose polysaccharides more appropriate for SGI-process
and this seems to be the key point that in the development of functional
food.
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