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Abstract

Beetroot pomace is a valuable food-processing by-product that is rich in betalains and
phenolic compounds, but the instability of these bioactives limits their direct use in func-
tional foods. This study aimed to develop a pumpkin seed protein-based encapsulated
ingredient from beetroot pomace extract and evaluate its preliminary application in yo-
gurt fortification. Beetroot pomace contained 193.75 + 3.83 mg GAE/100 g DW of total
phenolics and 95.78 + 1.27 mg/100 g DW of total betalains. Encapsulation was optimized
using the response surface methodology, with the wall-to-core ratio, extract dilution, and
mixing time as independent variables. The optimal encapsulate showed experimentally
confirmed encapsulation efficiencies of 75.37% for phenolics and 84.02% for betalains, con-
taining 196.62 + 4.37 mg GAE/100 g total phenolics and 53.19 = 0.90 mg/100 g total beta-
lains. After simulated gastrointestinal digestion, betalains remained detectable at 43.15 +
1.46 mg/100 g, while total phenolics increased to 726.56 + 30.59 mg GAE/100 g and DPPH
antioxidant activity reached 1472.76 +7.58 mg TE/100 g, indicating the improved extracta-
bility of phenolics from the protein matrix. The encapsulate showed low water activity
and moisture content but high hygroscopicity and very poor flowability, indicating the
need for further powder-handling optimization. Yogurt fortification with 3% encapsulate,
selected as a preliminary technologically feasible level, improved the bioactive profile
during storage at 4 °C for 7 days and -18 °C for 21 days. These results support pumpkin
seed protein-encapsulated beetroot pomace bioactives as sustainable multifunctional in-
gredients for yogurt fortification, while further sensory validation and comparison with
free extracts are required.

Keywords: beetroot pomace; pumpkin seed protein; encapsulation; betalains; phenolic
compounds; functional yogurt; natural colorant; antioxidant activity; simulated
gastrointestinal digestion; by-product valorization;

1. Introduction

Food by-products are important resources in the circular bioeconomy. Their valori-
zation can reduce waste and create new functional ingredients. Agri-food by-products
can raise the fiber and phenolic content and antioxidant capacity of foods while maintain-
ing acceptable quality in many formulations [1]. Beetroot by-products are especially
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relevant because they combine color, antioxidant potential, and technological value [1,2].
Beetroot pomace is generated after juice extraction. It still retains betalains, phenolic com-
pounds, and structural carbohydrates [3,4]. Studies on beetroot pomace extracts and de-
rived microencapsulates have confirmed the meaningful content of polyphenols and beta-
lains, which supports its upcycling into value-added ingredients [2,5]. This is important
because pomace is often underused, even though it remains bioactive-rich after pro-
cessing [1,2]. Betalains are the main red and yellow pigments of beetroot. They include
betacyanins and betaxanthins [3]. These compounds are attractive as natural colorants and
as functional ingredients. However, they are sensitive to heat, oxygen, light, and pH
changes [3]. This instability limits processing tolerance, storage stability, and gastrointes-
tinal survival [3,5]. The phenolic compounds in beetroot also contribute to antioxidant
activity, but they can also decline during processing and digestion [2,3,5]. Beetroot beta-
lains and phenolics are linked with several health-relevant bioactivities. Reviews describe
antioxidant, anti-inflammatory, cytoprotective, and possible cardiometabolic effects [3,4].
Beetroot is also discussed as a source of compounds associated with vascular support and
exercise-related benefits [4]. These findings support the use of beetroot-derived ingredi-
ents in functional foods—not only as colorants [3,4]. Encapsulation is a logical response
to this limitation. It can reduce degradation and improve the handling, storage, and de-
livery of labile compounds [5]. In beetroot pomace systems, protein-based encapsulation
has already improved storage behavior and gastrointestinal stability [6].

Recent reviews on betalain stabilization also identify encapsulation as a major route
to improve practical food use [3]. Protein carriers are especially attractive because they are
edible and can interact with phenolics and pigments through multiple binding mecha-
nisms [7]. Pumpkin seed protein is a promising wall material for this purpose. Pumpkin
seed proteins are increasingly described as underused plant proteins with balanced amino
acids and relevant food functionality [8,9]. Their solubility, foaming, emulsifying, and gel-
ling behavior can be improved by extraction and modification strategies, which broadens
the formulation options [8,9]. This is important for encapsulation, because wall materials
must combine binding capacity with processability and food compatibility [8,9]. The case
for pumpkin seed protein is strengthened by recent carrier studies. Pumpkin seed protein
isolate was used to prepare microparticles that protected polyphenol activity under stor-
age and simulated digestion conditions [10]. Pumpkin seed protein was also shown to
stabilize astaxanthin and protect it during in vitro digestion [11]. In addition, a pumpkin
seed protein hydrolysate was encapsulated into a multilayer system that modulated re-
lease and preserved antioxidant activity during simulated gastrointestinal digestion [12].
Together, these studies indicate that pumpkin seed proteins can function as plant-based
delivery materials for sensitive bioactives [10-12]. Application in fermented dairy systems
is also relevant. These matrices are practical carriers for bioactives because they are famil-
iar, widely consumed, and structurally rich in proteins. In stirred yogurt, beet extracts
increased antioxidant activity and changed color and compositional traits, while encap-
sulated forms supported product quality [6]. Beetroot stalk extract also acted as a func-
tional colorant in stirred yogurt beverages and affected the nutritional value and storage
stability [7]. Such results show promise, but they also show that matrix effects remain
important for syneresis, color retention, and sensory acceptance [6,7].

For the present topic, three literature gaps are clear. First, beetroot pomace remains
less explored than whole beetroot or beet juice in fermented product design [2,3,6,7]. Sec-
ond, available pumpkin seed protein delivery studies focus on polyphenols, astaxanthin,
or hydrolysates, rather than beetroot pomace pigments [10-12]. Direct published studies
on pumpkin seed protein encapsulation in beetroot pomace extracts could not be identi-
fied in the screened literature. This detail remains unspecified [10-12]. Third, the com-
bined assessment of stability, digestion-related behavior, and technological performance
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in yogurt or high-protein matrices is still limited [5-7,11,12]. Therefore, the present study
examines beetroot pomace extract encapsulated in pumpkin seed protein and evaluates
its performance in yogurt or high-protein matrices. The selection of pumpkin seed protein
was not based only on its underused status but also on previously described techno-func-
tional and biochemical advantages relevant to beetroot pomace bioactives. As a plant-de-
rived protein, it offers a sustainable alternative to conventional animal-based carriers such
as whey protein, while also expanding the use of non-soy plant proteins in functional
ingredient design. From a biochemical perspective, pumpkin seed proteins contain amino
acid side chains capable of interacting with phenolic compounds and betalain pigments
through hydrogen bonding, hydrophobic interactions, and electrostatic forces. Such inter-
actions may contribute to the improved retention of labile beetroot bioactives during en-
capsulation, drying, storage, and gastrointestinal exposure. From a techno-functional per-
spective, pumpkin seed protein has relevant solubility, emulsifying, foaming, and gelling
properties, which are important for the formation of stable encapsulated powders and
their subsequent incorporation into semi-solid food matrices such as yogurt. Therefore,
pumpkin seed protein was expected to act not only as a passive wall material but also as
a functional carrier able to support bioactive protection, food compatibility, and sustain-
able product development [8-12].

Therefore, the novelty of this study is not only the use of an underexplored plant
protein but the targeted application of pumpkin seed protein as a functional carrier whose
biochemical affinity toward phenolic compounds and pigments, together with its food-
relevant techno-functional properties, may support the stabilization and delivery of beet-
root pomace bioactives in yogurt-based products. We hypothesized that pumpkin seed
protein could act as an effective plant-based carrier for beetroot pomace bioactives, im-
proving the retention and digestion-related release of betalains and phenolic compounds
while enabling their successful incorporation into yogurt as a multifunctional ingredient.

2. Materials and Methods

The overall experimental workflow, including beetroot pomace extraction, pumpkin
seed protein-based encapsulation, simulated gastrointestinal digestion, and yogurt forti-
fication, is schematically presented in Figure 1.
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Figure 1. Graphical abstract of beetroot pomace bioactive encapsulation and yogurt fortification.
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2.1. Chemicals

Folin—Ciocalteu reagent, 2,2-diphenyl-1-picrylhydrazyl radical (DPPH*), Trolox, and
trichloroacetic acid were purchased from Sigma Chemical Co. (St Louis, MO, USA); ferric
chloride was obtained from ]J.T. Baker (Deventer, Holland). All other chemicals and sol-
vents used were of the highest analytical grade.

2.2. Plant Material

Fresh beetroot (Beta vulgaris L.) pomace was obtained after the pressing of pulp as a
by-product from the fruit and vegetable processing industry (Zdravo Organic d.o.o.,
Selenca, Serbia). Pumpkin seed protein was acquired from Granum (Hajdukovo, Serbia).

2.3. Dry Matter Content Determination

Pomace material was dried in an oven (model ST-06, Instrumentaria, Zagreb, Croa-
tia) at 105 °C to a constant weight. Dry matter content was determined by measuring the
initial and final weight, and the calculated percentage of dried weight was 17.34%.

2.4. Extraction Procedure

For the preparation of encapsulates, fresh beetroot pomace (200 g) was extracted with
distilled water (182 mL) under light protection. The extraction was performed in two re-
peated cycles. In each cycle, the sample—solvent mixture was first treated in an ultrasonic
bath (Sonic 12 GT, VIMS elektrik, Trsi¢, Serbia; 40 kHz; ultrasonic power: 300 W) at room
temperature for 30 min. This was followed by maceration without ultrasonic treatment
for 30 min at room temperature. During maceration, the mixture was kept in a closed
vessel, protected from light, and manually stirred at regular intervals to maintain contact
between the pomace particles and solvent. The same ultrasound-assisted extraction/mac-
eration cycle was then repeated once more, giving a total extraction time of 2 h. The ob-
tained macerate was filtered through Whatman No. 1 filter paper and immediately mixed
with pumpkin seed protein as a carrier for encapsulation.

2.5. HPLC Analysis

The quantification of individual phenolic compounds was performed by high-reso-
lution liquid chromatography (high-performance liquid chromatography, HPLC) on Shi-
madzu Prominence equipment (Shimadzu, Kyoto, Japan), which included an LC-20AT
binary pump, CTO-20A thermostat, and SIL-20A automatic dispenser connected to a
DAD detector. The separation was performed on a Luna C-18 RP column, 5 pm and 250 x
4.6 mm (Phenomenex, Torrance, CA, USA), which was protected by a C18 precolumn, 4 x
30 mm (Phenomenex, Torrance, CA, USA). A solvent system was used as the mobile
phase—A (acetonitrile) and B (1% formic acid)—at a flow rate of 1 mL/min with the fol-
lowing linear gradient: 0-10 min from 10 to 25% A; 10-20 min linear increase to 60% A;
and, from 20 to 30 min, a linear increase to 70% A. The column was equilibrated to the
initial condition of 10% A for 10 min, with an additional 5 min for stabilization. All sam-
ples and solvents were filtered before analysis through 0.45 pm pore size membrane filters
(Millipore, Bedford, MA, USA).

2.6. Optimization of Encapsulation

In order to identify optimal conditions for the encapsulation of bioactive compounds
(phenolics and betalains) extracted from beetroot pomace, the response surface method-
ology (RSM) was used, as described by Tumbas Saponjac et al. [5]. The experimental de-
sign adopted was a Box-Behnken design for three variables at three levels. The three in-
dependent variables (i.e., conditions of the encapsulation process) were the wall-core
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ratio (X1), extract dilution (X2), and mixing time (X3). The coded values of the independ-
ent variables were -1, 0, and 1. The corresponding coded values of the three independent
variables are given in Table 1. The complete design consisted of 15 experimental points,
which included three replicates of the central point. The conditions for the encapsulation
process were optimized using the multi-response surface methodology in order to obtain
the optimal encapsulate with the highest encapsulation efficiency for both phenolics and
betalains.

Table 1. Total phytochemicals and encapsulation efficiency of phenolics (EE-P) and betalains (EE-

B) in prepared encapsulates.

Inputs Outputs
Experiment Wall—.Core E.xtra.ct Mi.xing Total Phenolics EE-P Total Betalains EE-B
Ratio Dilution  Time (mg GAE/100 g (%)  (mg/100 g of Encapsulate) (%)
(X1, g/L) (X2) (X3, min) of Encapsulate) *
1 50 (-1) 0(-1) 15 (0) 127.98 74.37 53.04 80.75
2 150 (+1) 0(-1) 15 (0) 60.14 53.42 27.34 66.10
3 50 (-1) 4 (+1) 15 (0) 53.73 29.87 19.53 55.30
4 150 (+1) 4 (+1) 15 (0) 46.52 67.25 15.28 43.43
5 50 (-1) 2(0) 5(-1) 79.62 45.64 34.39 73.48
6 150 (+1) 2(0) 5(-1) 28.49 10.03 16.09 38.64
7 50 (-1) 2(0) 25 (+1) 71.88 48.22 33.13 71.90
8 150 (+1) 2(0) 25 (+1) 40.07 17.14 16.64 48.32
9 100 (0) 0(-1) 5(-1) 97.07 49.77 32.85 71.78
10 100 (0) 4 (+1) 5(-1) 29.39 0 17.65 52.10
11 100 (0) 0(-1) 25 (+1) 52.63 25.11 33.81 71.29
12 100 (0) 4 (+1) 25 (+1) 27.49 0 21.34 43.99
13 100 (0) 2(0) 15 (0) 44.06 26.05 23.77 53.69
14 100 (0) 2(0) 15 (0) 59.62 42.40 22.26 58.98
15 100 (0) 2(0) 15 (0) 52.57 46.17 25.62 57.65

* Expressed without total phenolics that originate from wall material.

The selected ranges of the independent variables were defined based on previous
studies dealing with the protein-based encapsulation of beetroot-derived bioactives, as
well as preliminary laboratory trials performed to identify processable mixtures suitable
for mixing and freeze drying. The wall-to-core ratio range was chosen to evaluate the ef-
fects of carrier availability on phenolic and betalain retention, from a lower protein level
that maximized core loading to a higher protein level that could provide more binding
sites but also dilute the bioactive fraction. The extract dilution range was selected to assess
the influence of the extract concentration on dispersion, viscosity, pigment concentrations,
and interactions with pumpkin seed protein. The undiluted extract represented the most
concentrated bioactive system, whereas diluted extracts were included to determine
whether lower solid and pigment concentrations could improve mixing homogeneity and
encapsulation efficiency. The mixing time range was chosen to cover the minimum time
required for the complete dispersion of the carrier and extract, as observed in preliminary
trials, and a longer contact time that could promote protein-bioactive interactions. At the
same time, excessively long mixing was avoided to reduce the unnecessary exposure of
betalains and phenolic compounds to oxygen, light, and processing stress. Therefore, the
selected Box-Behnken levels reflected both literature-based encapsulation conditions and
practical physical constraints related to mixture processability, bioactive stability, and
freeze-drying suitability.

https://doi.org/10.3390/fermentation12070330



Fermentation 2026, 12, 330

6 of 26

2.7. Encapsulation Process

The wall material (pumpkin seed protein) was mixed with different volumes of ex-
tract and distilled water using a laboratory shaker (Unimax 1010, Heidolph Instruments
GmbH, Kelheim, Germany) at 200 rpm for various periods of time, at room temperature
and under light protection, according to the experimental design (Table 1). The mixtures
were iced overnight at 20 °C and then freeze-dried at 40 °C and 0.02 mbar for 48 h to
ensure complete drying. Collected freeze-dried encapsulates (i.e., powders colored in dif-
ferent shades of purple) were packed in airtight containers and stored at —20 °C until fur-
ther analysis.

2.8. Content and Encapsulation Efficiency of Phenolics and Betalains

In the beetroot pomace extract, the content of total phenolics was determined spec-
trophotometrically using a Multiskan GO microplate reader (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) by the Folin—-Ciocalteu (FC) method, adapted to the microscale [13].
Results were expressed as mg gallic acid equivalents (GAE) per 100 g of sample (DW) or
per 100 g of yogurt-based product. Moreover, in the beetroot pomace extract, the content
of total betalains (sum of total betacyanin and betaxanthin) was determined according to
the spectrophotometric method of Von Elbe et al. [14], adapted to the microscale. Results
were expressed in mg (i.e,, sum of mg vulgaxanthin-I and mg betanin equivalents) per
100 g of sample (DW) or per 100 g of yogurt-based product.

For the determination of the total bioactive compounds, encapsulates were subjected
to the extraction procedure described by Saenz et al. [15], with modifications. In the first
step, 200 mg of sample was dispersed in 2 mL ethanol, acetic acid, and water (50:8:42).
The mixture was then vortexed for 1 min and subjected to ultrasound for 20 min, again
vortexed for 1 min and subjected to ultrasound for 20 min, and centrifuged for 5 min at
4000 rpm, and the supernatant was separated. In the second step, the residue was vor-
texed with 1 mL of solvent mixture for 1 min and further extracted for 30 min using a
laboratory shaker at 400 rpm. The mixture was then subjected to ultrasound for 20 min
and centrifuged for 5 min at 4000 rpm, and the supernatant was separated. In the third
step, the residue was vortexed with 1 mL of solvent mixture for 0.5 min, subjected to ul-
trasound for 5 min, and centrifuged for 5 min at 4000 rpm, and the supernatant was sep-
arated. The supernatants from all three steps were combined, filtered (0.45 um filter), and
used for the determination of total phenolics (TP) and total betalains (TB). For the deter-
mination of surface bioactive compounds, encapsulates were subjected to the extraction
procedure described by Carmona et al. [16], with modifications. The sample (100 mg) was
dispersed in an ethanol-methanol (1:1) solution (1 mL), shaken for 1 min, and centrifuged
at 4000 rpm for 5 min. The supernatants obtained after separation and filtration (0.45 pm
filter) were used for the determination of surface phenolics (SP) and surface betalains (SB).
The total and surface bioactive compound content was determined spectrophotometri-
cally as described above.

The encapsulation efficiency of phenolics (EE-P) and encapsulation efficiency of beta-
lains (EE-B) were calculated according to Tumbas Saponjac et al. [5] and Carmona et al.
[16], using Equations (1) and (2):

EE-P (%) = 100 x (TP - SP)/TP 1)

EE-B (%) = 100 x (TB - SB)/TB @)

Simultaneously, corrections for interfering substances originating from the wall ma-
terial were implemented by preparing control samples in which the encapsulate extract
was replaced with a matching concentration of pumpkin seed protein extract prepared in
the same way. Control samples containing only pumpkin seed protein, at concentrations
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matching those used in each encapsulate formulation, were prepared and extracted under
the same conditions as for the encapsulate samples. The values obtained for these controls
were used as background values and subtracted from the corresponding total and surface
phenolic values of the encapsulates before calculating the encapsulation efficiency. For
betalain determination, the same controls were used to verify that the wall material did
not contribute interfering absorbance at the selected wavelengths.

2.9. Preparation and Characterization of Optimal Encapsulate

The optimal encapsulate (OE) was prepared under the optimal conditions, with the
same wall material (WM) and beetroot pomace extract used for the preparation of the
encapsulates in the experimental design. In addition, the physical properties and the ef-
fects of in vitro simulated gastrointestinal digestion on bioactive compounds and bioac-
tivities were determined for the optimal encapsulate (OE), as well as for the wall material
(WM) used for its preparation.

2.10. In Vitro Digestion of Optimal Encapsulate

In vitro simulated gastrointestinal digestion was performed according to the proce-
dure proposed by Minekus et al. [17], with a modification in the sample solid to enzyme
ratio to 1:2. The obtained digestates were immediately frozen at —20 °C and freeze-dried
[18]. For the determination of the bioactive compound content and biological activity, the
optimal encapsulate (OE), the wall material (WM), and their lyophilized digestates were
subjected to extraction, performed for the determination of the content of bioactive com-
pounds in the encapsulates, as previously described. The content of bioactive compounds
and the bioactivities of the optimal encapsulate (OE) and wall material (WM) determined
before and after digestion were compared.

2.11. Bioactivity Analysis

Biological (antioxidant, anti-inflammatory, and antihyperglycemic) activity was de-
termined spectrophotometrically using appropriate methods adapted to the microscale.
Antioxidant activity was estimated against stable DPPH radicals (AAprrr) and by the re-
ducing power (RP) ability. The DPPH assayj, i.e., the ability of samples to scavenge DPPH"*,
was evaluated according to the microscale method of Girones-Vilaplana et al. [19]. Reduc-
ing power was analyzed according to Oyaizu’s method [20], adapted to the microscale.
The results of antioxidant activity tests were expressed in mg Trolox equivalents (TE) per
100 g of sample (DW) or per 100 g of yogurt-based product. Anti-inflammatory activity
(AIA) was determined in vitro by a protein denaturation bioassay using egg albumin
(from fresh hen’s eggs), according to the method adopted by Ullah et al. [21]. Results were
expressed as effects in % inhibition of protein denaturation that produced the applied ex-
tract, which corresponded to the appropriate mass of sample. To investigate in vitro anti-
hyperglycemic activity (AHgA), the a-glucosidase inhibitory potential was measured, ac-
cording to Tumbas Saponjac et al. [22]. Results were expressed as effects in % inhibition
of alfa-glucosidase activity that produced the applied extract, which corresponded to the
appropriate mass of sample. Acarbose in the case of antihyperglycemic activity and diclo-
fenac sodium in the case of anti-inflammatory activity were used as positive controls.

2.12. Physical Characterization

The water activity (aw), moisture content, hygroscopicity, solubility, bulk density,
tapped density, Carr’s index (CI), Hausner ratio (HR), and color parameters (L%, a*, b*, C*
and /°) were determined as described previously [23]. The classification of flowability was
performed as described by Shishir et al. [24]. The classification of the encapsulate’s cohe-
siveness was performed according to Jinapong et al. [25].
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2.13. Preparation of Fortified Yogurt

Yogurt fermentation was performed with the commercial thermophilic starter cul-
ture Yo-Flex® (Chr. Hansen, Hersholm, Denmark), according to the supplier’s instruc-
tions. Once the process parameters confirmed that fermentation was complete, the yogurt
was transferred to the packaging stage. In this stage, the fermented yogurt base was ho-
mogenized with the OE of beetroot pomace extract at a concentration of 3% (w/w). To
estimate the improvement in bioactive properties achieved by the fortification of yogurt
with the OE, the stability of the bioactive compounds and bioactivities in the fortified and
control yogurt was monitored during storage periods (at 4 °C for 7 days and at -18 °C for
21 days). After applying the extraction method described by Shori et al. [26], the content
of bioactive components (betalains and phenolics) and the bioactivities of the fortified and
control yogurt were determined according to previously described methods (in Sections
2.8 and 2.11). The pH values of yogurt samples were measured with a HI99161 pH meter
(Hanna Instruments, Vunsakat, USA). The syneresis values of yogurts were measured ac-
cording to Zbikowska et al. [27]. The concentration of 3% (w/w) OE was selected as a pre-
liminary, technologically feasible fortification level, based on previous reports on yogurt
enrichment with beetroot-derived ingredients and encapsulated bioactives, as well as on
preliminary laboratory observations of powder dispersibility, color intensity, and product
homogeneity. This level was expected to provide measurable enrichment in betalains,
phenolic compounds, and associated bioactivities, while avoiding excessive powder ad-
dition that could impair the yogurt’s structure and increase syneresis. No formal sensory
evaluation was performed at this stage; therefore, the selected concentration should be
considered a functional and technological screening level rather than a final consumer-
optimized formulation.

2.14. Statistical Analysis

All experiments were run in triplicate. The results presented are means + standard
deviation (+SD, n = 3). Statistical analyses were performed using the Origin 7.0 SRO soft-
ware package (OriginLab Corporation, Northampton, MA, USA, 1991-2002) and Mi-
crosoft Office Excel 2010 software. Significant differences were calculated by ANOVA (p
< 0.05). For the optimization experiments, calculations, and graphs, multi-response opti-
mization was conducted using the Minitab 17 software (Minitab Inc., State College, PA,
USA).

3. Results
3.1. Chemical Characterization of Beetroot Pomace Extract

The total phenolics and total betalains determined by spectrophotometric methods
for beetroot pomace extract were 193.75 + 3.83 mg GAE/100 g DW of beetroot pomace and
95.78 + 1.27 mg/100 g DW of beetroot pomace. The content of individual phenolic com-
pounds in beetroot pomace extract, determined by HPLC analysis, is presented in Table
2. These values were in accordance with the previously reported content of bioactive com-
pounds determined in pomace from various beetroots varieties [5,28].

Table 2. Content of individual phenolic compounds of beetroot pomace extract determined by
HPLC method.

Phenolic Compound * Beetroot Pomace Extract
p-Hydroxybenzoic acid 12.73 £ 0.45
Gallic acid 19.44 +0.89
Protocatechuic acid 5.65+0.24
Caffeic acid n.d. **

https://doi.org/10.3390/fermentation12070330
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(a) EE-P (%)

(%) d-34

(%) 4-44

Ferulic acid 3.84+0.14
Vanillic acid n.d.
Luteolin n.d.

Rutin 5.76 +0.04

Total phenolics 4743 £1.76

* Expressed in mg per 100 g DW of beetroot pomace; ** n.d. —not detected.

3.2. Selection of the Optimal Encapsulate

The RSM as an optimization strategy was applied in order to identify the optimal
conditions for the encapsulation of bioactive compounds extracted from beetroot pomace
with pumpkin seed protein and to obtain the optimal encapsulate (OE), i.e., the encapsu-
late with the highest encapsulation efficiency for both betalains (EE-B) and phenolic com-
pounds (EE-P). Therefore, as responses, EE-B and EE-P were measured. A Box-Behnken
design was used to evaluate the effects of different encapsulation conditions on the re-
sponses of the formulated powders (Table 1). The encapsulation parameters, i.e., the wall-
core ratio, extract dilution, and mixing time (X1, X2, and X3), were combined in 15 exper-
iments. Encapsulation was achieved with the lyophilization technique. Encapsulation ef-
ficiency is a parameter describing the quality of an encapsulation process and is a valuable
predictor for product stability [29]. In the prepared encapsulates, EE-P ranged from 0% to
74.37%, while EE-B ranged from 38.64% to 80.75% (Table 1). The highest encapsulation
efficiency for both phenolics and betalains (EE-B and EE-P) was observed in the encapsu-
late prepared with the lowest wall-core ratio, without extract dilution, and by applying a
mixing time of 15 min. Figure 2 shows the influence of the independent variables (X1, X2,
X3) on the EE-P and EE-B of the encapsulates obtained in experiments 1-15.
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Figure 2. Response surface plots showing influence of encapsulation parameters on (a) EE-P (%) and

(b) EE-B (%) of beetroot pomace extract encapsulates.

Using the multi-response methodology for optimization, and statistical analysis of
the data performed with the Minitab 17 software, the highest encapsulation efficiency for
both phenolics and betalains (76.73% and 85.42%, respectively) was predicted in the en-
capsulate prepared with the lowest wall-core ratio, without extract dilution, and by
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applying a mixing time of 5 min. In order to confirm the optimization model, using the
parameters obtained in multi-response optimization and under the same freeze-drying
conditions used in experiments 1-15, the OE was prepared and characterized in terms of
the encapsulation efficiency for bioactive compounds (phenolics and betalains). In the pre-
pared OE, the encapsulation efficiency for both phenolics and betalains (75.37% and
84.02%, respectively) was in accordance with the result obtained in multi-response opti-
mization, with no statistically significant difference (p < 0.05).

3.3. Characterization and In Vitro Digestion of the Optimal Encapsulate

The optimal encapsulate was chemically characterized in terms of the content of bio-
active compounds (phenolics and betalains) and biological (antioxidant, anti-inflamma-
tory and antihyperglycemic) activity (Table 3). In order to compare the bioactive com-
pound content and bioactivities of the optimal encapsulate with those of the wall material,

the same characteristics were determined for the wall material used in OE preparation
(Table 3).

Table 3. Bioactive compounds/bioactivities of wall material (WM) and optimal encapsulate (OE)

before and after digestion.

Bioactive Compound/Bioactivity Before Digestion After Digestion
WM OE WM OE
Betaxanthins (mg vulgaxanthin-1/100 g) * n.d. 34.63 +0.53 n.d. 33.44+£1.19
Betacyanins (mg betanin/100 g) * n.d. 18.56 + 0.37 n.d. 9.71+£0.27
Betalains (mg/100 g)* n.d. 53.19 £ 0.90 n.d. 43.15+1.46
Total phenolics (mg GAE/100 g) * 151.61 £ 3.66 196.62 + 4.37 584.35+19.14 726.56 + 30.59
AAprra (mg TE/100 g) * 96.68 +2.26 266.10 +17.58 203.82 £9.30 1472.76 +7.58
RP (mg TE/100 g) * 28.56 +1.09 128.05 +1.78 69.02 + 3.49 663.24 +42.12
AIA (%) ** 3.17+0.22 65.31 +1.80 n.d. 80.76 £ 0.71
AHgA (%) *** n.d. 35.56 +5.20 50.76 + 7.83 57.00 +7.05

The results are represented as the mean + standard deviation (n = 3). n.d. —not detected. * Expressed
per 100 g of wall material (WM) and optimal encapsulate (OE); ** expressed as effect of 50 mg of
WM and OE and their lyophilized digestates; *** expressed as effect of 1 mg of WM and OE and
their lyophilized digestates.

The content of individual phenolic compounds in the wall material and OE, deter-
mined by HPLC analysis, is presented in Table 4.

Table 4. Content of individual phenolic compounds of wall material (WM) and optimal encapsulate
(OE) determined by HPLC method.

Phenolic Compound * WM OE
p-Hydroxybenzoic acid 12.23 +0.59 43.69 +2.10
Gallic acid 20.76 +0.80 85.72 +3.59
Protocatechuic acid 8.00 £ 0.31 23.43 £1.01
Caffeic acid 1.73+£0.10 n.d.
Ferulic acid n.d. ** 14.54 + 0.56
Vanillic acid 4.34+0.03 n.d.
Luteolin 2.63+0.02 1.76 £0.01
Rutin n.d. 6.22+0.05
Total phenolics 49.69 +1.85 175.35+7.32

* Expressed in mg per 100 g DW of beetroot pomace; ** n.d. —not detected.
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The effects of in vitro simulated gastrointestinal digestion on the bioactive com-
pounds and bioactivities of the OE and the WM used in its preparation were also investi-
gated (Table 3). After the digestion of the OE, the total betalains was lower, mostly because
the level of betacyanins was two-times lower, albeit still present in a significant amount,
in relation to the level before digestion. Higher values could be observed for phenolics
and antioxidant activity (in both AApreu and RP assays) after the digestion of the WM and
OE. These values were higher in the case of the OE than the WM. After digestion, the OE,
in comparison to the WM, showed higher AIA and AHgA. Acarbose, used as a positive
control, exhibited a 50% antihyperglycemic effect at content of 31.2 ug in the applied test
reaction system. Diclofenac sodium, used as a positive control, exhibited a 50% anti-in-
flammatory effect at content of 1.67 mg in the applied test reaction system.

In order to characterize the OE and the WM used for its preparation, an analysis of
the water activity, moisture content, hygroscopicity, density ratios, flowability, cohesive-
ness, solubility, and color parameters was conducted (Table 5). The differences in the
properties of the OE and WM could be attributed to the beetroot pomace extract and en-
capsulation process applied.

Table 5. Physical properties of wall material (WM) and optimal encapsulate (OE).

Characteristic WM OE
Water activity (aw) 0.306 + 0.003 0.052 + 0.002
Moisture content (g/100 g) 6.00+0.14 4.70+0.10
Hygroscopicity (g/100 g) 8.01£0.20 24.59 £ 0.40
Bulk density (g/mL) 0.34+0.01 0.18 +0.00
Tapped density (g/mL) 0.51+0.01 0.29 £ 0.00
Carr’s index, CI (%) 33.06 + 0.48 38.65+0.17
Hausner ratio, HR 1.49+0.01 1.63 +£0.00
Flowability Very poor Very, very poor
Cohesiveness High High
Solubility (g/100 g) 11.94 £ 0.43 54.59 +0.89
CIE Lab
L* 63.1 24.8
a* -5.9 27.2
b* 26.8 13.2
c* 27.44 30.23
h° 102.4 25.89

The results are represented as the mean + standard deviation (n = 3). Flowability classification based
on Carr’s index and Hausner ratio was performed according to Shishir et al. [24]. Cohesiveness clas-

sification was performed according to Jinapong et al. [25].

The optimal encapsulate showed low water activity (0.052) and moisture content
(4.70 g/100 g), higher hygroscopicity (24.59 g/100 g), lower bulk and tapped densities (0.18
and 0.29 g/mL), very poor flowability, high cohesiveness, increased solubility (54.59 g/100
g), and a dark red—orange color profile (L* = 24.8, a* =27.2, b* =13.2).

3.4. Bioactive Compounds and Bioactivities of Fortified Yogurt

To evaluate the effects of the addition of the OE to yogurt, both fortified and control
yogurts were characterized in terms of bioactive compounds and bioactivities during stor-
age at 4 °C and -18 °C (Tables 6 and 7). The addition of the OE increased the content of
bioactive compounds and antioxidant activity (as measured by the DPPH and RP assays)
in the fortified yogurt compared with the control yogurt, both after preparation and at
each storage time.
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Table 6. Bioactive compound content and bioactivities of fortified (with 3% OE) and control yogurt

after preparation and during storage at —18 °C.

After Preparation After After After
Bioactive Compound/ P 7 Days of Storage 14 Days of Storage 21 Days of Storage
Bioactivity Fortified Control Fortified Control Fortified Control Fortified
Control Yogurt
Yogurt Yogurt Yogurt Yogurt Yogurt Yogurt Yogurt
Betaxanthins 0.89+0.0442 0.00+0.00% 0.88+0.054 0.00+0.00% 1.03+0.024b 0.00+0.00° 2.04+0.044c 0.000.008
(mg VE/100 g yogurt) *
Betacyanins 050 +0.0242 0.00+0.00% 0.64+0.04A> 0.00+0.00% 058+0.014c 0.00+0.00° 1.16=0.024¢  0.000.00®
(mg BE/100 g yogurt) *
Betalains
. 1.39+0.06 42 0.00+0.008 1.53+0.09 42t 0.00+0.008 1.60+0.034F 0.00+0.008 3.21+0.074A< 0.00+0.008
(mg/100 g yogurt)
Total phenolics 841404142 464+01182 98104840 4.42+0215e 10.08 +047 Abc 451+0.155¢ 11.96+0.284d 4,61 +0.20 B
(mg GAE/100 g yogurt) *
DPPH 9.69£0.42 42 0.48+0.02Ba 9.71+047 A2 231+£0.08B> 9.69+0.44 A2 1.84+0.068c 11.21+0.44 A> 1.85+0.07 B
(mg TE/100 g yogurt) *
RP (mg TE/100 g yogurt) * 14.72 + 0.41 A2 6.13 £0.14B2 14.22 +0.5542 557 +0.08 B> 14.69 +0.08 A2 597 +0.09 B2 17.78 £ 0.33 Ab  4.50 + 0.03 Be
AIA (%) ** 5.69 +0.74 A2 1.21 £0.07Ba 0.62+0.02A> 0.00+0.00B> 652+0514a 350+0.118c 948 +1.10Ac 5.28+(.76Bd
AHgA (%) *** 15.66 +0.35 42 10.92 +0.90Ba 6.93 +0.41Ab 1.27+0.00B> 16.13 +0.31 A2 10.56 + 0.05 B2 17.42 +0.70 Ac 10.51 £ 0.02 Ba

The results are represented as the mean + standard deviation (n = 3). Different capital letters for each
time point during storage indicate significant differences (p < 0.05) between mean values of fortified
and control yogurt; different lowercase letters indicate significant differences (p < 0.05) between
mean values estimated during storage of each yogurt. * Expressed as vulgaxanthin-I, betanin, gallic
acid, and Trolox equivalents (i.e., VE, BE, GAE, and TE, respectively) per 100 g of control or fortified
yogurt. ** Expressed as the effect of the extract, which corresponds to 2.4 g of yogurt. *** Expressed

as the effect of the extract, which corresponds to 24 mg of yogurt.

Due to the addition of the OE, higher anti-inflammatory and antihyperglycemic ac-
tivity was also observed in the fortified compared to the control yogurt after preparation
and during storage at the tested conditions.

Table 7. Bioactive compound content and bioactivities of fortified (with 3% OE) and control yogurt

after preparation and during storage at 4 °C.

. . After After
Bioactive Compound/ .
Bioactivity _ Preparation _ 7 Days of Storage
Fortified Yogurt Control Yogurt Fortified Yogurt Control Yogurt

Betaxanthins (mg VE/100 g yogurt) * 0.89 +0.04 A 0.00£0.00® 0.91 £0.04 Aa 0.00+£0.00®
Betacyanins (mg BE/100 g yogurt) * 0.50 +0.02 42 0.00+0.008 0.44 +0.01 b 0.00+0.008
Betalains (mg/100 g yogurt) * 1.39 £ 0.06 A2 0.00+0.00 1.35£0.05 A= 0.00+0.008
Total phenolics (mg GAE/100 g yogurt) *  8.41+0.41 A2 4.64+0.11 B2 8.28 £0.18 Aa 4.73 +£0.06 B2
DPPH (mg TE/100 g yogurt) * 9.69 £ 0.42 Aa 0.48 £0.02 Ba 11.21 +0.44 Ab 1.98 +0.07 Bb
RP (mg TE/100 g yogurt) * 14.72 £ 0.41 Aa 6.13+£0.14 B 18.17 £0.35 &b 7.30 +0.05 Bb
AIA (%) ** 5.69 +(0.74 A= 1.21 +£0.07 Ba 2.42 +0.04 Ab 0.59 +0.03 B>
AHgA (%) *** 15.66 + 0.35 A2 10.92 +0.90 B2 8.92 +0.21 Ab 3.11 + 0.08 BP

The results are represented as the mean + standard deviation (n = 3). Different capital letters for each
time during storage indicate significant differences (p < 0.05) between mean values of fortified and
control yogurt; different lowercase letters indicate significant differences (p < 0.05) between mean
values estimated during storage of each yogurt. * Expressed as vulgaxanthin-I, betanin, gallic acid,
and Trolox equivalents (i.e., VE, BE, GAE, and TE, respectively) per 100 g of control or fortified
yogurt. ** Expressed as the effect of the extract, which corresponds to 2.4 g of yogurt. *** Expressed

as the effect of the extract, which corresponds to 24 mg of yogurt.

In order to monitor their stability, the bioactive compound content and bioactivities
of the fortified and control yogurt after storage were compared in relation to the values
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determined after the preparation of the products (i.e., at zero time). For the fortified yogurt
at the end of the storage period at -18 °C, in comparison to the level at zero time, higher
bioactive compound content and bioactivities were observed. For the fortified yogurt at
the end of the storage period at 4 °C, in comparison to the level at zero time, similar levels
of bioactive compound content were maintained (with the exception of a somewhat lower
level of betacyanins), with higher antioxidant activity, although lower anti-inflammatory
and antihyperglycemic activity was observed.

4. Discussion
4.1. Encapsulation Performance and Comparison with Previous Studies

Previously, in the study of Cakarevi¢ et al. [30], the encapsulation efficiency of phe-
nols in encapsulates of beetroot juice in pumpkin protein isolate prepared by the freeze-
and-spray-drying method was 92% and 75%, respectively. The EE of phenolics in encap-
sulates of beetroot juice and an extract with soy protein obtained by freeze drying at dif-
ferent encapsulation conditions ranged from 60.26% to 85.03% and from 47.79% to 92.47%,
respectively [5,31]. The betalain EE (calculated in relation to the betalain content in the
feed solution) of beetroot waste extract encapsulates produced by freeze drying with gum
arabic and maltodextrin individually was 82% and 88%, respectively, while blends of the
carrier agents decreased the betalain EE of the beetroot waste extract encapsulates (64—
70%) [32]. Poornima and Sinthiya [33] studied encapsulated beetroot extracts with a com-
bination of maltodextrin and gum arabic at different conditions via spray drying; they
reported encapsulation efficiencies for betanin in the range of 96.79% to 99.60%. Garcia-
Segovia et al. [34] studied encapsulates of beetroot juice with 3.5% and 7% pea protein,
treated by spray drying at 125 and 150 °C. They determined the encapsulation efficiencies
for phenols, betacyanins, and betaxanthins and antioxidant activity, which ranged from
45 to 63%, from 40 to 52%, from 16 to 59%, and from 38 to 56%, respectively. Encapsulation
efficiency is a key indicator of process quality and product stability. In this study, the op-
timized protein-based encapsulation system achieved high predicted and experimentally
confirmed efficiencies for both phenolics and betalains, supporting the suitability of
pumpkin seed protein as a carrier for beetroot pomace bioactives.

4.2. Bioactive Composition and Simulated Gastrointestinal Digestion

Numerous techniques and different encapsulation materials have been used for the
encapsulation of beetroot bioactive phenolic and betalain compounds. In an encapsulated
beetroot pomace extract with soy protein, obtained via the freeze-drying method, Tumbas
Saponjac et al. [5] determined phenolic content of 326.51 mg GAE/100 g. In another study,
Tumbas Saponjac et al. [31] examined encapsulated beetroot juice with soy protein, again
prepared via the freeze-drying method, and reported that the content of total phenolics
was 150.71 mg GAE/100 g. Flores-Mancha et al. [35] examined freeze-dried pure beet juice
and encapsulates of pure beet juice with maltodextrin and inulin, with phenolic content
of 1235.4 mg GAE/100 g, 609.3 mg GAE/100 g and 597.5 mg GAE/100 g, respectively. An-
tigo et al. [36] revealed phenolic content of 488.87 and 583.11 mg GAE/100 g in maltodex-
trin- and maltodextrin/xanthan gum-encapsulated red beet juice powders prepared by
freeze drying. Mkhari et al. [32] studied an encapsulated beetroot waste extract with
maltodextrin, gum arabic, and their blends via a freeze-drying procedure and determined
the total phenolic content of the powders, which ranged from 69.78 ug/g to 96.90 ug/g.
Bazaria and Kumar [37] studied encapsulates of beetroot juice concentrate with whey pro-
tein, obtained at different operational conditions under spray drying, and revealed that
the content of phenolics ranged from 16.69 mg GAE/100 g to 25.89 mg GAE/100 g. More-
over, Bazaria and Kumar [38] examined encapsulates of beetroot juice with different ratios
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of maltodextrin DE10, maltodextrin DE20, and gum arabic under spray drying, with total
phenolic content ranging from ~ 19 mg GAE/100 g to 26.36 mg GAE/100 g, and the highest
total phenolic content was found for the blend of AG and maltodextrin DE20. Garcia-Se-
govia et al. [34] observed encapsulates of beetroot juice with 3.5% and 7% pea protein
under spray drying at 125 and 150 °C, where the total phenolics ranged from 644 mg
GAE/100 g to 896 mg GAE/100 g. Similarly to our study, gallic acid, protocatechuic acid,
p-hydroxybenzoic acid, and/or ferulic acid were also determined previously in higher
amounts in beetroot extracts [5,28,39-41]. Moreover, rutin was among the identified phe-
nolic compounds in red beetroot extract [42]. In pumpkin seeds, phenolic compounds
such as gallic acid, p-hydroxybenzoic acid, and ferulic acid were also determined in high
levels previously [43]. In the study of Tumbas Saponjac et al. [5], in an encapsulated beet-
root pomace extract, the content of betaxanthins (61.33 mg VE/100 g) did not differ signif-
icantly from the content of betacyanins (60.52 mg BE/100 g). Additionally, similar content
of betaxanthins (261.55 mg VE/100 g) and betacyanins (259.73 mg BE/100 g) in an encap-
sulate of beetroot juice was found [31]. Flores-Mancha et al. [35] reported that, in freeze-
dried pure beet juice, the content of total betalains was 382.35 mg/100 g (i.e., 219.18 mg/100
g of betacyanins and 163.18 mg/100 g of betaxanthins). The total betalain content in en-
capsulates with maltodextrin was 15.71 mg/100 g (i.e., 10.00 mg/100 g of betacyanins and
5.72 mg/100 g of betaxanthins) and in those with inulin was 10.11 mg/100 g (i.e., 6.28
mg/100 g of betacyanins and 3.83 mg/100 g of betaxanthins) [35]. In the study of Mkhari
et al. [32], the betalain content of beetroot waste extract encapsulates on the basis of malto-
dextrin, gum arabic, and their blends varied from 2.2 mg/100 g to 3.12 mg/100 g. In an
encapsulated beetroot juice concentrate with whey protein, obtained using the spray-dry-
ing technique, the total betalain content ranged from 261.96 to 272.54 mg/100 g [37]. More-
over, Bazaria and Kumar [38] reported that the encapsulation of beetroot juice with gum
arabic, maltodextrin DE10, maltodextrin DE20, and their blends retained betalains in the
range of ~170 mg/100 g DW to 208.06 mg/100 g DW. In another study, Bazaria and Kumar
[44] encapsulated beetroot juice concentrate with maltodextrin, gum arabic, and whey
protein concentrate and found that the betalain content varied from 158.89 mg/100 g DW
to 249.41 mg/100 g DW. In an encapsulated beetroot extract with maltodextrin, inulin,
whey protein, and their blends prepared by spray drying, the content of betaxanthins was
in the range of 136.86 to 155.37 mg/100 g, while that of betacyanins varied from 211.93 to
230.10 mg/100 g [45]. In the study of Janiszewska [46], beetroot juice was encapsulated
using gum arabic, maltodextrin, and a mixture of both (1:1) as carriers via the spray-dry-
ing technique, and the content of betaxanthins ranged from 34 to 61 mg/100 g, while the
content of betacyanins ranged from 109 to 129 mg/100 g. In microcapsules of beetroot juice
with gum arabic obtained by spray drying, the betalain content was 11.98 mg/100 g pow-
der [47]. Garcia-Segovia et al. [34] revealed, in encapsulates of beetroot juice with 3.5%
and 7% pea protein obtained by spray drying at 125 mgBE/100 g, betacyanin content in
the range of 845 mgBE/100 g to 981 mgBE/100 g and betaxanthin content from 433
mgVE/100 g to 506 mgVE/100 g. In the study of Janiszewska and Wlodarczyk [48], in en-
capsulates of beetroot juice with maltodextrin obtained under different conditions of
spray drying, the content of betacyanins, expressed as betanin, ranged from 117 mg/100 g
to 123 mg/100 g, while the value of betaxanthins, expressed as vulgaxanthin-I, ranged
from 57 mg/100 g to 67 mg/100 g. In beetroot juice encapsulates prepared with maltodex-
trin as an encapsulating agent and with maltodextrin in combination with chia mucilage
and gum arabic (at concentration levels of 10 and 15%), obtained using spray drying, An-
tigo et al. [49] found content of betacyanins ranging from 141.55 to 212.23 mg/100 g. In a
beetroot extract encapsulated with maltodextrin DE10 in different core-to-wall ratios by
spray drying, the content of betalains ranged from 90.71 to 135.98 mg/100 g [50]. Do Carmo
et al. [51] reported, in encapsulated beetroot juice obtained by spray drying under
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different temperatures and inulin-whey protein isolate ratios as carrier agents, levels of
betacyanins, betaxanthins, and betalains ranging from 157.8 to 193.1 mg/100 g, from 185.8
to 221.8 mg/100 g DW, and from 344.9 to 412.2 mg/100 g dw, respectively. Singh and Ha-
than [52] studied encapsulates of beetroot juice prepared by spray drying at different feed
flow rates (8, 10, and 11 mL/min), processing temperatures (140, 150, and 160 °C), and
maltodextrin concentrations (20, 25, and 30%) and determined betalain content ranging
from 12.03 to 38.52 mg/100 g. In encapsulates of beetroot extract prepared by spray drying,
at different inlet temperatures and ratios of core material to wall material (combination of
maltodextrin and gum arabic) of 1:2, 1:4, and 1:6, the betanin content ranged from 0.035
to 0.20 mg/g [33]. These variations in phenolic and betalain content can be attributed to
cultivar, maturity, extraction, and encapsulation method differences, as well as other fac-
tors [5,32].

Previously, the antioxidant activity of beetroot pomace extract encapsulates deter-
mined by the DPPH and RP tests was 1655.36 umol TE/100 g and 394.95 umol TE/100 g,
respectively [5]. In another study, in the DPPH and RP tests, the antioxidant activity of
beetroot juice encapsulates was 1.02 mmol TE/100 g and 1.81 mmol TE/100 g, respectively
[31]. Flores-Mancha et al. [35] reported antioxidant activity for freeze-dried pure beet juice
and its encapsulates with maltodextrin and inulin ranging from 0.65 to 0.91 mM TE/100 g
when using the ABTS test and from 0.21 to 0.45 mM TE/100 g when using the DPPH test.
Mkhari et al. [32] studied encapsulates of beetroot waste extract on the basis of maltodex-
trin, gum arabic, and their blends after freeze drying and reported antioxidant activity
according to the DPPH test in the range of 19 to 26 mM TE/g. In the study of do Carmo et
al. [45], for spray-dried encapsulates of beetroot extract produced with different wall ma-
terials (maltodextrin, inulin, and whey protein isolate and their blends), the antioxidant
activity according to the DPPH test ranged from 60.57% to 85.01%. In another study, do
Carmo et al. [51] studied encapsulated beetroot juice’s antioxidant activity under the
DPPH assay and reported values from 61.5% to 90.8%, and they found that the antioxidant
activity was the highest for encapsulates obtained with a higher temperature (170 °C) and
a higher inulin concentration in relation to whey protein isolate. Garcia-Segovia et al. [34]
studied encapsulates of beetroot juice with pea protein obtained under different condi-
tions by spray drying, where the antioxidant activity in the DPPH assay ranged from 213
mg TE/100 g to 263 mg TE/100 g. Bazaria and Kumar [37] studied encapsulates of beetroot
juice concentrate with whey protein, obtained under different operational conditions via
spray drying, and revealed that the antioxidant activity under DPPH ranged from 68.85%
to 77.29%. Moreover, Bazaria and Kumar [38] examined encapsulates of beetroot juice
with gum arabic, maltodextrin DE10, maltodextrin DE20, and their blends, where the an-
tioxidant activity under DPPH ranged from ~63.5 to 67%. Numerous health-promoting
properties, including anti-inflammatory, antioxidant, and antidiabetic, have been at-
tributed to beetroot previously [53]. The bioactive properties determined in our study for
the encapsulated beetroot waste extract were in accordance with previous reports.

The behavior of the OE after digestion can be attributed to the protective effects of
encapsulation on beetroot bioactive compounds. Therefore, the bioactive compounds in
the OE may have been partially protected from degradation under simulated gastrointes-
tinal conditions, leading to improved release, extractability, and potential bioaccessibility
during in vitro digestion. The behavior of encapsulates in simulated gastrointestinal di-
gestion is dependent on the type and properties of the wall material used for encapsula-
tion and their resistance or susceptibility to digestive enzymes [54]. After the in vitro di-
gestion of encapsulated beetroot juice with pumpkin protein isolate by the freeze-and-
spray-drying method, Cakarevi¢ et al. [30] reported total phenolic content of 13.24 mg
GAE/g and 18.94 mg GAE/g, betaxanthin content of 0.344 mg VE/g and 0.296 mg VE/g,
and betacyanin content of 0.298 mg BE/g and 0.248 mg BE/g, respectively. Antioxidant
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activity was determined after the in vitro digestion of the same encapsulates obtained by
the freeze-and-spray-drying method under the DPPH test (84.88 umol TE/g and 53.63
umol TE/g, respectively) and ABTS test (16.81 umol TE/g and 23.01 pmol TE/g, respec-
tively) [30]. Previously, during the digestion of beetroot, it was found that betanin—a ma-
jor betalain present in beetroot—was highly unstable, with bioaccessibility of 16.2%, prob-
ably due to its hydrophilic nature [55]. Similarly, the bioaccessibility of isobetanin and
neobetanin was 46%, while the total betacyanin bioaccessibility was 31.3% at the end of
gastrointestinal digestion [55]. Additionally, a significant decrease in the antioxidant ac-
tivity of beetroot, assessed by the oxidative hemolysis inhibition method during the gas-
tric and intestinal phases of in vitro gastrointestinal digestion, was reported [55]. In the
study of Vieira Teixeira da Silva et al. [56], after the simulated gastrointestinal digestion
of betanin, half of its content was found in the small intestine fluid, but with higher anti-
oxidant activity in relation to the initial values. After simulated digestion, higher betalain
content and antioxidant activity, but lower phenolic content, were determined for beet-
root juice encapsulates in comparison to the wall material (pumpkin protein isolate) used
for their preparation [30]. Tumbas Saponjac et al. [5] reported lower levels of phenolics
after the in vitro digestion of an encapsulated beetroot pomace extract with soy protein in
relation to the levels before digestion. Kuhn et al. [57] investigated the simulated gastro-
intestinal digestion of an encapsulated Bougainvillea glabra bracts extract obtained by
freeze drying using the prebiotic fibers polydextrose and inulin as encapsulating materials
and observed the maximum release and stability of betacyanins and phenolics in the gas-
tric phase in comparison to the intestinal phase (small intestine); however, the release was
slower in powders containing inulin. Wang et al. [58] examined the in vitro gastrointesti-
nal digestion of red beetroot and its jam, observing higher levels of total phenolics, beta-
lains, and antioxidant capacity in the gastric compared to the intestinal phase, while the
total flavonoid content was decreased during gastric digestion. Then, an increase after
intestinal digestion was observed, as intestinal enzymes and bile salts probably acceler-
ated the release of flavonoids, which combined with the matrix. Since the antioxidant
properties of plant extracts are mostly attributed to the presence of phenolic components,
the changes that occur during gastrointestinal digestion can alter the chemical structures
of the phenolic compounds and lead to varying antioxidant capabilities [59]. The increase
in detectable phenolics and antioxidant activity after simulated gastrointestinal digestion
can be explained by digestion-induced structural changes in the pumpkin seed protein
matrix. In the gastric phase, the low pH and pepsin activity may promote the swelling,
partial unfolding, and hydrolysis of the protein wall, weakening the interactions by which
phenolic compounds are retained within the encapsulate. Phenolics can interact with pro-
teins through hydrogen bonding, hydrophobic interactions, and electrostatic forces; there-
fore, the disruption of the protein structure during gastric digestion may increase the ex-
tractability of compounds that were previously entrapped or tightly associated with the
carrier. In the intestinal phase, the transition to a higher pH, together with pancreatic en-
zymes and bile salts, may further degrade the protein network and increase the release of
bound phenolics from the wall material. These processes can generate a more soluble mix-
ture of free phenolics, peptide-bound phenolics, and antioxidant peptides, all of which
may contribute to the higher Folin-Ciocalteu response, DPPH radical-scavenging activity,
and reducing power observed after digestion. Therefore, the post-digestion increase
should be interpreted primarily as reflecting the improved extractability and potential bi-
oaccessibility of phenolic compounds, accompanied by the contribution of digestion-de-
rived peptides, rather than as the net formation of new phenolic compounds.

4.3. Physical Properties of the Optimal Encapsulate
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Physical characteristics, such as water activity, moisture content, and hygroscopicity,
are important factors for the storage stability of powder products [60]. Water activity (aw)
is defined as the amount of free water available in the food system that is responsible for
any biochemical reactions, while moisture content is the amount of water present in a food
product [61,62]. The product is considered stable if its water activity level is below 0.4 [63].
Water activity and moisture content are two important indicators of powder quality, since
both affect the shelf lives of powder products [61,62]. The water activity of the OE (0.052)
could explain its high stability (Table 5). Similarly, its moisture content of 4.7% also con-
tributed to the high stability of the OE (Table 5), since, for freeze-dried powders, values
of moisture content within the recommended values (<5%) can grant microbiological sta-
bility and inhibit biochemical reactions in the product [32,64]. Previously, the moisture
content of beetroot waste extract powder produced with maltodextrin, gum arabic, and
their blends was found to be in the range of 3.21-4.99% [32]. In the study of Bazaria and
Kumar [38], the moisture content of beetroot juice encapsulates with gum arabic, malto-
dextrin DE10, maltodextrin DE20, and their blends ranged from 1.26% to 2.88%. Do
Carmo et al. [51] studied encapsulated beetroot juice obtained by the spray-drying tech-
nique under different temperatures and inulin-whey protein isolate ratios and found
moisture content in the range of 1.3 to 2.2%. Guaman-Balcazar et al. [65] studied encapsu-
lates of beet by-product extracts obtained with polyvinylpyrrolidone as a carrier agent by
spray drying and determined water activity and moisture content of 0.19 and 6.01%, re-
spectively. Torres et al. [66] examined red beetroot extract encapsulates, prepared using
3%w/v and 5%w/v maltodextrin DE12 via spray-drying technology with varying inlet
temperatures and feed flow rates, and found that the moisture content varied from 2.78
to 7.86%. Antigo et al. [49] examined beetroot juice encapsulates on the basis of maltodex-
trin, as well as maltodextrin in combination with chia mucilage and gum arabic, with
moisture content in the range of 4.57 to 4.77 g/100 g. Garcia-Segovia et al. [34] observed,
in encapsulates of beetroot juice with pea protein obtained under different conditions by
spray drying, moisture content in the range of 3.21 to 4.92 g/100 g. Poornima and Sinthiya
[33] studied an encapsulated beetroot extract with a combination of maltodextrin and gum
arabic obtained under different conditions by spray drying; they determined moisture
content in the range of 1.00 to 3.40%. Singh and Hathan [52] studied encapsulates of beet-
root juice prepared with maltodextrin under different conditions by spray drying, with
moisture content ranging from 3.95 to 6.50%.

Hygroscopicity is the property of a powder to absorb water in the form of moisture
from the environment during storage [65]. It is implicated in storage stability and shelf
life, since adsorbed water can affect the oxidation process [32,44,67]. The hygroscopicity
value of the OF was 24.59 g/100 g (Table 5). For freeze-dried powder products, high hy-
groscopicity is a characteristic property [68]. In most cases, a powder with low moisture
content has a greater ability to absorb water from its environment, i.e., has greater hygro-
scopicity [65]. In the study of Mkhari et al. [32], the hygroscopicity of encapsulates of beet-
root waste extract on the basis of maltodextrin, gum arabic, and their blends varied from
1.27 to 4.13%. In the study of Bazaria and Kumar [38], the hygroscopicity values of beet-
root juice encapsulates with blends of maltodextrin and gum arabic obtained by spray
drying varied from 14.09 to 19.33 g/100 g dry solid. Additionally, Bazaria and Kumar [44]
revealed hygroscopicity values for encapsulated beetroot juice with maltodextrin, gum
arabic, and whey protein concentrate in the range of 15.67 g/100 g to 19.45 g/100 g. Torres
et al. [66] examined red beetroot extract encapsulates prepared using maltodextrin, with
hygroscopicity in the range of 5.46 to 9.74%. Guaman-Balcazar et al. [65] studied encap-
sulates of beetroot by-products extracted with polyvinylpyrrolidone and determined hy-
groscopicity of 15.14%. Antigo et al. [49] examined beetroot juice encapsulates on the basis
of maltodextrin, as well as maltodextrin in combination with chia mucilage and gum
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arabic, with hygroscopicity in the range of 10.01 to 12.22 g/100 g. Garcia-Segovia et al. [34]
studied encapsulates of beetroot juice with pea protein prepared under different condi-
tions by spray drying, observing hygroscopicity (after one week of storage at 81% RH) in
the range of ~93 to 99 g/100 g. In the study of Cai and Corke [69], the hygroscopic moisture
determined after one week of storage at 81% RH in freeze-dried betacyanin powder pro-
duced without a wall material was significantly higher (118.3 g/100 g) in comparison to
betacyanin powder produced with added maltodextrin (50.7 g/100 g). The difference in
hygroscopicity depends on the composition of the dehydrated food, the encapsulant ma-
trix, and the drying technology used [65].

The density of a food product is an important property in terms of processing, pack-
aging, storage, and transport [70]. A lower bulk density necessitates a greater volume for
packaging [70]. Additionally, a lower bulk density can increase the possibility of powder
product oxidation and reduce its storage stability due to the presence of large amounts of
air within the powder [71]. The bulk densities of the OE and WM were 0.18 g/mL and 0.34
g/mL, while their tapped densities were 0.29 g/mL and 0.51 g/mL, respectively (Table 3).
Hence, according to calculated Carr’s index (38.65%) and Hausner’s ratio (1.63), the OE is
classified as a powder with very poor flow properties and high cohesiveness (Table 5). In
the study of Mkhari et al. [32], the bulk density of beetroot waste extracts encapsulated
with maltodextrin, gum arabic, and their blends varied from 0.66 to 0.74 g/mL. In the
study of Bazaria and Kumar [38], the bulk density values of beetroot juice encapsulates
with blends of maltodextrin (DE10 and DE20) and gum arabic ranged from 0.516 to 0.578
g/mL, and an increase in MD dextrose equivalents led to an increase in bulk density.
Moreover, Bazaria and Kumar [44] reported the bulk density values of encapsulates of
beetroot juice concentrate with maltodextrin, gum arabic, and whey protein concentrate
ranging from 0.512 to 0.549 g/mL. Guaman-Balcazar et al. [65] studied encapsulates of
beetroot by-product extracts on the basis of polyvinylpyrrolidone and determined a den-
sity of 0.42 g/mL after they were hit 100 times from a height of 5 cm. Garcia-Segovia et al.
[34] studied encapsulates of beetroot juice with pea protein obtained under different con-
ditions by spray drying and observed densities from 0.36 g/mL to 0.57 g/mL. Singh and
Hathan [52] studied encapsulates of beetroot juice prepared with maltodextrin under dif-
ferent conditions by spray drying and observed a packed bulk density (determined after
tapping until the volume was reduced and reasonably constant) in the range of 0.618 to
0.747 g/mL.

The solubility of a powder is an important parameter regarding its ability to disinte-
grate in solutions, which needs to be considered before incorporation into food products
[32,72]. For consumers, a desirable property and one of the main quality indicators for
powdered products is quick and complete reconstitution [73]. The solubility of the OE
was found to be 54.59 g/100 g (Table 3). In the study of Mkhari et al. [32], the solubility of
beetroot waste extract encapsulates with maltodextrin, gum arabic, and their blends var-
ied from 34.33% to 51.00%. Guaman-Balcazar et al. [65], in encapsulates of beetroot by-
product extracts on the basis of polyvinylpyrrolidone, determined solubility of 84.47%.
Antigo et al. [49] examined beetroot juice encapsulates on the basis of maltodextrin, as
well as maltodextrin in combination with chia mucilage and arabic gum and found solu-
bility in the range of 87.40 to 93.73 g/100 g. Garcia-Segovia et al. [34] observed encapsulates
of beetroot juice with pea protein obtained under different conditions by spray drying and
found solubility of 12.4 to 17.9%. Solubility depends on many parameters, such as the
nature of the core and carrier materials and the temperature [67,73].

Color is an important property as it may indicate changes in food quality due to pro-
cessing, storage, and other factors [63]. Moreover, the color of food products is a signifi-
cant factor in the buying decisions of consumers [32]. Therefore, the application of micro-
encapsulated colorants as natural food colorants has been examined [32,74]. The color of
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the OF was similar to the natural red color of beetroot, linked to the high betacyanin con-
tent in the beetroot pomace extract (Table 3). Cakarevié et al. [30], in encapsulates of beet-
root juice with pumpkin protein isolate, determined L¥, a*, b* color values of 31.18, 13.38,
and 5.96 under freeze drying and 72.4, 1.47, and 23.91 under the spray-drying method,
respectively. In the study of Mkhari et al. [32], the L*, a*, b* values of beetroot waste extract
encapsulates prepared with different wall materials ranged from 31.09, 48.97, and 6.89 to
39.10, 54.08, and 19.59, respectively. In the study of Bazaria and Kumar [38], the L¥, a*, b*
values of beetroot juice encapsulates with different ratios of maltodextrin and gum arabic
ranged from 21.34, 26.17, and 1.98 to 24.89, 39.03, and 3.65, respectively. In the study of
Janiszewska [46], in beetroot juice encapsulates with different carriers, the L*, a*, b* values
ranged from 45.77, 33.60, and -4.95 to 48.03, 36.92, and 3.50, respectively. In beetroot ex-
tract encapsulates prepared with maltodextrin DE10 in different core-to-wall ratios, the
L*, a*, b* values ranged from 10.51, 21.71, and —8.12 to 10.92, 23.17, and —8.39, respectively
[50]. Antigo et al. [49] found, in beetroot juice encapsulates prepared with different wall
materials and core-to-wall ratios, L*, a* b* values ranging from 31.41, 32.23, and 8.91 to
39.79, 37.08, and 11.11, respectively. Guaman-Balcazar et al. [65], in encapsulates of beet-
root by-product extracts, determined L*, a¥, b* values of 51.02, 35.36, and 6.67, respectively.
Garcia-Segovia et al. [34] studied encapsulates of beetroot juice with pea protein obtained
under different conditions by spray drying; they obtained L*, a*, b* values from 23.1, 34.66,
and 0.88 to 28.5, 36.80, and 2.73, respectively. Torres et al. [66] studied red beetroot extract
encapsulates prepared with maltodextrin DE12 by spray-drying technology under vary-
ing conditions and found L*, a* b* values ranging from 35.1, 38.7, and -11.3 to 39.6, 43.1,
and —4.9, respectively.

Despite its favorable bioactive profile, the physical properties of the optimal encap-
sulate indicate important limitations for industrial application. The high hygroscopicity
suggests that the powder may readily absorb moisture from the environment, which can
promote particle adhesion, lump formation, caking, and reduced storage stability under
uncontrolled humidity conditions. In addition, the very poor flowability and high cohe-
siveness indicate that the powder may show poor discharge from containers, hoppers, or
dosing units; irregular flow during conveying; reduced weighing accuracy; and difficul-
ties in homogeneous dispersion during large-scale food processing. These characteristics
are particularly relevant for industrial yogurt fortification, where the accurate dosing and
uniform distribution of the functional ingredient are necessary to ensure reproducible
product quality. Therefore, the current encapsulate should be considered functionally
promising but not yet fully optimized as an industrial powder ingredient.

4.4. Fortified Dairy Products

The betalain content of the fortified yogurt is comparable to the optimal levels of
betalains for the fortification of yogurt (from 1.5 mg/100 g to 3 mg/100 g) estimated by
Tekin et al. [75]. The phenolic content of the fortified yogurt in our study is in agreement
with the levels (from 2.39 mg of GAE/100 g to 6.5 mg of GAE/100 g) found after the forti-
fication of yogurts previously [76,77]. Moreover, the total phenolic content of the control
yogurt is in accordance with the values of 1.79 mg GAE/100 g to ~8 mg GAE/100 g previ-
ously determined for plain yogurt [76-79]. The significant total phenolic content of the
control yogurt was expected, since phenolic compounds are usually present in consider-
able amounts in ruminant milk. Most of these compounds are derived from the animal
feed, although, to some extent, they may be the products of amino acid catabolism [76]. In
addition to phenolic compounds, the Folin-Ciocalteu reactivity of plain yogurt could be
a consequence of the presence of low-molecular-weight antioxidants, free amino acids,
peptides, and proteins in milk samples [78]. In addition, it is important to note that the
total phenolic compounds were quantified in extracts (i.e., supernatants) of yogurt
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samples, and, in these conditions, only released (free or unbound) polyphenols are deter-
mined [78]. It is known that the formation of complexes between phenolic compounds
and milk proteins may affect phenolic recovery and activity. Indeed, phenolic compounds
may interact with proteins in both ways, reversibly and irreversibly, since hydrogen
bonds can be formed between phenolic groups due to the excellent hydrogen donors and
carboxyl groups of the protein [76].

To investigate the antioxidant activity of the yogurts, the DPPH radical-scavenging
activity and reducing power were examined; they are commonly assessed for foods [77].
In a previous study, the antioxidant activity of the control yogurt and yogurts with ex-
tracts of beetroot encapsulated on the basis of maltodextrin and inulin after preparation
was 0.114, 0.197, and 0.124 mM TE/100 g, while, after 7 days of storage, it was 0.102, 0.170,
and 0.145 mM TE/100 g, respectively [6]. In the study of Abdo et al. [7], the antioxidant
activity under the DPPH test, expressed as the ICso value, of a raspberry-flavored stirred
yogurt without and with beetroot stalk water extract added at concentrations of 1, 2, and
5% at day 1 of storage was 78.47, 71.68, 71.5, and 69.18 pL/mL, and, at day 7, the antioxi-
dant activity was 54.70, 57.35, 63.16, and 67.27 uL/mL. Similarly, as in our study, the anti-
oxidant activity of the products was increased after 7 days of storage. The antioxidant
activity of the fortified yogurt determined in our study is in agreement with the range of
values—namely ~10 mg AAE/100 g to ~100 mg AAE/100 g—determined in yogurt after
fortification previously [78,79]. The antioxidant activity of the control yogurt in our study
was comparable to the values of ~1 mg AAE/100 g and ~7 mg AAE/100 g obtained by the
DPPH and RP assays, respectively, in the study of Fidelis et al. [79], as well as with the
values (~1.5 mg AAE/100 g and ~2 mg AAE/100 g by DPPH and RP assays, respectively)
estimated by Helal et al. [78]. The anti-inflammatory and antihyperglycemic activity (ex-
pressed as effect in %) of the control yogurt were also observed in our study. The inhibi-
tion of a-glucosidase activity in the control yogurt was also observed in the study of Hong
et al. [80]. Yuan at al. [81] reported that, among three types of dairy foods (milk, yogurt,
and cheese), only yogurt intake was linked with lower levels of chronic inflammation. It
was determined that the pH value of the fortified yogurt sample (pH = 4.57 + 0.01) was
higher than of the control yogurt (pH = 4.30 + 0.01). This can be explained by the higher
pH value of the added encapsulate in comparison to the yogurt [75]. Syneresis is the pro-
cess of the separation of a liquid from a gel structure (i.e., whey separation) [82]. It is an
important characteristic of yogurt quality, as it happens mainly when the weakened yo-
gurt gel network does not have the ability to trap the liquid phase [82]. The fortified yogurt
showed a lower syneresis value (65.90%) in comparison to the control yogurt (71.73%).
Similarly, decreased syneresis in yogurts incorporating beetroot extracts encapsulated
with maltodextrin and inulin in relation to plain yogurt was reported [6]. This can be ex-
plained by the fact that the components of the powders, namely the wall materials, fa-
vored water retention due to their contribution to the mesh effect in the three-dimensional
network of the yogurt gel structure [6]. It is difficult to compare the syneresis values ob-
tained in various studies, since the level of syneresis could be influenced by the method
of determination, as well as by the level of solids content and the type of starter culture
[83]. Nevertheless, the syneresis value of the control yogurt determined in our study is in
agreement with the plain yogurt syneresis values determined with similar methods pre-
viously [82-84]. The lower syneresis observed in the fortified yogurt may also be related
to interactions between the pumpkin seed protein from the encapsulate and the casein
network of the yogurt. In addition to the water retention capacity of the wall material,
pumpkin seed protein may participate in the gel matrix through hydrogen bonding, hy-
drophobic interactions, and electrostatic interactions with milk proteins. These interac-
tions could strengthen the three-dimensional casein network, improve the immobilization
of the aqueous phase, and consequently reduce whey separation. Furthermore, the
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encapsulate particles may behave as dispersed filler-like components within the yogurt
gel, contributing to a denser structure and improved physical stability. However, since
rheological and microstructural analyses were not performed, this explanation should be
considered a plausible mechanism rather than direct evidence.

During the storage of the yogurt samples, an increase in antioxidant activity occurred,
which could be attributed to compounds that were formed or released as a consequence
of interactions between some components [6]. Moreover, it has been reported that a longer
storage period and greater water activity lead to greater antioxidant activity [6]. The total
betalain content of yogurts with extracts of beetroot encapsulated on the basis of malto-
dextrin and inulin after preparation was 18.652 and 12.962 mg/100 g, while, after 7 days
of storage, it was 10.240 and 18.024 mg/100 g, respectively [6]. In the study of Abdo et al.
[7], the betalain content of a raspberry-flavored stirred yogurt with beetroot stalk water
extract added at concentrations of 1, 2, and 5% at day 1 of storage was 44.19, 62.32, and
67.86 mg/L, and, by day 7, the betalain content was almost halved, reaching 27.68, 31.41,
and 33.64 mg/L, respectively. The higher stability observed for betaxanthins in relation to
betacyanins in yogurt after 7 days of storage at 4 °C is in agreement with the study of
Abdo et al. [7]. The total polyphenol content of the control yogurt and yogurts with ex-
tracts of beetroot encapsulated on the basis of maltodextrin and inulin after preparation
was 8.340, 8.288, and 7.352 mg GAE/g, while, after 7 days of storage, it was 7.413, 7.133,
and 7.730 mg GAE/g, respectively [6]. In the study of Abdo et al. [7], the phenolic content
of araspberry-flavored stirred yogurt without and with beetroot stalk water extract added
at concentrations of 1, 2, and 5% at day 1 of storage was 95.11, 99.78, 101.20, and 116.55
mg/g, and, at day 7, the phenolic content of the yogurt had increased significantly to 104.18
and 125.45 mg/g, respectively. Meanwhile, the increase in the phenolic content of the con-
trol and the yogurt with beetroot extract at a concentration of 2%, reaching 98.83 and
103.97 mg/g, respectively, was insignificant compared with day 1.

4.5. Limitations and Future Perspectives

Although the present study demonstrates the technological and functional potential
of pumpkin seed protein-encapsulated beetroot pomace bioactives for yogurt fortification,
several limitations should be acknowledged. First, a sensory evaluation was not per-
formed; therefore, consumer acceptance of the fortified yogurt in terms of color, taste,
odor, texture, and overall liking remains to be investigated. This is particularly important
because beetroot-derived pigments and plant protein-based encapsulates may affect the
sensory perception of dairy products. Second, the digestion study was based on an in vitro
simulated gastrointestinal model. While this approach provides useful preliminary infor-
mation about the potential release and stability of bioactive compounds during digestion,
it does not fully reproduce the complexity of in vivo digestion, absorption, metabolism,
and individual physiological variability. Therefore, future studies should include in vivo
or ex vivo validation to better assess the bioavailability and biological relevance of the
observed effects. Third, despite the low water activity and moisture content of the optimal
encapsulate, its high hygroscopicity and very poor flowability may limit direct industrial
handling and scale-up. Further optimization of the powder properties, including the use
of carrier blends, anti-caking agents, agglomeration, or alternative drying approaches,
should be considered to improve the storage stability, dosing accuracy, and processability
under industrial conditions.

5. Conclusions

This study demonstrates that beetroot pomace, an underutilized food-processing by-
product, can be converted into a functional ingredient through encapsulation with pump-
kin seed protein. The optimized encapsulate showed high, experimentally confirmed
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encapsulation efficiencies for phenolics and betalains, supporting the suitability of pump-
kin seed protein as a plant-based wall material for the protection and delivery of beetroot
pomace bioactives. After simulated gastrointestinal digestion, betalains remained detect-
able, while the increase in total phenolics and antioxidant activity indicated the enhanced
extractability and potential bioaccessibility of phenolic compounds from the protein-
based matrix.

The application of the optimized encapsulate in yogurt at 3% (w/w) improved the
bioactive profile of the product compared with the non-fortified control. The fortified yo-
gurt contained detectable betalains, higher total phenolics, and stronger antioxidant, anti-
inflammatory, and antihyperglycemic activity during storage. In addition, reduced syn-
eresis suggested that the encapsulate may contribute to improved physical stability, pos-
sibly through water retention and interactions between the pumpkin seed protein and the
yogurt gel network.

However, several limitations should be acknowledged. The optimal encapsulate
showed high hygroscopicity, very poor flowability, and high cohesiveness, which may
limit direct industrial handling, dosing, storage, and scale-up. Future formulation strate-
gies should therefore include powder-engineering approaches such as carrier blending,
agglomeration, granulation, anti-caking agents, optimized drying conditions, and mois-
ture-protective packaging. In addition, a sensory evaluation was not performed; therefore,
the effects of the 3% encapsulate’s addition on taste, mouthfeel, texture, color acceptabil-
ity, and overall consumer preference remain unknown. The digestion results were ob-
tained using an in vitro model and should be further validated using ex vivo or in vivo
approaches. Finally, future yogurt studies should include a formulation with unencapsu-
lated beetroot pomace extract to distinguish the inherent contribution of beetroot bioac-
tives from the specific technological advantages of encapsulation.

Overall, pumpkin seed protein-encapsulated beetroot pomace bioactives show
strong potential as sustainable multifunctional ingredients for yogurt fortification, but fur-
ther sensory, mechanistic, and process optimization studies are required before industrial
application.
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