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Abstract: The yellow pitahaya peels generated as by-products during the consumption and pro-
cessing of the fresh fruit are a rich and underutilized source of betaxanthins (natural yellow-orange
pigment with antioxidant activity) and mucilage (structuring material used in the spray-drying
process), molecules of high interest for the food industry. In this work, the betaxanthin-rich extract
(BRE) obtained from this by-product was microencapsulated by spray drying (SD) using pitahaya
peel mucilage (MPP) and maltodextrin (MD) as wall materials. Both types of microencapsulates
(i.e.,, SD-MPP and SD-MD) retained high betaxanthin content (as measured by UV-vis) and antioxidant
activity (ORAC). These microencapsulates were characterized structurally (FTIR and zeta potential),
morphologically (SEM and particle size/polydispersity index), and thermally (DSC/TGA). The
powdered microencapsulates were incorporated into the formulation of candy gummies as a food
model, which were subjected to an in vitro gastrointestinal digestion process. The characterization
study (FTIR and antioxidant activity) of the microcapsules showed that the fruit peel mucilage
favors the retention of betaxanthins, while the SEM analysis revealed a particle size of multimodal
distribution and heterogeneous morphology. The addition of SD-MPP microcapsules in the candy
gummy formulation favored the total dietary fiber content as well as the gumminess and chewiness
of the food matrix; however, the inhibition of AAPH® (%) was affected. The stability of the yellow
color in the gummies after 30 days of storage indicates its suitability for storage. Consequently, the
microencapsulation of betaxanthins with pitahaya peel mucilage can be used as a food additive
colorant in the food industry, replacing synthetic colorants, to develop products with beneficial
qualities for health that can satisfy the growing demand of consumers.

Keywords: pitahaya peel; betaxanthin; natural dyes; microcapsules; gummy candies; antioxidant
capacity; dietary fiber; mucilage

1. Introduction

Natural colors have acquired substantial importance in the food industry. Color is
one of the main sensory attributes and quality indicators of a food product, thus influencing
acceptability by the consumer. Natural pigments have been widely reported because they
maintain sensory quality, enhance the intensity of the original color of the product, and
have low toxicity [1].

In recent years, the valorization of fruit processing by-products, such as peels, has
drawn the attention of the food industry as a profitable source of natural pigments and
mucilage. This new approach arises mainly in response to the growing demand for food
products with natural antioxidant attributes and appearance [2], but also due to their
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mucilaginous content that can be used as a structuring material in technological processes
such as spray drying [3].

The pitahaya (Hylocereus spp.) peel is a discarded by-product after consumption or pro-
cessing into juice of the fresh fruit, and still represents 30% of the weight of the whole fruit.
This by-product represents an untapped reservoir of bioactive substances, such as betalains,
lycopene, polyphenols, flavonoids, carotenoids, phytosterols, dietary fiber, and pectin,
which can be used by the food industry as functional natural ingredients in the formulation
of new beverages, capsules, and dyes [4,5]. Betalains are natural water-soluble nitrogenous
pigments classified into two main chemical families: betacyanins (red-purple substances
with Ayux~530 nm) and betaxanthins (yellow-orange substances with A3, ~480 nm). Be-
talains have demonstrated a versatile application in foods due to their stability range
between pH values of 4 to 7 [6] and their broad biological activity, including antioxidant,
antitumor, anti-inflammatory, antimicrobial, antiviral, diuretic, antilipidemic, antidiabetic,
hepatoprotective, and radioprotective properties [6,7].

In particular, betaxanthins are dyes prone to decomposition due to intrinsic (chemical
structure and degrading enzymes) and extrinsic (for example, presence of temperature,
water activity, light, oxygen, metal cations, and oxidizing agents) factors, which limits
substantially its coloring power, bioavailability (i.e., the percentage of ingested natural
pigments that are absorbed by the intestine), and possible application as a functional
ingredient in food formulations [6]. In these cases, microencapsulation by atomization has
been successfully used in the food industry as a technological strategy for the conservation
of coloring and biological properties, as well as a means of transport and distribution of
simple bioactive compounds, such as natural pigments. In microencapsulation processes,
biopolymers of limited nutritional value such as maltodextrin [8,9] are traditionally used
and, more recently, functional biopolymers such as mucilage of cactaceous species [10,11]
have been tested. However, the food industry continues to search for new encapsulating
materials with functional characteristics, such as intrinsic antioxidant capacity and high
dietary fiber content [12-15]. Recently, it has been shown that mucilages can be used
as wall materials in isolation, that is, without the combination with other encapsulating
agents, in spray-drying processes [16—18]. In this regard, we have recently extracted and
characterized the mucilage from the peel of the yellow pitahaya fruit as a wall material for
the encapsulation process [19].

The application of microencapsulated orange-yellow pitahaya pigments in food model
systems is limited. Among the few studies are the works of Fernandez-Lopez et al. for
yogurt and soft drinks [9] and Carmona et al. for yogurt [11].

In the last decade, candy gummies have seen rapid growth in the confectionery indus-
try, attracting the attention of many consumers, from children to the elderly, due to their
unique texture, appearance, and taste [20]. Consequently, interest in the fortification of these
products has increased considerably during the last decades. However, the applications
of betaxanthins in confectionery are limited. In the literature, for example, the addition of
betaxanthins from yellow fruits of Stenocereus pruinosus, without microencapsulation, is
found as one of the few applications in the production of candy gummies [21].

Likewise, information on the release of betaxanthins in the gastrointestinal tract during
the digestion of microcapsule-fortified candy gummies is limited. Therefore, it is necessary
to know the effect of the microcapsules and the food matrix on the bioaccessibility of
this bioactive compound. Ghosh et al. [22] reported that the food matrix could limit the
bioaccessibility of betaxanthins, that is, reduce the percentage of ingested natural pigments
to be absorbed by the intestine.

The aim of this work was to develop microcapsules containing betaxanthin-rich extract
of pitahaya peel using mucilage and maltodextrin as wall materials and incorporate them
into gummy candies as a natural colorant to study their AAPH inhibitory activity after
in vitro ingestion simulation.
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2. Materials and Methods
2.1. Chemicals and Reagents

Maltodextrin (DE-20) was purchased from Cimpa (Bogotd, Colombia). Food grade
gelatin was purchased from Gelco (Antioquia, Colombia). Sucrose, glucose syrup, citric acid
and 2,2"-Azobis(2-amidinopropane) (AAPH) were supplied by Sigma-Aldrich (St. Louis,
MO, USA). Ethanol (analytical grade, 97%) was obtained from Merck (Darmstadt, Germany).

2.2. Vegetal Material

Fresh yellow pitahaya peels were collected from local restaurants in the city of Tunja,
Boyaca, Colombia. The peels were washed with distilled water at room temperature and cut
into small pieces. These pieces were used as a source for extracting both natural pigments
(betaxanthins) and mucilage (polysaccharide) of the pitahaya fruit. The mucilage was used
as the structuring material for the microencapsulated bioactive compound and the natural
pigment as the encapsulated bioactive compound.

2.3. Extraction of Betaxanthin Pigment and Mucilage from Pitahaya Peel

The betaxanthin pigment from pitaya fruit peels was extracted using the procedure
described by Fathordoobady et al. [23] with some modifications. About 10 g of pitahaya
peel pieces was mixed with 300 mL of ethanol/water (50/50 v/v) solution under constant
stirring at 700 rpm at room temperature for 5 h using a magnetic stirrer (C-MAG HS 7 S000,
IKA, Staufen Breisgau, Germany). The resulting ethanolic extract was slowly concentrated
by drying in an oven at 35 °C for 10 h at atmospheric pressure. The concentrated extract
rich in betaxanthins (BRE) was stored in sealed amber bottles at —2 °C until use. The
extraction yield of pigment in terms of powder obtained was 1.44 & 0.51%.

Mucilage extraction was performed following the methodology reported by Otalora et al. [19].
In brief, the fresh and clean fruit peels were cut into small pieces and immersed in 100 mL
of distilled water, maintaining a 1:2 (w/v) ratio for 12 h at room temperature. The plant
material was then manually squeezed until a highly viscous gel was extracted. To the
pressed gel, 95% ethanol was added in a ratio of 3:1 (ethanol:gel), and the mixture was
allowed to stand at room temperature for 15 min without stirring until the formation of
a milky white supernatant. This gelatinous supernatant, corresponding to the mucilage,
was collected and dried in an oven at 50 °C for 3 h. The dried mucilaginous material was
manually macerated until a fine powder was obtained. The extraction yield of mucilage in
terms of powder obtained was 1.24 £ 0.50%.

The total phenolic content and antioxidant activity of the powdered mucilage were
determined according to the methodology reported by Otélora et al. [3,19].

The powdered mucilage was reconstituted in distilled water, adapting a gel appear-
ance, and was used as wall material in the spray-drying process, as described in Section 2.4.

2.4. Spray-Drying Microencapsulation of Pitahaya Peel Betaxanthins

A quantity of 1.0 g of mucilage obtained from yellow pitahaya fruit peels (MPPs) and
1.0 g of maltodextrin DE-20 (MD) were each separately dissolved in 100 mL of distilled
water at 18 °C. To ensure complete solubilization, both solutions were constantly stirred
at 300 rpm for 6 h and 30 min respectively, using a magnetic stirrer (C-MAG HS 7 S000,
IKA, Staufen im Breisgau, Germany). The BRE:wall material ratios in the formulations
of the feed mixes were determined on the basis of the literature [16], where the range of
total solids content was below 6%, which is suggested as the most suitable for spray drying
when only mucilage is used as the wall material.

Two different microcapsule formulations were prepared by dissolving about 2.2 g
of BRE in 100 mL mucilage and maltodextrin solutions, respectively. In each case, the
mixture was kept under constant stirring for 10 min at 400 rpm, at room temperature, until
homogeneous. The total solid content for the mucilage or maltodextrin and betaxanthin
extract feed mixture was ~3.2%. Each feed mixture was then fed into a mini spray dryer
(B-290, Biichi Labortechnik, Flawil, Switzerland) using a constant suction of 86% (to maxi-
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mize the cyclone separation rate) and 40 bar compressed air pressure. The spray-drying
process was performed using a nozzle with an internal diameter of 0.7 mm, a feed flow of
350 mL/h, and an inlet air temperature of 170 °C. The two microcapsules obtained i.e., SD-
MPP (betaxanthin microcapsules using pitahaya peel mucilage) and SD-MD (betaxanthin
microcapsules using maltodextrin) were stored in the dark at room temperature for further
analysis and use. The yields of the microencapsulation process (PY) were determined as
the ratio of the dry weight of the powder (g) after the spray-drying process to the initial
quantity of solids in the feed solution (g) [3].

Figure 1 shows photographs of some of the main stages involved in the betaxanthin
microencapsulation process using pitahaya peel mucilage or maltodextrin as wall materials.
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Figure 1. Selected photographs of the microencapsulation process of the extract rich in betaxanthins
using pitahaya peel mucilage and maltodextrin as encapsulation materials.

2.5. Physicochemical Characterization of Betaxanthin Microencapsulates
2.5.1. Betaxanthins Content and Antioxidant Activity

The determination of total betaxanthin content was carried out according to the
methodology reported by Carmona et al. [11]. Samples of the betaxanthin-rich extract (BRE)
and of the SD-MPP and SD-MD microcapsules were each dissolved in a 50:8:42 solution
of methanol/acetic acid/water and their absorbance measured at 483 nm in a UV-vis
spectrophotometer (V530, Jasco, Hachioji, Tokyo, Japan). The content of betaxanthins (BC)
expressed in mg/g was determined according to Equation (1).

BC = (A X DF x MW x Vd)/(e x L x Wd) 1)

where A represents the absorption at 483 nm, DF is the dilution factor, Vd is the volume of
the redissolved powder solution (in mL), Wd is the weight (in g) of the sample, and L is
the optical path length (1 cm). MW is the molecular weight (350 g/mol) and ¢ is the molar
extinction coefficient at 483 nm (48,000 L /mol cm).

The antioxidant activity was determined by the spectroflurometic method as reported
by Otalora et al. [3] using the AAPH radical calculated based on the Trolox calibration
curve. Results were expressed as pmol Trolox equivalents/100 g of sample.

2.5.2. Fourier Transform Infrared Spectroscopy (FTIR) and Zeta Potential

The structural properties of the wall materials (i.e., mucilage and maltodextrin), as
well as those of SD-MPP and SD-MD microcapsules, were studied by Fourier transform
infrared (FTIR) spectroscopy using a Bruker Alpha ECO-ATR spectrophometer (Karlsruhe,
Germany) and by zeta potential analysis using a NanoPlus TM 3 Particle Size Zeta Potential
Analyzer (Norcross, GA, USA).
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2.5.3. Scanning Electron Microscopy and Particle Size/Distribution

The microscopic morphology of SD-MPP and SD-MD microcapsules was examined
by scanning electron microscopy (SEM) using an EVO MA 10-Carl Zeiss equipment,
Oberkochen, Germany, according to the method described by Otalora et al. [3].

The distribution and size of the particles, as well as the polydispersity index of SD-
MPP and SD-MD microcapsules, were determined by laser diffraction using a NanoPlus
zeta/nanoparticle analyzer (Micromeritics Instrument CORP, Norcross, GA, USA). The
microcapsules were diluted in type I water to adjust the darkening range as follows:
viscosity of 0.8878 cP, mean refractive index of 1.33, and sample temperature of 25 °C in
a glass cuvette.

2.5.4. Thermal Behavior

The thermal stability of the mucilage used as wall material, as well as that of
the SD-MPP and SD-MD microcapsules, was determined by thermogravimetric anal-
ysis/differential scanning calorimetry (TGA/DSC) using TA SDT Q600 V20.9 Build
20 instrument (New Castle, DE, USA).

2.6. Application of Betaxanthin Microcapsules for Preparation of Gummies

Gummy candies enriched with betaxanthin microcapsules were prepared according to
the formulation described by Amjadia et al. [24] with some modifications. Glucose syrup
at 31% (w/w) was mixed with sucrose solution at 34% (w/w) in distilled water at 60 °C
until completely dissolved. To this solution, gelatin was added with a concentration of
8% (w/w) and the mixture was left under constant stirring for 1 h at 60 °C. Next, 0.3%
(w/w) citric acid was added, and the temperature of the solution was lowered to 40 °C
(safe temperature for the addition of microcapsules). Quantities of 2.0% of SD-MPP and
SD-MD microcapsules were added separately to produce G-SD-MPP and G-SD-MD food
matrices [25]. As a control sample, betaxanthin-enriched gummies were prepared from BRE
(G-BRE) using the same procedure described above. The amount of microencapsulated
material (SD-MPP and SD-MD) as well as the BRE extract was established in each case in
such a way that a color comparable to that of commercial sweet gummies was achieved.
The betaxanthin-enriched food matrices (i.e., G-SD-MPP, G-SD-MD, and G-BRE) were
poured into a narrow-shaped silicone mold, kept refrigerated for 24 h, then demolded
and stored. They were stored at 18 °C until characterization. Figure 2 shows photographs
of sweet pitahaya betaxanthin-rich gummies prepared using G-SD-MPP, G-SD-MD, and
G-BRE formulations.

Figure 2. Gummy candies rich in betaxanthins prepared with the addition of SD-MD and SD-MPP
microcapsules and BRE extract.

2.7. Gummy Candy Characterization
2.7.1. Total Dietary Fiber Content

The total dietary fiber content in the G-SD-MPP, G-SD-MD, and G-BRE gummy model
samples was determined using a Total Dietary Fiber Test Kit (TDF-100A) provided by
Sigma-Aldrich (St. Louis, MO, USA), which is based on the AOAC 985.29 enzymatic-
gravimetric method [26].
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2.7.2. Texture Analysis

The texture profiles (hardness, stickiness, elasticity, cohesion, gumminess, and re-
silience) of G-SD-MPP, G-SD-MD and G-BRE samples were determined using a TA-XT
plus texture analyzer (Stable Micro Systems, Surrey, UK) and the Exponent software. The
betaxanthin-enriched gummies were compressed at room temperature under a cylindrical
probe (AB/E-35, diameter 35 mm) at a test speed of 0.5 mm/s and 5.0 mm.

2.7.3. In Vitro Evaluation of Gastrointestinal Digestion

The gastrointestinal (GI) digestion profile of the betaxanthins incorporated into the
gummy candies (G-SD-MPP, G-SD-MD and G-BRE) was determined by in vitro digestion
using simulations of the buccal (oral phase during 10 min), stomach (gastric phase for
2 h), and intestinal (intestinal phase for 2 h) media according to the method described by
Pacheco et al. [27] with some modifications. Digestive juices were collected after intestinal
digestion antioxidant activity analysis following the method described for microcapsules.

Results were expressed as percent-APPH?® inhibition calculated using Equation (2).

APPH inhibition [%] = (AO/AOq) x 100 @)

where AO indicates the ORAC value of nonencapsulated (i.e., G-BRE) or microencapsulated
(i.e., G-SD-MPP and G-SD-MD) betaxanthins incorporated into the gummy candies after
in vitro digestion, and AQy indicates the ORAC value of nonencapsulated (G-BRE) or
microencapsulated betaxanthins (G-SD-MPP and G-SD-MD) incorporated into gummy
candies before simulated digestion.

2.7.4. Color Stability Analysis

About 1.5 g of each gummy sample (G-SD-MPP, G-SD-MD, and G-BRE) was stored
in a desiccator (60 £ 1% relative humidity, RH) containing a saturated sodium bromide
solution for 30 days in the absence of light at a constant temperature of 18 £ 1 °C. For each
sample, the color attributes (L*, a* and b*) and the color chroma (C;;) (Equation (3)) and
hue (h,;) (Equation (4)) parameters were measured at the initial time (zero time) and then
after 30 days of storage using a Chroma Meter CR-300 (Konica Minolta Co., Osaka, Japan).

* %12 %12 1/2
W= @)+ )] ()
hap = arctan(b*/a*) 4)
The total color change (AE¥) for each sample was calculated using Equation (5).

1/2
M = [(Lg — L0)? + (af — a3)* + (0§ — b30)’] ©)

where Lj, a3, and bj are the color parameters at zero time and L3, a3,, and b3, are the
respective values after 30 days of storage.

2.8. Statistical Analysis

Betaxanthin content and antioxidant capacity (ORAC), as well as particle size (um)
and zeta potential (mV) data, as presented in Table 1 are reported as the mean + standard
deviation (1 = 3). Data were analyzed using analysis of variance (ANOVA) and means
were compared using Fisher’s least significant difference test (p < 0.05).
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Table 1. Process yield (PY), total content of betaxanthins (BC), and antioxidant capacity of the extract
(BRE) and of the microcapsules (SD-MPP and SD-MD) that contain pigment extracted from yellow
pitaya peel.

Parameter BRE SD-MPP SD-MD

PY (%) 25.2 50.4

BC! 0.1058 0.087 0.085
ORAC? 1298.49 £ 160.82 2@ 868.68 + 114.23 P 366.59 +£47.31°¢

1 BC is represented as mg betaxanthins/g of sample. > ORAC is represented as umol Trolox equivalents/g
of samples in dry base. Different letters in the same row and column for each parameter indicate a statistical
difference (p < 0.05) between samples.

3. Results and Discussion
3.1. Spray-Drying Microcapsules” Characterization
3.1.1. Betaxanthin Content and Antioxidant Capacity

As shown in Table 1, a 17.8% and 19.7% decrease in the betaxanthin content was
observed in the SD-MPP and SD-MD microcapsules, respectively, compared to the content
originally present in the betaxanthin-rich extract (BRE), which was attributed to lower
percentage of betaxanthin in the samples of microcapsules. On the other hand, the higher
content of betaxanthins in SD-MPP microcapsules may be related to the high molecular
weight of the mucilage polysaccharide, thus allowing an increase in the viscosity of the
feed mixture and, therefore, in its emulsifying properties, which contributed to a greater
physical stability of the pigment during the spray-drying process [28]. In this way, the
mucilage can form a film (i.e., a protective barrier) around the pigment, thus reducing its
circulation, deposition, and degradation within the particle surface [29]. In this regard,
Antigo et al. [30] observed an increase in betacyanin retention in microcapsules produced
with chia mucilage compared to maltodextrin and gum arabic samples. Likewise, the
presence of the pigment in the MPP and SD-MD microcapsules was consistent with the
results obtained by FTIR (that is, signals observed between 1076 and 889 cm~! assigned to
the amino group of the nitrogen (N-H) in the structure of betalains) (see Figure 3a) [31,32].
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Figure 3. FTIR spectra in the 500-4000 cm ! range of mucilage powder (MPP) samples and betaxan-
thin SD-MPP microcapsules.
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Likewise, the decrease in the antioxidant activity of the SD-MPP and SD-MD micro-
capsules compared to that of the betaxanthin-rich extract (BRE) (Table 1) was attributed
to the temperature of the spray-drying process, which caused the loss of betaxanthin
content, possibly through chemical processes such as isomerization, deglycosylation, and
carboxylation reactions [33,34]. The greater antioxidant capacity of SD-MPP microcapsules
compared to that of SD-MD microcapsules is due to activity by the mucilage itself, which
exerts a protective effect in the betaxanthins, as it is preserved under spray-drying tem-
peratures [35]. In other words, the use of mucilage as wall material in the formulation
of SD-MPP microcapsules improved the antioxidant activity by around 42% compared
to SD-MD microcapsules formulated with maltodextrin, indicating that the addition of
mucilage (activity antioxidant = 1577.64 & 280.07 umol Trolox equivalents/g sample on
a dry basis) significantly improved the antioxidant activity of betaxanthin microcapsules
due to their content of phenolic compounds (25.0-g GAE/100 g sample). The polyphenol
content was supported by the presence of a band at 1405 cm ™! in the spectra of the SD-MPP
microcapsules related to the phenolic-OH groups (see Figure 2) [36].

3.1.2. FTIR Spectra of Microcapsules SD-MPP and SD-MD

The FTIR spectra of the wall materials (i.e., mucilage (MPP) and maltodextrin (MD))
and of the microcapsules SD-MPP and SD-MD are presented in Figures 3 and 4.
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Figure 4. FTIR spectra in the 500-4000 cm~! range of maltodextrin (ED-20) powder (MD) and
betaxanthin MD microcapsules (SD-MD).

As shown in Figure 3, the infrared spectrum of the MPP mucilage shows the main
bands (that is, the most representative functional groups) of this polymer extracted from
the yellow pitaya peel, as we recently reported [19]. When comparing the spectrum of the
pitahaya peel mucilage with that of the SD-MPP microcapsules, we observed a displacement
in the characteristic bands of the mucilage from 1148.6 and 897.5 cm~! to 1138.3 and
889.2 cm ! respectively, which evidences the formation of electrostatic interactions (that is,
hydrogen bonds) [37] between different functional groups of the mucilage [19,38] (anionic
polysaccharides [19]) and the functional groups of betalain molecules (anionic form [39]
at pH of feed mixtures) [40]. This type of interaction improves pigment retention in
the encapsulated matrix as reported in Table 1. The intensity of the band in SD-MPP
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microcapsules in contrast to MPP evidences the effectiveness of the encapsulation process
of the yellow-orange pigment by the mucilage [41]. A similar behavior was reported by
Soto-Castro et al. [15] on spray-drying microencapsulation of betalain-rich extracts using
cactus mucilage as wall material.

As shown in Figure 4, the infrared spectrum of the ED-20 (MD) maltodextrin ma-
terial shows characteristic absorption peaks that identify the functional groups of this
polymer [42]. Meanwhile, the FTIR spectrum of betaxanthin microcapsules using MD as
wall material reveals changes in the wavenumber and relative intensities of maltodextrin
peaks from 1077 and 933 cm ! (free sample) to 1095 and 959 cm ™!, respectively, in SD-MD
microcapsules. This shift toward higher frequencies may be associated with the formation
of non-covalent interactions, such as hydrogen bonds, between betalain functional groups
and the maltodextrin molecule [43]. The similarity of the absorption bands of the SD-MD
microcapsules allowed us to confirm the encapsulation of the betalain extract with mal-
todextrin. A similar behavior was reported by Ferro et al. [44] on the microencapsulation
by spray drying of Sida rhombifolia extract using maltodextrin (ED-10) as wall material.

3.1.3. Particle Size, Polydispersity Index, and Zeta Potential of Microcapsules SD-MPP
and SD-MD

The distribution and average of the particle size, polydispersity index, and zeta
potential of the microcapsules SD-MPP and SD-MD are shown in Table 2.

Table 2. Particle size (PS), polydispersity index (PDI), and zeta potential parameters of the microcap-
sules SD-MPP and SD-MD that contain pigment extracted from yellow pitaya peel.

Parameter ! SD-MPP SD-MD

PS (in pum) 65.01 £3.322 1.24 +£0.16"
PDI 2.58 +0.072 0.34 +0.00b
Zeta potential —3094 +£0.742 —25344+260P

! Different letter in the same row and column for each parameter indicate a statistical difference (p < 0.05)
between samples.

Particle size distribution analysis of microencapsulated samples of pitahaya fruit
peel betaxanthins formulated with maltodextrin and mucilage as wall materials exhibited
monomodal and multimodal type behavior, respectively (Figure 5a,b). The monomodal
behavior (i.e., homogeneous particle size) of SD-MD particles can influence the properties
of the powder (i.e., appearance, dispensability, and flowability) and favor its uniform distri-
bution when applied to food, which can in turn affect the texture and sensory characteristics
of the food matrix [45]. This type of size distribution was also detected in soybean oil micro-
capsules produced with maltodextrin as the encapsulating agent [46]. On the other hand,
the multimodal distribution in SD-MPP microcapsules indicates a heterogeneous particle
size distribution, which would cause uneven dissolution of the powder when applied
to a food matrix [47]. A bimodal particle size distribution was observed in gallic acid
microcapsules produced with aloe vera mucilage as wall material [12].

As also shown in Table 2, SD-MPP microcapsules showed a higher zeta potential
(—30.94 + 0.74 mW) than SD-MD microcapsules (—25.34 + 2.60 mW), demonstrating that
the presence of mucilage as material wall can promote greater electrical stability than
microcapsules formulated with MD [48], because the value of the zeta potential is far from
zero [49].

As shown in Figure 5, the average particle size of the microcapsule samples formulated
with maltodextrin and mucilage was 1.24 £ 0.16 and 65.01 £ 3.32 um with polydispersity
indices of 0.34 £ 0.00 and 2.58 £ 0.07, respectively. These values allow the powders
obtained to be to classified effectively as microcapsules [50] within a desirable size range
(i.e., radius < 100 pm), in such a way that they will not affect the sensory characteristics
when applied in a food matrix [51]. SD-MD microcapsules show a smaller particle size
compared to SD-MPP microcapsules. Consistent with drying theories [14,52], this increase
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in the particle size of SD-MPP microcapsules may be related to a high viscosity of the feed
solution. On the other hand, the decrease in particle size of SD-MD microcapsules can
be correlated with the molecular size of maltodextrin (ED-20) and the bulk density of the

powder [53]. Similarly, Negrao-Murakami et al. [54] obtained microcapsules of concentrated

mate formed with maltodextrin (ED-20) with a particle size of 12.37 £ 1.57 um.
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Figure 5. Particle size distribution plots of the SD-MPP (a) and SD-MD (b) microcapsule samples.

On the other hand, SD-MPP microcapsules showed larger particles and higher size
polydispersity than SD-MD microcapsules. SD-MPP microcapsules with a value greater
than 0.5 (2.58 £ 0.07) show a broad size distribution [55] in contrast to SD-MD microcap-
sules that showed a value less than 0.4 (0.34 & 0.00), indicating a narrower particle size

distribution [56,57].
3.1.4. Microcapsule Morphology by Scanning Electron Microscopy (SEM)

SEM micrographs of SD-MPP and SD-MD microcapsules taken at magnifications
of 200x, 1000x, and 5000x are shown in Figure 6, revealing that the morphology of
betaxanthin microparticles varies depending on the morphology characteristics of the wall
material used [58], that is to say, pitahaya peel mucilage (MPP) [19] and maltodextrin

DE-20 [43].

The surface structure of the SD-MPP microcapsules seen at 1000 x magnification
(Figure 6¢) shows a heterogeneous irregular morphology, consistent with the multimodal
distribution observed in Figure 5a, with an agglomeration effect between the particles. This
could be favorable since it would affect the bulk density of the product, being a quality
parameter of the microcapsules [59]. On the other hand, SEM micrographs taken at 5000 x
magnification (Figure 6e) show how SD-MPP microcapsules exhibit increased particle size

compared to SD-MD microcapsules (Figure 6f), which is consistent with the particle size
reported in Table 1. At the same magnification, SD-MPP microcapsules are seen as irregular
spheres with a smoother and less wrinkled wall compared to SD-MD microcapsules. The
above difference is attributed to the presence of mucilage in the feed mixture for SD-MPP,
which partially prevents shrinkage, thus influencing the stability of the microencapsulated
compound against degrading agents (i.e., oxygen and moisture) and increasing the retention
of the bioactive compound (see Table 1), as well as the controlled release [60]. A different
morphology was reported by Cortés-Camargo et al. [61] in microencapsulated lemon
essential oil using chia mucilage and mesquite gum as wall material.
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Figure 6. SEM micrographic images of SD-MPP and SD-MD microcapsules taken at magnifications

of 200x (a,b), 1000x (c,d), and 5000 (e,f), respectively.

The SD-MD microcapsules observed at 1000x magnification (Figure 6d) showed
a homogeneous morphology with little agglomeration and a monomodal distribution that
is consistent with the results obtained in the measurement of the particle size distribution
(Figure 5b). The homogeneity of the powder indicates that these spheres could be used
in any food product to enhance its coloring properties. As for the SEM micrographs
taken at 5000 x magnification (Figure 6f), they show how small (radius = 1.24 £ 0.16 um)
SD-MD particles present a dented appearance with a higher degree of wrinkled surfaces
than larger SD-MPP particles (radius = 65.01 & 3.32), possibly due to the contraction
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of the particles during the drying process, which can be influenced by the high drying
speed, the viscosity of the feed mixtures, and the characteristics of the wall material [62].
Janiszewsk [63] reported a similar morphological structure in beetroot juice microcapsules
using maltodextrin as encapsulating agent.

3.1.5. Thermal Behavior

The thermograms of the wall materials show the typical thermal characteristics re-
ported for this pitahaya peel mucilage [19] (Figure 7a) and for maltodextrin DE-20 [43]. The
thermograms of the SD-MPP and SD-MD microcapsules (Figure 7b,c) reveal three main
thermal events for both samples divided into two endothermic events and one exothermic
event. The first endothermic event occurs between 25 and 200 °C with a weight loss of less
than 11% for both samples. This event was associated with the loss of free water (humidity)
by evaporation of the powders. The thermograms also show a similarity in the glass
transition temperatures (Tg) of 79.68 °C for the SD-MPP microcapsules and 79.98 °C for
the SD-MD microcapsules (79.98 °C), which is attributed to the content of sugars (polysac-
charides) present in the structure of the wall materials. These Tg values can be attributed
to electrostatic interactions or hydrogen bonds between the betaxanthin and the polymers
(see Figures 3 and 4). Similar Tg behavior was observed in microencapsulated betalains
from Amaranthus hypochondriacus using nopal mucilage and maltodextrin (DE-10) as wall
materials [18]. These Tg values indicate that both powders should be stored below 80 °C
to ensure that the wall materials remain in their amorphous state, thus maintaining the
protective barrier around the pigment [64]. The second endothermic event, which occurs
at 178.34 °C (SD-MPP powder) and 214.54 °C (SD-MD powder), was associated with the
gelatinization process, where starch and carbohydrate chains break down in the presence
of water [43]. For its part, the third thermal event in the microcapsules corresponded to an
exothermic process that occurred between 400 and 450 °C with a mass loss of 53.87% for the
SD-MPP sample and 61.08% for the SD-MD sample. These mass losses were attributed to
breakdown/volatilization (i.e., melting) of the polysaccharide backbone of wall materials
and possibly partial evaporation of liquids [43]. Similar thermal behavior was observed
in the microencapsulation of betaxanthins from Opuntia megacantha orange fruits using
Opuntia ficus-indica cladode mucilage and maltodextrin (DE-20) as wall materials [10].

3.2. Characterization of Gummies Formulated with Pitahaya Peel Betaxanthin Microcapsules

Table 3 presents the parameters of the total dietary fiber content (TDFC), texture
(hardness, adhesiveness, springiness, cohesiveness, gumminess, and chewiness), and
bioaccessibility of the candy gummies produced with the addition of SD-MPP (i.e., G-
SD-MPP) and SD-MD (i.e., G-SD-MD) particles, and BRE extract (G-BRE) of betaxanthins
extracted from pitahaya peel.

Table 3. Total dietary fiber content (TDFC), texture, and bioaccessibility values of candy gummies pro-
duced with the addition of SD-MPP and SD-MD microcapsules, and betaxanthin-rich extract (BRE).

Parameter G-SD-MPP G-SD-MD G-BRE
TDFC ! 0.82 0.26 0.56
Hardness (g) 177.3 346.6 531.6
Adhesiveness (g-s) - —101.1 —19.8
Springiness (mm) 0.970 0.970 0.908
Cohesiveness (-) 450.9 0.914 0.661
Gumminess (g) 151.0 310.8 268.9
Chewiness (g) 147.1 299.6 233.5
AAPH?® Inhibition (%) 2 347.3 528.2 155.1

1 TDFC is expressed as g/100 g. 2 Expressed as ORAC (umol Trolox equivalents/g of sample in dry base).
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Figure 7. TGA /DSC thermograms of mucilage (a), SD-MPP (b), and SD-MD (c) microcapsules. Heat
capacity (J/g °C) (red line).

As shown in Table 3, the addition of the SD-MPP microencapsulated in the gummy
preparation (sample G-SD-MPP) led to an increase in total dietary fiber content compared
to the G-SD-MD and G-BRE candy gummy samples. The origin of the high dietary fiber
content in G-SD-MPP gummies can be directly associated with the additional fiber content
provided by the mucilage biopolymer (70.51%) [19]. Consequently, the functional prop-
erties (i.e., rheological properties) provided by the high dietary fiber content of SD-MPP
microcapsules must be considered when they are incorporated as a sustainable colorant-
additive during the development of new foods, which would correspond to a possible
advantage for the food industry according to the concepts of the circular economy [65].
Compared to the G-SD-MD sample, the G-SD-MPP and G-BRE samples show a higher total
dietary fiber content. In particular, the dietary fiber content in the G-BRE sample can be
attributed to traces of total fiber present in the peel of the pitahaya fruit (60.11 & 0.75 [66]).
In this way, the formulation of candy gummies (G-SD-MPP) with pitahaya-discard biomass
(that is, SD-MPP microcapsules) demonstrates that this by-product can be a sustainable
alternative for the food industry that wishes to venture into the formulation of functional
products enriched with dragon fruit coloring.

As also shown in Table 2, the gumminess and chewiness of gummy candies prepared
with maltodextrin microcapsules (G-SD-MD) were higher compared to those formulated
with non-microencapsulated betaxanthins (G-BRE). The increase in these textural properties
in the G-SD-MD samples is attributed to the presence of maltodextrin polymers in the
formulation of the microcapsules that were incorporated in the preparation of gummies.
The presence of these microcapsules in the formulation of sweet gums supports the gel
matrix, promoting the union between the gelatin chains to produce defined shapes [25].
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On the other hand, the decrease in the gumminess and chewiness values of the gums
prepared with G-SD-MPP mucilage microcapsules compared to the G-SD-MD samples
may be associated with the disposition and interaction of the mucilage with the ingredients
of the formulation of gummy candies [67].

The hardness of the G-SD-MPP and G-SD-MD candy gummies was lower than that of
the G-BRE gummies due to the presence of microencapsulates, which can act as humectants
and thus retain water within the product (possibly due to the presence of dietary fiber in
the mucilage [65]), thus softening the food matrix [68,69]. However, this behavior may
also be due to the presence of microencapsulates in the gummy formulation that provided
heterogeneity to the network structure by decreasing the number of flexible crosslinks [69].
Likewise, the increase in hardness decreased the elasticity of the G-SD-MPP and G-SD-MD
gummy candies [70].

The adhesiveness values of the candy gummies produced with the addition of BRE
were lower than those of the candies produced with the SD-MD microcapsules, possi-
bly due to the molecular structure of the product that was affected by the presence of
maltodextrin [70]. The incorporation of SD-MPP microcapsules increased the cohesion
of the G-SD-MPP sample compared to the G-SD-MD and G-BRE samples. This behavior
was attributed to an increase in crosslinks between the gelatin molecules [69], due to the
presence of mucilage in the food matrix.

Table 3 further shows the AAPH?® inhibition (%) in the different gummy formulations
after in vitro digestion. The supplementation of candy gummies with microencapsulated
SD-MPP and SD-MD provided a higher inhibition of AAPH® (%) compared to the addition
of this non-encapsulated bioactive (BRE), which indeed was highly ineffective, demonstrat-
ing the impact of microencapsulation in the formulation of this food model. This behavior
is because free-form betaxanthins (i.e. unencapsulated betaxanthins) have low solubility
and are not resistant to the acidic conditions of the stomach or the alkaline conditions of
the intestine [71]. However, the G-SD-MPP matrix showed lower AAPH® (%) inhibition
in contrast to the G-SD-MD model food. These results reveal that maltodextrin protects
betaxanthins from interactions with other matrix compounds such as proteins present
in gelatin, thereby increasing the release of antioxidant molecules from the gummy and,
consequently, its solubility [72]. A 135.66% inhibition of DPPH® was observed in soft
candies formulated with an emulsion loaded with lutein [67].

On the other hand, the low inhibition of AAPH® (%) in the G-SD-MPP matrix after
in vitro digestion was possibly because the mucilage, the wall material used in the formula-
tion of microcapsules, under intestine conditions, was not fully hydrolyzed by enzymes
during the digestion process, thus slowing the diffusion of betaxanthins [73]. Furthermore,
the dietary fibers present in the mucilage can influence the rate of release of antioxidant
molecules after digestion because these fibers are digested by bacteria in the colon and not
in the upper gastrointestinal tract [74].

3.3. Gummy Candies Stability

Table 4 shows the results of the variations in the color values C’,, h,;,, and AE* of the G-
SD-MPP, G-SD-MD, and G-BRE gummies after 30 days of storage at 18 °C and 60 £ 1% RH.
The parameters C}, (saturation) and h,; (purity) offer information about the color evolution
during storage [75] and, in this case, can be applied to obtain insight about the protective
effect of MPP and MD wall materials on stability of betaxanthins in gummy candies.
This type of color control during storage has been applied, for example, in yogurt-like
fermented soybeans formulated with betalain- and anthocyanin-rich nano-encapsulated
and unencapsulated products [76].

After 30 days of storage, the gummies formulated with pitahaya peel mucilage mi-
crocapsules (G-SD-MPP) showed an increase of around 31 and 6% in the C}, and hg,
parameters, while the G- SD-MD and G-BRE experienced decreases in the order of 67 and
87% and 57 and 78% in these parameters, respectively. The increase in the parameters ,,
(representing the yellow color) and C;; (representing the strongest color) in the G-SD-MPP
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sample was attributed to the predominant presence of the light-yellow tone of pitahaya
mucilage during the storage time [19], which tends to darken gummy candies. Finally, the
total color change (AE*) values were lower in G-SD-MPP than in G-SD-MD, indicating that
the presence of mucilage improves pigment stability and retards betaxanthin oxidation [77].
For this reason, betaxanthin microencapsulates using mucilage as wall material can be
considered as a potential natural yellow dye to be used as a functional additive in the food
industry [10].

Table 4. Evolution of chroma (C;; ) and hue angle (i), ) parameters of gummy candies (G-SD-MPP,
G-SD-MD and G-BRE) during storage at 0 and 30 days.

Sample ! Time (in Days) C;b hap AE*
0 531.20 + 73.02 76.20 + 1.54 P .
G-5D-MFPP 30 77027 +21.712 80.68 +0.14 2 9.94 207
0 343.05 + 9.36 4 82.58 + 0.26 2
-SD- b
G-SD-MD 30 11501 £2241f 1069 +103d  1069+1.03
0 676.51 +49.48> 7670 + 0.47P .
G-BRE 30 291.43 +24.81¢ 17.05 £ 0.72 ¢ 17.05+0.72

1 Different letters in the same column for each color parameter indicate a statistical difference (p < 0.05)
between samples.

4. Conclusions

In this work, we explored the option of valorizing the peels obtained as by-products of
pitahaya fruits by extracting both their mucilage and their pigment (betaxanthins) and using
them as the only raw material for the formation of spray-dried microcapsules. For com-
parative purposes, the physicochemical characterization studies (FTIR, particle size, SEM
micromorphology, TGA /DSC, antioxidant capacity, zeta potential), application, and in vitro
gastric evaluation performed on pitahaya peel fruit microcapsules were also performed on
betaxanthin microcapsules using maltodextrin as traditional encapsulating material.

It was shown that the mucilage confers greater protective power to the sensitive
pitahaya pigments during the spray-drying process. The greater amount of pigment
retained by the mucilage capsules in turn provides a greater antioxidant effect. This result
was attributed to the better emulsifying and viscous properties of the mucilage.

On the other hand, the mucilage microcapsules presented a multimodal particle
distribution, which differs with the monomodal distribution of the maltodextrin particles.
Likewise, the average size and agglomeration capacity of the mucilage particles is greater
than that of the particles made with maltodextrin.

Both types of microencapsulated materials showed a similar thermal behavior, fea-
tured by two endothermic events and one exothermic event, from which a stable storage
temperature below 80 °C was inferred.

The application of the microencapsulated materials consisted of their addition to
a sweet food matrix in the form of gummies, where a gummy formulation with non-
encapsulated betaxanthin extract was established as a control sample. The candy gummies
enriched with mucilage microcapsules had a higher content of dietary fiber, with a lower
degree of gumminess and chewiness, than the maltodextrin gummies and the control
sample. These model sweets were additionally used for in vitro digestibility tests, from
which it was possible to demonstrate a greater AAPH® inhibition effect for the candy
formulation using maltodextrin. Finally, the color stability test of the gummy samples
for 30 days of storage at 18 °C and 60 + 1% RH revealed a superior protective effect
of the betaxanthin pigments in the case of the formulation with pitahaya peel mucilage
microcapsules. In summary, this work demonstrates the underutilized potential of pitahaya
fruit by-product pigments as a source of 100% natural colorants for the formulation of
functional microencapsulates for the food industry.
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5. Patents

The results of this work are a structural part of the National Invention Patent Applica-
tion No. NC2022/0007738 submitted for evaluation to the Superintendencia de Industria y
Comercio of Colombia.
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