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Abstract: The microencapsulation of bioactive extracts of Chilean papaya waste, including both
seeds and skin, was investigated. Papaya waste extract microcapsules utilizing maltodextrin at
10% (MD10), 20% (MD20), and 30% (MD30) (w/v) as the wall material through the freeze-drying
process were obtained, and subsequently their physicochemical, antioxidant, and antimicrobial
properties were evaluated. The TPC efficiency and yield values achieved were more than 60% for
the microencapsulated seed and skin extracts, respectively. The best results for phenolic and antiox-
idant compounds were found in the microencapsulated seed extract with MD20, with a value of
44.20 ± 3.32 EAG/g DW for total phenols and an antioxidant capacity of 12.0 ± 0.32 mol ET/g DW
for the DPPH and 236.3 ± 4.1 mol ET/g DW for the FRAP assay. In addition, the seed and skin sam-
ples reduced ROS generation in H2O2-treated Hek293 cells. In terms of antimicrobial activity, values
ranging from 7 to 15 mm of inhibitory halos were found, with the maximum value corresponding to
the inhibition of S. aureus, for both microencapsulated extracts. Therefore, the successful microen-
capsulation of the waste bioactive extracts (seed and skin) with the demonstrated antimicrobial and
antioxidant properties highlight the bioactivity from Chilean papaya waste resources.

Keywords: Chilean fruit; agro byproducts; maltodextrin; freeze-drying

1. Introduction

Currently, the study of native South American fruits is internationally popular, espe-
cially driven by their high content of bioactive compounds beneficial to health. The Chilean
papaya (Vasconcellea pubescens) can be recognized by its small size, yellow flesh and skin,
characteristic aroma, and the variety of biologically active compounds it contains, including
carotenoids, vitamins, polyphenols, and polysaccharides [1]. In contrast to tropical papaya
(Carica papaya L.), this fruit grows in temperate areas of Chile, and it is commonly prepared
and marketed as candied, canned, and in juice, syrup, and jam forms [1,2]. However, the
processing of papaya fruit in the industrial sector generates a significant quantity of waste
(peel and seeds), equivalent to 20–25% of the fruit’s overall weight [3].

It has been demonstrated that some industrial food waste contains the same or even
more bioactive compounds as the edible parts, resulting in biological activities that posi-
tively impact health [4–7]. However, these compounds are susceptible to environmental
stressors. Exposure to high temperatures, oxygen, water, and light during production,
storage, and transportation can lead to a loss of biological value, bioavailability, solubility,
and functionality [8]. To address this issue, microencapsulation emerges as an alternative to
protect the bioactive compounds from plant matrices, reducing susceptibility and enhanc-
ing stability. Several encapsulation methods have been employed to stabilize and protect
bioactive compounds, with freeze-drying being one of the most common techniques. This
method is ideal for microencapsulating heat-sensitive materials due to its low temperature.
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As a result, freeze-drying microencapsulation preserves the biological activity of bioactive
compounds and delays their degradation [9].

Maltodextrin has gained significant attention as a versatile material for microencapsu-
lation due to its unique properties [10]. Serving as a wall material, maltodextrin, a complex
carbohydrate derived from starch, offers several advantages in the microencapsulation
process. For example, this wall material has excellent solubility, allowing for easy encap-
sulation of a wide range of hydrophobic and hydrophilic bioactive compounds [11]. The
biocompatibility, polyfunctionality, and low cost of maltodextrin further contribute to its
appeal as a material in the microencapsulation process [12].

In this research, we investigated the microencapsulation of bioactive extracts derived
from Chilean papaya waste, which includes both the seed and skin components. Our
primary objectives encompassed not only the production of bioactive microcapsules from
papaya waste extracts but also an extensive analysis of their physicochemical properties.
We assessed their total antioxidant capacity (TAC) using various methods, including
DPPH, FRAP, and ABTS, and conducted kinetic analysis of intracellular ROS generation.
Additionally, we determined the total polyphenol content (TPC) and total flavonoid content
(TFC). To further enhance our understanding, we identified and quantified the phenolic
compounds using LC–MS/MS analysis. The findings from this research open promising
possibilities for the utilization of fruit waste in various industries, including but not limited
to food, cosmetics, and pharmaceuticals, thereby highlighting its potential to transform
discarded resources into valuable assets.

2. Materials and Methods
2.1. Chemicals and Reagents

The following chemicals were acquired from Sigma-Aldrich (Sigma-Aldrich, St. Louis,
MO, USA): aluminum chloride, sodium acetate, sodium carbonate, Folin–Ciocâlteu reagent
(FC), gallic acid, ferulic acid, chlorogenic acid, caffeic acid, coumaric acid, rutin, quercetin,
DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS (2,2-Azino-bis (3-ethylbenzothiazo-line-6-
sulphonic acid)), TPTZ (2,4,6-tripyridyl-s-triazine), FeCl3 (ferric chloride hexahydrate),
ethanol, standard of quercetin, gallic acid, and Trolox (6-hydroxy-2,5,7,8-tetramethylchromane-
2-carboxylic acid). The DIMEM F12, non-essential amino acids, penicillin-streptomycin,
trypsin, and fetal bovine serum were obtained from Biological Industries Co. (Beit HaEmek,
Israel). The HBSS, PBS, and Dichlorofluorescein diacetate were purchased from Merck
(Merck, Darmstadt, Germany).

2.2. Collection and Preparation of Raw Material

Chilean papaya waste (skin and seeds) of the Vasconcellea pubescens variety was col-
lected from a local market in La Serena city, the Coquimbo region, Chile. The skin and
seeds were frozen at −80 ◦C for 12 h and then freeze-dried (Labconco Freezone 1L, Kansas,
MO, USA) at a −40 ◦C condenser temperature and 0.06 mbar chamber pressure for 48 h.
Then, the freeze-dried skin and seeds were grounded into a powder and stored at 25 ◦C in
desiccators. Table 1 presents the proximate analysis of the raw materials (seed and skin)
obtained from Chilean papaya waste.

Table 1. Proximate analysis from Chilean papaya waste.

Parameters
Content (%)

Seed Skin

Moisture 63.71 90.32
Protein 10.92 1.65
Lipid 11.16 0.20

Fiber total 8.33 1.82
Ash 2.02 1.22

Carbohydrate 12.19 6.61
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2.3. Preparation of Chilean Papaya Waste Extracts

The extraction protocol was undertaken according to a previous body of work with
modifications [13]. To each of the papaya waste powders (12 g), 70% ethanol (24 mL) was
added and sonicated for 60 min using an ultrasonic bath (VWR® Symphony™ Ultrasonic
Cleaners, Radnor, PA, USA; 35 kHz operation frequency). The papaya waste with the
extraction solvent was covered with aluminum foil and stored (4 ◦C) for 24 h in the dark.
After centrifugation at 9520× g for 30 min (MSE Super minor, Fisons, Ipswich, Suffolk, UK),
the supernatants were collected, filtered (0.22 µm syringe filters), and evaporated to obtain
the papaya waste extracts.

2.4. Preparation of Microcapsules

The microencapsulation procedure by Giovagnoli-Vicuña et al. [14] was used. To
prepare the microcapsules, maltodextrin was dissolved in water at different concentrations
(10%, 20%, and 30% w/v). The papaya waste extracts of skin and seeds were then added so
that the ratio of waste extracts to wall material was 1:2. The mixtures were homogenized in
a magnetic stirrer (Scilogex MS-H280-Pro, Scilogex LLC, Rocky Hill, CT, USA) at 100 rpm
for 30 min and freeze-dried (at −40 ◦C for 24 h).

2.5. Microencapsulation Yield

Microcapsule recovery (%) was defined as the mass of the obtained freeze-dried
product over the percentage quantity of the initial dried extract.

2.6. Physicochemical Characterization

The following analyses were performed in the physicochemical characterization of the
microcapsules: Moisture content, determined according to AOAC method no. 934.06 [15],
and the water activity (Aw) was measured using a water activity meter (4TE, AquaLab,
Pullman, WA, USA). For hygroscopicity, the samples were subjected to 75% relative humid-
ity (NaCl saturated solution) at 25 ◦C for 7 days, according to Nunes et al. [16]. Solubility
in water was determined using the method reported by Flores-Mancha et al. [17]. For
observation of the morphology and size of the microcapsules with a scanning electronic
microscopic (Hitachi SU3500, Tokyo, Japan) working with a voltage of 25 kV, the sample
preparation and the observation conditions were described by Giovagnoli-Vicuña et al. [14].
The color was analyzed using a FRU WR-10 colorimeter (Weifu Photoelectric Technology
Co., Ltd., Shenzhen, China), which provided CIE L*, a*, and b* values.

2.7. Thermal Analysis

The experimental runs were carried out using a thermo-gravimetric analyzer (TGA
4000, Perkin-Elmer Inc., Wellesley, MA, USA) [18,19]. The samples were heated from 20 ◦C
to 500 ◦C at a heating rate of 10 ◦C min−1 under a nitrogen flow rate of 50 mL/min−1.

2.8. Total Phenolic (TPC) and Total Flavonoid Contents (TFC)

To determine the TPC and TFC in the microcapsules, we followed the methodology
proposed by Saikia et al. [19] with some modifications. We took 100 mg of the microencap-
sulated sample and added 1 mL of a mixture containing ethanol, acetic acid, and water in a
ratio of 50:8:42 (v/v/v). This mixture was vortexed for 1 min at room temperature, followed
by 20 min using an ultrasonic bath (VWR® Symphony™ Ultrasonic Cleaners, Radnor, PA,
USA; 35 kHz operation frequency). The resulting supernatant was then centrifuged (ORTO
ALRESA, Bioprocen 22 R model) for 5 min at 112× g and filtered. Finally, the supernatant
obtained after filtration was subjected to sample concentration (model MD200-1A, ALL-
SHENG Instrument Co., Ltd., Hangzhou, China) until complete dry, and the volume was
reconstituted with 70% ethanol.

The TPC was determined using the Folin–Ciocâlteu (FC) methodology [20]. Specif-
ically, 20 µL of the extract was mixed with 100 µL of the FC reagent at a 1:10 (v/v) ratio
and combined with 80 µL of a 7.5% sodium carbonate solution. The resulting mixture
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was then allowed to react for 40 min in darkness before measuring the absorbance at
765 nm (FlexA-200 microplate reader, ALLSHENG Instrument Co., Ltd., Hangzhou, China).
The TPC was calculated using a calibration curve (10–100 µg/mL; y = −0.0048x + 0.0026;
R2 = 0.9946) with gallic acid (GA) as the standard and expressed in milligrams of gallic acid
equivalent (GAE) per gram of dry weight of the sample (DW).

The total flavonoid content (TFC) was determined using the aluminum chloride
procedure [21]. To accomplish this, 100 microliters of the samples were mixed with 100 µL
of a 2% AlCl3 ethanol solution and incubated for 30 min at room temperature. Subsequently,
the absorbance was measured at 420 nm using a microplate reader (FlexA-200, ALLSHENG
Instrument Co., Ltd., Hangzhou, China). The TFC was calculated using a calibration
curve (10–90 µg/mL; y = −0.0095x + 0.0294; R2 = 0.9969) with quercetin as the standard
and expressed in milligrams of quercetin equivalent (QE) per gram of dry weight of the
sample (DW).

2.9. Microencapsulation Efficiency (MEE)

Microencapsulation efficiency (%) was determined according to Saikia et al. [19],
based on the total content of bioactive compounds and the surface bioactive content. The
microencapsulation efficiency (ME) was determined according to the following equation:

ME(%) =

(
TPC− TPCS

TPC

)
× 100

where the TPC is the phenolic content inside the core of the microencapsulate; TPCS is the
surface phenolic content.

2.10. Identification and Quantification of Phenolic Compounds

The identification and quantification of polyphenolics were conducted according
to Velásquez et al.’s [22] methodology. All the samples were analyzed on an ultra-high
pressure liquid chromatograph (Ekspert Ultra LC 100-XL system, Eksigent Technologies,
Dublin, CA, USA) coupled to a triple quadrupole mass spectrometer in positive electrospray
mode (ESI) (AB Sciex Triple Quad 4500, Framingham, MA, USA). A LiChrospher 100 RP-18
endcapped column (125 mm × 4 mm id, 5 µm) (Merck, Darmstadt, Germany) at 30 ◦C was
employed for chromatographic separation with a mobile phase of 0.1% formic acid and
methanol in gradient mode at a 0.5 mL min−1 flow rate. The gradient was programmed
as follows: 0–1 min, 15% B; 1–17 min, 15–100% B; 17–21 min 100–100% B; 21–22 min,
100–15% B; 22–25 min, 15–15% B. The LC–MS/MS system was controlled using Analyst
1.6.2 and the data were processed using Multiquant 3.0. For the quantitative analysis of
phenolic compounds, commercial standards (see Section 2.1) were employed. The analysis
involved the use of a primary transition for quantification and a secondary transition for
identification purposes (For more details, please refer to Table S1 in Supplementary Materials.).

2.11. Measurement of Antioxidant Capacity

The antioxidant capacity was measured using the 2,2′-diphenyl-1-picryhydrazyl free
radical scavenging (DPPH) [23], 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid)
radical scavenging (ABTS•+) [24], and ferric reduction antioxidant power (FRAP) [25]
assays. For each measurement, we combined 50 µL of the extract with 150 µL of the
respective solution (DPPH, ABTS, or FRAP). After a 30 min incubation period, we recorded
the absorbance at 517 nm for DPPH, at 732 nm for ABTS, and at 593 nm for FRAP, using
a microplate reader (FlexA-200, ALLSHENG Instrument Co., Ltd., Hangzhou, China).
Trolox served as the calibration standard. The DPPH assay produced a linear calibration
curve in the range of 10–80 µg/mL (y = −0.0101x + 0.7881; R2 = 0.9929), while the ABTS
assay exhibited a linear relationship in the range of 2–80 µg/mL (y = −0.0103x + 0.8170;
R2 = 0.9966). The FRAP assay, on the other hand, demonstrated linearity within the range
of 2–35 µg/mL (y = −0.0259x + 0.0481; R2 = 0.9985). The results are reported as the µmol of
Trolox equivalents (ET) per gram of dry weight of the sample (DW).
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2.12. Cell Culture and Analysis of Intracellular ROS Generation

Hek293 cells were maintained in DMEM F12 medium. Media was supplemented with
Fetal Bovine Serum (5% for assays and 10% for growth), 1× non-essential amino acids and
100 U/mL penicillin and 100 µg/mL streptomycin. All cells were cultured in a humidified
incubator at 5% CO2 atmosphere and 37 ◦C (NuAire, NU-5700, Plymouth, Devon, UK).

Determination of intracellular ROS generation was performed according to Gallardo-
Garrido et al. [26]. The Hek293 cells were incubated with DCFDA 200 µM in HBSS. After
incubation (30 min at 37 ◦C), the cells were washed twice with sterile HBSS and then
seeded at 5× 104 cells per well, and extracts were added (1 µL). Hydrogen peroxide (H2O2)
200 µM was used for ROS generation control. Fluorescence generation was measured every
2 min for 1 h with excitation/emission wavelengths of 480/520, respectively, in a Cytation5
plate reader (Biotek®, Winooski, VT, USA). The results are expressed as fold changes in
fluorescence generation under each condition over time.

2.13. Measurement of Antimicrobial Activity

The antimicrobial activity was determined using the agar diffusion method and
minimum inhibitory concentration (MIC) [22]. The bacteria strains evaluated were
Escherichia coli (ATCC-25922), Salmonella thyphi (ATCC-700623), and Staphylococcus aureus
(ATCC-25923).

2.14. Statistical Analysis

All the data were analyzed using Statgraphics Plus® 5.1 software (Statgraphics Tech-
nologies Inc., The Plains, VA, USA) and expressed as the mean ± standard deviation.
Statistical comparisons were made using analysis of variance (p < 0.05), followed by
Fisher’s test and the multiple range test.

3. Results and Discussions
3.1. Microencapsulation Yield

Three maltodextrin concentrations (10%, 20%, and 30% w/w), respectively, were
studied on the microencapsulation yield from the papaya waste extract (seeds and skin;
Figure 1). The results showed that maltodextrin at 20% exhibited the highest microencap-
sulation yield (MD20; 91.7 ± 2.2%), followed by maltodextrin at 10% (MD10; 89.9 ± 1.4%)
and maltodextrin at 30% (MD30; 78.5 ± 2.6%) for the seed extract. However, there was
no significant difference (p > 0.05) in the microencapsulation yield between MD10 and
MD20. While the microcapsules of the skin extract produced with MD10 presented the
highest microencapsulation yield (90.7 ± 1.0%), followed by MD30 (84.7 ± 3.4%) and
MD20 (76.8 ± 4.2%), there was no significant difference (p > 0.05) between MD20 and
MD30. Therefore, the microencapsulation yield values of the seed and skin extracts were
>50%, resulting in a successful process according to what was reported by Balci-Torun and
Ozdemir [27].
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Figure 1. Freeze-dried microcapsules of seed (top of image) and skin (bottom of image) extracts from
Chilean papaya at different maltodextrin concentrations: (A) MD10 (10%), (B) MD20 (20%), and
(C) MD30 (30%).

3.2. Physicochemical Characterization and Thermal Analysis

Moisture content and water activity are two variables related to microbial growth in
dry foods. These parameters must be kept below 10% for moisture content and 0.60 for
water activity to avoid microbial growth [28]. The extract showed the highest moisture
and water activity values, indicating that its stability could be affected (Table 2). The
moisture content of the microcapsules produced from seed and skin extracts was within the
acceptable range of <10% [29], in line with results from other research [30–33]. Meanwhile,
aw values in the microencapsulated extracts of the seed and skin of papaya waste ranged
between 0.282 ± 0.003 and 0.368 ± 0.012. Likewise, some studies have reported aw values
of microcapsules < 0.5, which indicate the high stability of microcapsules against microbial
growth [29,34,35].

Table 2. Physicochemical parameters of extracts and microencapsulated extracts from Chilean papaya
waste (mean ± standard error).

Parameters
Microencapsulated Seed Extract Microencapsulated Skin Extract

Seed Extract MD10 MD20 MD30 Skin Extract MD10 MD20 MD30

Moisture content
(g/100 g) 22.9 ± 1.2 a 9.3 ± 0.1 b 7.0 ± 0.2 c 6.2 ± 1.2 c 23.8 ± 0.1 a 9.9 ± 0.0 b 9.0 ± 0.7 b 4.9 ± 0.2 c

Aw (Dimensionless) 0.517± 0.011 a 0.368 ± 0.012 b 0.353 ± 0.005 b 0.297± 0.030 c 0.503± 0.004 a 0.334 ± 0.005 b 0.282± 0.003 c 0.282± 0.003 c

Hygroscopicity
(g/100 g) 34.2 ± 1.8 a 23.3 ± 1.2 b 22.5 ± 2.0 bc 20.5 ± 1.4 c 31.5 ± 2.4 a 11.8 ± 1.8 b 13.9 ± 0.9 b 13.1 ± 1.5 b

Solubility in water
(%) 5.3 ± 0.0 a 20.7 ± 0.7 b 13.4 ± 0.5 c 4.3 ± 0.6 d 9.6 ± 0.1 a 20.3 ± 0.6 b 19.1 ± 0.9 b 16.1 ± 0.2 c

Lightness (L*) 24.7 ± 1.1 a 45.3 ± 0.7 b 52.0 ± 0.1 c 60.4 ± 0.1 d 31.1 ± 1.3 a 78.6 ± 0.7 b 68.1 ± 1.0 c 66.9 ± 0.2 c

a* color coordinate 7.9 ± 0.2 a 10.9 ± 1.2 b 11.0 ± 0.9 b 13.6 ± 0.8 c 7.2 ± 0.2 a 6.8 ± 0.3 a 11.5 ± 0.1 b 13.1 ± 1.1 c

b* color coordinate 11.6 ± 0.1 a 13.5 ± 0.3 b 13.2 ± 0.3 b 18.8 ± 0.0 c 25.8 ± 0.4 a 33.6 ± 0.7 b 41.8 ± 0.4 c 47.7 ± 0.5 d

Size of microcapsule
(µm) - 243.5 ± 15.9 242.3 ± 24.3 328.8 ± 22.8 - 247.8 ± 23.5 538.9 ± 16.2 537.3 ± 12.7

Different lowercase letters in rows indicate significant differences between the mean values (p < 0.05) for each
sample (microencapsulated seed and skin extracts; n = 3).

The capacity of a material to absorb and retain moisture from its surroundings is
referred to as hygroscopicity [14]. This phenomenon impacts the stability, functionability,
and application of a microencapsulated sample [36]. In general, the waste microcapsules
absorbed less ambient moisture compared to the waste extract because maltodextrin (the
wall material) has a low hygroscopicity, minimizing the hygroscopicity of the extracts [37].
The hygroscopicity values ranged between 20.5 and 23.3 g/100 g for the microencapsulated
seed extract and between 11.8 and 13.9 g/100 g for the microencapsulated skin extract,
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which are shown in Table 2. Similar hygroscopicity values (11.8–19.3 g/100 g) were reported
for the microencapsulated peel extract of kinnow using maltodextrin as the wall material
and freeze-drying as the microencapsulation method. Worku Dadi et al. [36], studying the
hygroscopicity of microencapsulated bioactive products of moringa leaf extract, concluded
that the type of wall material (chemical structure/environmental humidity) and microen-
capsulation method affect this property. Nadali et al. [38] and Tolun et al. [39] reported that
maltodextrin with a lower dextrose equivalent (DE) value has lower hygroscopicity since,
with a higher DE, the chains are shorter and the glass transition temperature is higher,
increasing the hydrophilic groups.

Solubility refers to the ability of a substance to dissolve in a particular solvent, in this
case, the microcapsules in water. This property of microcapsules is a critical aspect that
can influence the final quality of the reconstituted product [40]. The percentage solubility
in water (%) for the microcapsules at different concentrations of maltodextrin for the seed
and skin extracts was evaluated (Table 2). The percentage of solubility in water from waste
microcapsules is over 4% (Table 2). So, the highest value of solubility in water has been
20.7 ± 0.7%, while the lowest solubility has been 4.3 ± 0.6% for microencapsulated seed
extract with MD10 and MD30, respectively. In previous studies, a solubility of 9.1% was
reported for microencapsulated betabel extract obtained with maltodextrin [17], whereas
microencapsulated cactus pear extract with soluble fiber exhibited a solubility < 1% [41].
On the other hand, a decrease in solubility was observed in both microencapsulated extracts
(seed and skin) with increasing maltodextrin concentrations. This behavior exhibited by
maltodextrin could be explained by the decrease in the hydrophilic groups available to
bind water, which could be occupied with linking bioactive compounds [17].

An important parameter to evaluate is the color of the microcapsules because it could
influence their applications and functionality. Therefore, Table 2 presents the results of
the color measurement before and after the microencapsulation from waste extracts. The
color parameters of the waste extracts were significantly affected by the freeze-drying mi-
croencapsulation. The samples were in the first quadrant of the CIELAB space, and it was
observed that the effect of adding maltodextrin as the wall material increased the lightness
(L*) and the a* and b* coordinates when compared to the non-microencapsulated ex-
tract. The b* values of the microencapsulated skin extract significantly increased (p < 0.05),
showing a tendency toward a yellow color, while the microencapsulated seed extracts with
maltodextrin at different concentrations were classified as reddish color (Table 2). Therefore,
these changes in color can be related with the color of wall material used (maltodextrin) for
the microcapsule’s preparation. A similar behavior was also observed by Ribeiro et al. [32].
The color of the microcapsules with the lowest maltodextrin content had the lowest light-
ness, whereas the color of the microcapsules with the highest maltodextrin content had
the highest lightness, implying that microcapsules with lower maltodextrin contents have
more intense color (a* and b* coordinates).

The morphologies of the papaya waste microcapsules were studied using a scanning
electron microscope (SEM). The images (Figure 2A(a–f)) are consistent with the broken glass
structure observed for microcapsules obtained using freeze-drying, where this irregular
shape could protect the bioactive compounds. Similar morphology was observed in freeze-
dried microcapsules of lemon [14], juçara palm [42], and mangosteen peel [43] using
maltodextrin as a wall material.

The microcapsule morphologies of seed and skin extracts are typically glassy struc-
tures with a range size between 242.3 ± 24.3 and 538.9 ± 16.2 µm (Table 2) for different
maltodextrin concentrations. It is worth noting that microcapsules typically range in size
from 1 to 1000 µm and can be used as multi-unit drug delivery devices (physiological and
pharmacokinetics) [44].
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Figure 2. (A) SEM images of the papaya waste microcapsules with maltodextrin at 10% (MD10),
20% (MD20), and 30% (MD30) from (a–c) seed extracts and (d–f) skin extracts, respectively; and
(B) thermo-gravimetric analysis (TGA) of microencapsulated seed (a) and skin (b) extracts produced
using the freeze-drying technique with maltodextrin at different concentrations.

According to Figure 2B, the same behavior was observed in the microcapsules of
Chilean papaya waste (seed and skin) produced using the freeze-drying technique with
maltodextrin at various concentrations (M10, M20, and M30). As demonstrated in Figure 2B,
weight losses occurred in three typical temperature ranges for all microcapsules evaluated.
The first temperature range (below 200 ◦C) is associated with weight loss as a result of
the sample’s residual water evaporating, or maybe because the microcapsules rehydrated
during storage [31,45,46]. Between the temperatures of 200 and 350 ◦C, the second weight
loss associated with the degradation of the wall material and phenolic compounds that
were entrapped in the wall material can be observed [31,46]. These results were consistent
with maltodextrin degradation at a temperature of about 300 ◦C (Figure 2B). The third tem-
perature range (above 350 ◦C) was associated with weight loss due to the decomposition
of all sections of the core material (bioactive extract of seed and skin Chilean papaya). A
similar behavior was observed for the moringa oleifera leaf powder extract encapsulated in
maltodextrin [31]. In general, the microencapsulated seed and skin extracts of Chilean pa-
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paya presented significant thermal stability at temperatures less than 200 ◦C, temperatures
widely used in food processes [46].

3.3. Phenolic Profile, TPC, TFC, and MEE

The polyphenolic profile of the papaya waste extract and microencapsulated extract
(seed and skin) was determined using LC–MS/MS (see Table 3). Based on comparisons
with the 21 standards, the polyphenolic profile consists of two groups: flavonoids (rutin
and quercetin) and phenolic acids (gallic, ferulic, coumaric, chlorogenic, and caffeic acid),
so the contribution of these two groups to each sample was calculated as a contribution
percentage (Figure 3). The contribution percentage of the flavonoid group was higher than
that of the phenolic acid group in all samples. It should be noted that the phenolic profile
varied following processing (microencapsulation), most likely due to structural changes
that facilitated the release or degradation of the phenolic groups [47]. Furthermore, the
wall materials act as physical barriers, reducing the impacts of oxygen, light, heat, and
moisture on the microencapsulated extracts [48].

Table 3. Phenolic profile of extracts and microencapsulated extracts from Chilean papaya waste
(mean ± standard error).

Phenolic Profile
(µg/mL)

Extract
Microencapsulated Extract

MD10 MD20 MD30

Seed Samples

Gallic acid 171.0 ± 0.4 a 18.6 ± 0.1 b 7.1 ± 0.1 c 32.2 ± 0.1 d

Ferulic acid 4.1 ± 0.1 a 8.0 ± 0.1 b 5.1 ± 0.1 c 4.0 ± 0.1 d

Chlorogenic acid 159.2 ± 0.3 a 558.6 ± 0.9 b 398.6 ± 0.2 c 334.1 ± 0.3 d

Caffeic acid 7.8 ± 0.2 a ND ND ND
Coumaric acid 12.3 ± 0.1 a 8.4 ± 0.1 b 20.0 ± 0.2 c 20.1 ± 0.1 c

Rutin 1878.6 ± 0.8 a 2093.7 ± 0.8 b 2126.4 ± 0.9 c 1927.0 ± 0.9 d

Quercetin 67.9 ± 0.2 a 79.2 ± 0.2 b 76.2 ± 0.4 c 69.1 ± 0.2 d

Skin Samples

Gallic acid 21.0 ± 0.2 a 26.8 ± 0.1 b 13.4 ± 0.1 c 3.0 ± 0.1 d

Ferulic acid 7.3 ± 0.1 a 6.6 ± 0.1 b 4.9 ± 0.1 c 5.1 ± 0.1 c

Chlorogenic acid 194.5 ± 0.5 a 321.2 ± 0.2 b 180.5 ± 0.2 c 648.5 ± 0.5 d

Caffeic acid 35.5 ± 0.2 a ND ND ND
Coumaric acid 7.0 ± 0.1 a 15.3 ± 0.1 b 12.2 ± 0.3 c 10.0 ± 0.1 d

Rutin 1682.7 ± 0.9 a 2114.4 ± 0.8 b 2013.1 ± 0.9 c 2016.7 ± 0.9 d

Quercetin 63.6 ± 0.3 a 70.0 ± 0.2 b 66.4 ± 0.7 c 92.7 ± 0.6 d

Different lowercase letters in rows indicate significant differences between the mean values (p < 0.05) for each
sample (microencapsulated seed and skin extracts; n = 3). ND: not detected at the conditions tested.

This study is the first report of the polyphenolic profile in Chilean papaya waste (seed
and skin). However, gallic acid, ferulic acid, coumaric acid, chlorogenic acid, caffeic acid, rutin,
and quercetin compounds have been detected in the pulp of Chilean papaya [2,49,50]. These
compounds have been associated with multiple beneficial properties for human health,
for example, antimicrobial [51–54], antidiabetic [53,55,56], anti-inflammatory [53,54,57],
anticancer [53,58], and others [54,59–61].
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Figure 3. Contribution percentage of phenolic groups obtained using LC–MS/MS analysis: (A) seed
extract and microencapsulated seed extract and (B) skin extract and microencapsulated skin extract.
Different lowercase letter in the same bars indicate significant differences between the mean values
(p < 0.05).

The TPC and TFC results of the seed and skin extracts of Chilean papaya before and
after microencapsulation are shown in Table 4. The TPC and TFC were examined against
the microencapsulation efficiency (% MEE) from the microencapsulated seed and skin
extracts (Table 4). The results showed that the wall material at MD20 exhibited the highest
MEE of the TPC and TFC for the microencapsulated seed extract, followed by M30 and
M10. However, there was no significant difference (p > 0.05) in the MEE between M30
and M10. On the other hand, Table 4 shows that the MEE of the TPC and TFC from the
microencapsulated skin extract was influenced by the maltodextrin concentration. When
the maltodextrin concentration increased from 10% to 30%, a lower MEE was obtained. This
might be attributed to increased quantities of TPC and TFC on the surface, indicating that
the compounds were not microencapsulated or adhered to the microcapsule surface [62].

Table 4. Bioactive compounds, microencapsulation efficiency (MEE), and antioxidant capacity (A) of
extract and microencapsulated extract from Chilean papaya waste (mean ± standard error).

Assay
Microencapsulated Seed Extract Microencapsulated Skin Extract

Seed Extract MD10 MD20 MD30 Skin Extract MD10 MD20 MD30

TPC (mg/g DW) 44.49 ± 1.68 a 41.11 ± 3.32 a 44.20 ± 0.50 a 32.85 ± 3.00 b 29.24 ± 1.99 a 16.06 ± 0.82 b 11.69 ± 1.13 c 10.28 ± 1.89 c

Surface TPC
(mg/g DW) - 4.91 ± 0.48 a 3.46 ± 0.26 b 3.66 ± 0.22 b - 2.76 ± 0.10 a 3.12 ± 0.17 b 3.52 ± 0.21 c

TFC (mg/g DW) 1.02 ± 0.01 a 0.89 ± 0.06 b 0.90 ± 0.04 b 0.44 ± 0.04 c 6.41 ± 0.03 a 1.05 ± 0.08 b 1.32 ± 0.07 c 0.75 ± 0.07 d

Surface TFC
(mg/g DW) - 0.08 ± 0.01 a 0.02 ± 0.00 b 0.01 ± 0.00 c - 0.05 ± 0.00 a 0.09 ± 0.00 b 0.05 ± 0.00 c

MEE of TPC (%) - 86.61 ± 2.83 a 92.24 ± 0.53 b 88.84 ± 0.39 a - 82.80 ± 0.74 a 71.06 ± 0.26 b 68.91 ± 2.71 b

MEE of TFC (%) - 90.85 ± 0.12 a 98.00 ± 0.08 b 97.02 ± 0.29 b - 95.53 ± 0.12 a 93.36 ± 0.21 b 92.70 ± 0.15 b

ADPPH
(µmol/g DW) 12.06 ± 0.11 a 8.23 ± 0.08 b 12.12 ± 0.15 a 10.05 ± 0.2 c 11.45 ± 0.10 a 10.45 ± 0.14 b 7.67 ± 0.23 c 9.60 ± 0.46 d

AABTS
(µmol/g DW) 258.38 ± 1.33 a 148.31 ± 1.64 b 203.50 ± 4.06 c 176.82 ± 7.93 d 270.46 ± 1.35 a 221.89 ± 7.91 b 110.81 ± 5.60 c 163.03 ± 5.29 d

AFRAP
(µmol/g DW) 271.89 ± 4.97 a 208.71 ± 6.21 b 236.34 ± 4.11 c 212.01 ± 7.23 b 206.45 ± 8.50 a 163.70 ± 8.46 b 138.24 ± 6.79 c 163.63 ± 6.90 b

Different lowercase letters in rows indicate significant differences between the mean values (p < 0.05) for each
sample (microencapsulated seed and skin extracts; n = 3). TPC: total phenolic content; TFC: total flavonoid content;
MEE: microencapsulation efficiency; ADPPH: antioxidant capacity determined using a DPPH radical scavenging
assay; AABTS: antioxidant capacity determined using ABTS radical scavenging assay; AFRAP: antioxidant capacity
determined using ferric reduction antioxidant power assay.

3.4. Antioxidant Capacity and Intracellular ROS Generation

Table 4 shows the antioxidant capacity of the extracts (non-microencapsulated) and
microcapsules produced by freeze-drying the seed and skin extracts of Chilean papaya
and using maltodextrin as the wall material at different concentrations. The results of
the antioxidant capacity tests using DPPH, ABTS, and FRAP showed a similar trend for
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both the papaya seed extract and microencapsulated seed extract, with the following
decreasing order: extract > MD20 > MD30 > MD10. On the other hand, for the skin
samples, the decreasing order was as follows: extract > MD10 > MD30 > MD20. The results
obtained in this study were comparable to those previously reported for Chilean papaya
seeds [1]. However, no previous studies had evaluated the antioxidant capacity of Chilean
papaya skin.

In general, the antioxidant capacity values in the papaya seed and skin extracts
significantly decreased after microencapsulation. The final results demonstrate a lower
antioxidant capacity as a result of removing maltodextrin before assays (DPPH, ABTS,
and FRAP), with weight considered a previous factor affecting the release of the bioactive
extract (core) [14]. Sharayei et al. [63] showed a similar result for antioxidant capacity,
indicating that the microcapsules of pomegranate peel extract presented a lower total
concentration than the non-microencapsulated extract.

When ROS levels are high, they can either sensitize cancer cells to chemotherapy by
increasing oxidative stress or disrupt the cell balance when ROS levels are excessive. These
ROS-induced alterations may inhibit tumor cell growth [64]. Previous research has linked
oxidative stress and apoptosis to renal illness because they can promote inflammation,
tissue damage, fibrosis, and the development of chronic kidney disease [65]. Superoxide
and hydroxyl radicals, the main elements of ROS, are produced by H2O2, which has been
widely employed to cause oxidative stress in vitro [66]. Thus, in this study, we evaluated
whether the extract and microencapsulated extract of Chilean papaya seed and skin had
protective effects against H2O2-induced apoptosis in Hek293 cells.

The effect of the extracts and microencapsulated seed and skin extracts of Chilean
papaya on H2O2-induced ROS generation in Hek293 cells was measured (Figure 4). It
was observed that ROS generation significantly decreased following treatment of the cells
with papaya waste extracts. Likewise, both the nuclei of the microcapsules (seed and skin
extract) demonstrated a significant reduction in ROS formation.

Figure 4. Effects of extracts and microencapsulated seed and skin extracts of Chilean papaya on the
production of intracellular reactive oxygen species (ROS). Hek293 cells were exposed to 1 mg/mL of
samples for 24 h. Different lowercase letters in the same bars indicate the significant differences from
the control (p < 0.05).

Recent studies have investigated the protective effects of polyphenols against oxidative
stress. For example, Wang et al. [67] demonstrated that phlorizin, a major phenolic com-
pound found in apples, effectively reduced oxidative stress by decreasing ROS production
in H2O2-induced HepG2 cells. Likewise, Wang et al. [68] indicated that polyphenol pretreat-
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ment (chlorogenic acid, dihydromyricetin, apigenin, and phloretin) reduces intracellular
ROS production of AML-12 and IEC-6 cells.

3.5. Antimicrobial Activity

As shown in Figure 5A, both the seed extract and microencapsulated seed extract of
Chilean papaya inhibited the growth of all analyzed bacteria, with an inhibition zone > 9 mm.
The largest inhibition zone (Figure 5B) was observed for the seed extract against Staphy-
lococcus aureus (22.67 ± 0.58 mm). The MIC value in Figure 5C in the MIC assay was
0.03 ± 0.00 mg/mL. The microencapsulated extract of papaya seed and skin at different
maltodextrin concentrations exhibited significantly lower antimicrobial activity against the
three evaluated bacteria when compared to the non-microencapsulated extract. However,
there was no significant difference (p > 0.05) in the antimicrobial activity between MD10,
MD20, and M30. This could be explained by the inclusion of maltodextrin in the initial
weighing, which is later eliminated before the assay. This inclusion alters the actual concen-
tration of the extract [14]. On the other hand, the skin extract and the microencapsulated
skin extract did not present antimicrobial activity for any of the assays evaluated.

Figure 5. Effect of seed extract and microencapsulated seed extract (1 mg/mL) obtained from Chilean
papaya on antimicrobial activity using two assays: (A) inhibition zone (diameter, mm) and (B) agar
diffusion results of seed extract. (C) Table with results of MIC values (MIC: minimal inhibitory
concentration, mg/mL). Values with different letters in the same bar or row are significantly different
(p < 0.05).

Recently, Vega-Gálvez et al. [47] observed a lower antimicrobial effect of the ethano-
lic extract obtained from Chilean papaya pulp on three bacteria, including E. coli and
S. aureus (inhibition zone between 10.2 and 9.42 mm). Furthermore, higher MIC values
(above 200 mg/mL) were observed for the two bacteria when compared to the seed and
skin extracts as well as the microencapsulated extracts. Uribe et al. [69] reported similar
inhibition zone values (10.13 mm for E. coli and 9.57 mm for S. aureus) for methanolic
pulp extract from Chilean papaya, but they noted that the polar fractions from papaya
extracts exhibit higher antimicrobial activity than nonpolar fractions. Egbuonu et al. [70]
reported the antimicrobial activity (inhibition zone diameter in mm) of an aqueous extract
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of Carica papaya peels and seeds at a concentration of 100 mg/mL. They observed values
of 12.33 mm and 15.67 mm for E. coli, and 8.00 mm and 11.67 mm for S. aureus, respectively.

There are several studies on the effects of polyphenols on the antimicrobial activ-
ity, where it has been demonstrated that these compounds have different antimicrobial
mechanisms [71,72]. According to Ivanov et al. [73], the most promising polyphenols inves-
tigated based on their antimicrobial capacity include hesperetin, hesperidin, naringenin,
naringin, taxifolin, rutin, isoquercitrin, morin, chlorogenic acid, ferulic acid, p-coumaric
acid, and gallic acid. Among them, rutin emerged as the most active representative in
inhibiting the formation of bacterial biofilms in vitro. Likewise, Orhan et al. [74] indicated
that rutin shows an antimicrobial effect on Staphylococcus aureus, Acinetobacter bauman-
nii, and Pseudomonas aeruginosa. Therefore, rutin, one of the most abundant phenolic
compounds found in the seed extract, could contribute to the antimicrobial activity against
various bacteria.

4. Conclusions

This research successfully microencapsulated bioactive extracts from Chilean papaya
waste, particularly the seeds and skin, using maltodextrin as the wall material. The process
achieved a high efficiency and extraction yield of bioactive compounds. The microencap-
sulated seed and skin extracts with MD20 and MD10 exhibited the highest phenolic and
flavonoid contents, respectively. Additionally, these extracts showed significant antioxidant
capacities and the ability to decrease intracellular ROS levels. In the case of the seed sam-
ples, the antimicrobial potential was particularly effective against S. aureus. Overall, these
findings highlight the potential of utilizing Chilean papaya waste as a valuable resource
with promising health benefits and applications in food and pharmaceutical industries.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox12101900/s1, Table S1: Parameters for UHPLC-MS/MS
determination of polyphenols.

Author Contributions: Methodology, Y.F., C.G.-V. and A.G.; formal analysis, Y.F. and M.F.; resources,
A.G.; data curation, C.G.-V.; writing—original draft preparation, C.G.-V.; review and editing, A.G.;
supervision, C.G.-V. and A.G.; funding acquisition, A.G. All authors have read and agreed to the
published version of the manuscript.

Funding: The authors thank Pontificia Universidad Católica de Chile for the funding by Project VRI-
VRA INGE210011 and PUENTE-2022-15 Project, FONDEQUIP Project EQM 130032, and FONDECYT
POSTDOCTADO no. 3220661.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge Belén Camarada for the use of the thermo-gravimetric
analyzer and Mauricio Isaacs for the use of the lyophilizer. The authors thank Leonel Liberona and
Victor Ahumada for their technical support. Additionally, the authors would like to express their
gratitude to the FONDEQUIP project no. 150109.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Briones-Labarca, V.; Plaza-Morales, M.; Giovagnoli-Vicuña, C.; Jamett, F. High hydrostatic pressure and ultrasound extractions of

antioxidant compounds, sulforaphane and fatty acids from Chilean papaya (Vasconcellea pubescens) seeds: Effects of extraction
conditions and methods. LWT—Food Sci. Technol. 2015, 60, 525–534. [CrossRef]

2. Uribe, E.; Delgadillo, A.; Giovagnoli-Vicuña, C.; Quispe-Fuentes, I.; Zura-Bravo, L. Extraction techniques for bioactive compounds
and antioxidant capacity determination of Chilean papaya (Vasconcellea pubescens) fruit. J. Chem. 2015, 2015, 347532. [CrossRef]

3. Pavithra, C.S.; Devi, S.S.; Suneetha, J.W.; Durga Rani, C.V. Nutritional properties of papaya peel. Pharma Innov. J. 2017, 6, 170–173.

https://www.mdpi.com/article/10.3390/antiox12101900/s1
https://www.mdpi.com/article/10.3390/antiox12101900/s1
https://doi.org/10.1016/j.lwt.2014.07.057
https://doi.org/10.1155/2015/347532


Antioxidants 2023, 12, 1900 14 of 16

4. Costanzo, G.; Vitale, E.; Iesce, M.R.; Naviglio, D.; Amoresano, A.; Fontanarosa, C.; Spinelli, M.; Ciaravolo, M.; Arena, C.
Antioxidant Properties of Pulp, Peel and Seeds of Phlegrean Mandarin (Citrus reticulata Blanco) at Different Stages of Fruit
Ripening. Antioxidants 2022, 11, 187. [CrossRef] [PubMed]

5. Costanzo, G.; Iesce, M.R.; Naviglio, D.; Ciaravolo, M.; Vitale, E.; Arena, C. Comparative studies on different citrus cultivars: A
revaluation of waste mandarin components. Antioxidants 2020, 9, 517. [CrossRef] [PubMed]

6. Cheok, C.Y.; Mohd Adzahan, N.; Abdul Rahman, R.; Zainal Abedin, N.H.; Hussain, N.; Sulaiman, R.; Chong, G.H. Current trends
of tropical fruit waste utilization. Crit. Rev. Food Sci. Nutr. 2018, 58, 335–361. [CrossRef]

7. Sagar, N.A.; Pareek, S.; Sharma, S.; Yahia, E.M.; Lobo, M.G. Fruit and Vegetable Waste: Bioactive Compounds, Their Extraction,
and Possible Utilization. Compr. Rev. Food Sci. Food Saf. 2018, 17, 512–531. [CrossRef]

8. Tatasciore, S.; Santarelli, V.; Neri, L.; González Ortega, R.; Faieta, M.; Di Mattia, C.D.; Di Michele, A.; Pittia, P. Freeze-Drying
Microencapsulation of Hop Extract: Effect of Carrier Composition on Physical, Techno-Functional, and Stability Properties.
Antioxidants 2023, 12, 442. [CrossRef]

9. Pudziuvelyte, L.; Marksa, M.; Sosnowska, K.; Winnicka, K.; Morkuniene, R.; Bernatoniene, J. Freeze-Drying Technique for
Microencapsulation of. Molecules 2020, 25, 2237. [CrossRef]

10. Parikh, A.; Agarwal, S.; Raut, K. A review on application of maltodextrin in pharmaceutical industry. Int. J. Pharm. Biol. Sci. 2014,
4, 67–74. [CrossRef]

11. Zhao, D.; Li, Z.; Xia, J.; Kang, Y.; Sun, P.; Xiao, Z.; Niu, Y. Research progress of starch as microencapsulated wall material.
Carbohydr. Polym. 2023, 318, 121118. [CrossRef] [PubMed]

12. Halahlah, A.; Piironen, V.; Mikkonen, K.S.; Ho, T.M. Polysaccharides as wall materials in spray-dried microencapsulation of
bioactive compounds: Physicochemical properties and characterization. Crit. Rev. Food Sci. Nutr. 2023, 63, 6983–7015. [CrossRef]
[PubMed]

13. Benavides-Guerrero, R.; Revelo-Cuarán, Y.A.; Osorio-Mora, O.; Arango-Bedoya, O. Extracción asistida con ultrasonido de
compuestos fenólicos de dos variedades de papas (Solanum phureja) nativas andinas y evaluación de su actividad antioxidante.
Inf. Tecnol. 2020, 31, 43–50. [CrossRef]

14. Giovagnoli-Vicuña, C.; Briones-Labarca, V.; Romero, M.S.; Giordano, A.; Pizarro, S. Effect of Extraction Methods and In Vitro
Bio-Accessibility of Microencapsulated Lemon Extract. Molecules 2022, 27, 4166. [CrossRef]

15. Association of Official Analytical Chemists—AOAC. Official Method of Analysis, 15th ed.; Association of Official Analytical
Chemists: Washington, DC, USA, 1990.

16. Lorenzoni Nunes, G.; Bremer Boaventura, B.C.; Silva Pinto, S.; Verruck, S.; Seigi Murakami, F.; Schwinden Prudêncio, E.; Dias de
Mello Castanho Amboni, R. Microencapsulation of freeze concentrated Ilex paraguariensis extract by spray drying. J. Food Eng.
2015, 151, 60–68. [CrossRef]

17. Flores-Mancha, M.A.; Ruíz-Gutiérrez, M.G.; Sánchez-Vega, R.; Santellano-Estrada, E.; Chávez-Martínez, A. Characterization of
Betabel Extract (Beta vulgaris) Encapsulated with Maltodextrin and Inulin. Molecules 2020, 25, 5498. [CrossRef]

18. Otálora, M.C.; Carriazo, J.G.; Iturriaga, L.; Nazareno, M.A.; Osorio, C. Microencapsulation of betalains obtained from cactus fruit
(Opuntia ficus-indica) by spray drying using cactus cladode mucilage and maltodextrin as encapsulating agents. Food Chem. 2015,
187, 174–181. [CrossRef]

19. Saikia, S.; Mahnot, N.K.; Mahanta, C.L. Optimisation of phenolic extraction from Averrhoa carambola pomace by response surface
methodology and its microencapsulation by spray and freeze drying. Food Chem. 2015, 171, 144–152. [CrossRef]

20. Singleton, V.; Orthofer, R.; Lamuela-Raventos, R. Analysis of Total Phenols and Other Oxidation Substrates and Antioxidants by
Means of Folin-Ciocalteu Reagent. Methods Enzymol. 1999, 299, 152–178. [CrossRef]

21. Woisky, R.G.; Salatino, A. Analysis of propolis: Some parameters and procedures for chemical quality control. J. Apic. Res. 1998,
37, 99–105. [CrossRef]

22. Velásquez, P.; Riquelme, K.; Leyton, F.; Giordano, A.; Gómez, M.; Montenegro, G. Antibacterial potential assessment of Nalca
(Gunnera tinctoria Mol.) ethanolic extracts. Nat. Prod. Res. 2020, 35, 5425–5428. [CrossRef] [PubMed]

23. Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a Free Radical Method to Evaluate Antioxidant Activity. LWT—Food Sci.
Technol. 1995, 28, 25–30. [CrossRef]

24. Van Den Berg, R.; Haenen, G.R.M.M.; Van Den Berg, H.; Bast, A. Applicability of an improved Trolox equivalent antioxidant
capacity (TEAC) assay for evaluation of antioxidant capacity measurements of mixtures. Food Chem. 1999, 66, 511–517. [CrossRef]

25. Benzie, I.F.F.; Strain, J.J. The Ferric Reducing Ability of Plasma ( FRAP ) as a Measure of “Antioxidant Power”: The FRAP Assay.
Anal. Biochem. 1996, 76, 70–76. [CrossRef] [PubMed]

26. Gallardo-Garrido, C.; Cho, Y.; Cortés-Rios, J.; Vasquez, D.; Pessoa-Mahana, C.D.; Araya-Maturana, R.; Pessoa-Mahana, H.;
Faundez, M. Nitrofuran drugs beyond redox cycling: Evidence of Nitroreduction-independent cytotoxicity mechanism. Toxicol.
Appl. Pharmacol. 2020, 401, 115104. [CrossRef]

27. Balci-Torun, F.; Ozdemir, F. Encapsulation of strawberry flavour and physicochemical characterization of the encapsulated
powders. Powder Technol. 2021, 380, 602–612. [CrossRef]

28. Vera Zambrano, M.; Dutta, B.; Mercer, D.G.; MacLean, H.L.; Touchie, M.F. Assessment of moisture content measurement methods
of dried food products in small-scale operations in developing countries: A review. Trends Food Sci. Technol. 2019, 88, 484–496.
[CrossRef]

https://doi.org/10.3390/antiox11020187
https://www.ncbi.nlm.nih.gov/pubmed/35204071
https://doi.org/10.3390/antiox9060517
https://www.ncbi.nlm.nih.gov/pubmed/32545447
https://doi.org/10.1080/10408398.2016.1176009
https://doi.org/10.1111/1541-4337.12330
https://doi.org/10.3390/antiox12020442
https://doi.org/10.3390/molecules25092237
https://doi.org/10.31032/ijbpas/2021/10.4.1033
https://doi.org/10.1016/j.carbpol.2023.121118
https://www.ncbi.nlm.nih.gov/pubmed/37479436
https://doi.org/10.1080/10408398.2022.2038080
https://www.ncbi.nlm.nih.gov/pubmed/35213281
https://doi.org/10.4067/S0718-07642020000500043
https://doi.org/10.3390/molecules27134166
https://doi.org/10.1016/j.jfoodeng.2014.10.031
https://doi.org/10.3390/molecules25235498
https://doi.org/10.1016/j.foodchem.2015.04.090
https://doi.org/10.1016/j.foodchem.2014.08.064
https://doi.org/10.1016/s0076-6879(99)99017-1
https://doi.org/10.1080/00218839.1998.11100961
https://doi.org/10.1080/14786419.2020.1777118
https://www.ncbi.nlm.nih.gov/pubmed/32543964
https://doi.org/10.1016/S0023-6438(95)80008-5
https://doi.org/10.1016/S0308-8146(99)00089-8
https://doi.org/10.1006/abio.1996.0292
https://www.ncbi.nlm.nih.gov/pubmed/8660627
https://doi.org/10.1016/j.taap.2020.115104
https://doi.org/10.1016/j.powtec.2020.11.060
https://doi.org/10.1016/j.tifs.2019.04.006


Antioxidants 2023, 12, 1900 15 of 16

29. Awolu, O.O.; Fole, E.T.; Oladeji, O.A.; Ayo-Omogie, H.N.; Olagunju, A.I. Microencapsulation of avocado pear seed (Persea
Americana mill) bioactive-rich extracts and evaluation of its antioxidants, in vitro starch digestibility and storage stability. Bull.
Natl. Res. Cent. 2022, 46, 1–11. [CrossRef]

30. Mohd Nawi, N.; Muhamad, I.I.; Mohd Marsin, A. The physicochemical properties of microwave-assisted encapsulated antho-
cyanins from Ipomoea batatas as affected by different wall materials. Food Sci. Nutr. 2015, 3, 91–99. [CrossRef]

31. George, T.T.; Oyenihi, A.B.; Rautenbach, F.; Obilana, A.O. Characterization of moringa oleifera leaf powder extract encapsulated
in maltodextrin and/or gum arabic coatings. Foods 2021, 10, 3044. [CrossRef]

32. Ribeiro, M.L.F.F.; Roos, Y.H.; Ribeiro, A.P.B.; Nicoletti, V.R. Effects of maltodextrin content in double-layer emulsion for production
and storage of spray-dried carotenoid-rich microcapsules. Food Bioprod. Process. 2020, 124, 208–221. [CrossRef]

33. Yamashita, C.; Chung, M.M.S.; dos Santos, C.; Mayer, C.R.M.; Moraes, I.C.F.; Branco, I.G. Microencapsulation of an anthocyanin-
rich blackberry (Rubus spp.) by-product extract by freeze-drying. LWT 2017, 84, 256–262. [CrossRef]

34. Karagozlu, M.; Ocak, B.; Özdestan-Ocak, Ö. Effect of Tannic Acid Concentration on the Physicochemical, Thermal, and An-
tioxidant Properties of Gelatin/Gum Arabic–Walled Microcapsules Containing Origanum onites L. Essential Oil. Food Bioprocess
Technol. 2021, 14, 1231–1243. [CrossRef]

35. Gomez-Estaca, J.; Comunian, T.A.; Montero, P.; Favaro-Trindade, C.S. Physico-chemical properties, stability, and potential food
applications of shrimp lipid extract encapsulated by complex coacervation. Food Bioprocess Technol. 2018, 11, 1596–1604. [CrossRef]

36. Dadi, D.W.; Emire, S.A.; Hagos, A.D.; Eun, J.B. Physical and Functional Properties, Digestibility, and Storage Stability of
Spray- and Freeze-Dried Microencapsulated Bioactive Products from Moringa stenopetala Leaves Extract. Ind. Crops Prod. 2020,
156, 112891. [CrossRef]

37. Tonon, R.V.; Brabet, C.; Hubinger, M.D. Influence of drying air temperature and carrier agent concentration on the physicochemical
properties of açai juice powder. Cienc. Tecnol. Aliment. 2009, 29, 444–450. [CrossRef]

38. Nadali, N.; Pahlevanlo, A.; Sarabi-Jamab, M.; Balandari, A. Effect of maltodextrin with different dextrose equivalents on the
physicochemical properties of spray-dried barberry juice (Berberis vulgaris L.). J. Food Sci. Technol. 2022, 59, 2855–2866. [CrossRef]

39. Tolun, A.; Altintas, Z.; Artik, N. Microencapsulation of grape polyphenols using maltodextrin and gum arabic as two alternative
coating materials: Development and characterization. J. Biotechnol. 2016, 239, 23–33. [CrossRef]

40. Locali Pereira, A.R.; Gonçalves Cattelan, M.; Nicoletti, V.R. Microencapsulation of pink pepper essential oil: Properties of
spray-dried pectin/SPI double-layer versus SPI single-layer stabilized emulsions. Colloids Surf. A Physicochem. Eng. Asp. 2019,
581, 123806. [CrossRef]

41. Ruiz-Gutiérrez, M.G.; Amaya-Guerra, C.A.; Quintero-Ramos, A.; de Jesús Ruiz-Anchondo, T.; Gutiérrez-Uribe, J.A.; Baez-
González, J.G.; Lardizabal-Gutiérrez, D.; Campos-Venegas, K. Effect of soluble fiber on the physicochemical properties of cactus
pear (Opuntia ficus indica) encapsulated using spray drying. Food Sci. Biotechnol. 2014, 23, 755–763. [CrossRef]

42. Mazuco, R.A.; Cardoso, P.M.M.; Bindaco, É.S.; Scherer, R.; Castilho, R.O.; Faraco, A.A.G.; Ruas, F.G.; Oliveira, J.P.; Guimarães,
M.C.C.; de Andrade, T.U.; et al. Maltodextrin and Gum Arabic-Based Microencapsulation Methods for Anthocyanin Preservation
in Juçara Palm (Euterpe edulis Martius) Fruit Pulp. Plant Foods Hum. Nutr. 2018, 73, 209–215. [CrossRef]

43. Kusmayadi, A.; Adriani, L.; Abun, A.; Muchtaridi, M.; Tanuwiria, U.H. The microencapsulation of mangosteen peel extract with
maltodextrin from arenga starch: Formulation and characterization. J. Appl. Pharm. Sci. 2019, 9, 33–40. [CrossRef]

44. Lengyel, M.; Kállai-Szabó, N.; Antal, V.; Laki, A.J.; Antal, I. Microparticles, Microspheres, and Microcapsules for Advanced Drug
Delivery. Sci. Pharm. 2019, 87, 20. [CrossRef]

45. Ballesteros, L.F.; Ramirez, M.J.; Orrego, C.E.; Teixeira, J.A.; Mussatto, S.I. Encapsulation of antioxidant phenolic compounds
extracted from spent coffee grounds by freeze-drying and spray-drying using different coating materials. Food Chem. 2017, 237,
623–631. [CrossRef] [PubMed]

46. Rodríguez-Cortina, A.; Rodríguez-Cortina, J.; Hernández-Carrión, M. Obtention of Sacha Inchi (Plukenetia volubilis Linneo) Seed
Oil Fruits: Physicochemical, Morphological, and Controlled Release Characterization. Foods 2022, 11, 3950. [CrossRef] [PubMed]

47. Vega-Gálvez, A.; Stucken, K.; Cantuarias, C.; Lamas, F.; García, V.; Pastén, A. Antimicrobial properties of papaya (Vasconcellea
pubescens) subjected to low-temperature vacuum dehydration. Innov. Food Sci. Emerg. Technol. 2021, 67, 102563. [CrossRef]

48. Mahdavee Khazaei, K.; Jafari, S.M.; Ghorbani, M.; Hemmati Kakhki, A. Application of maltodextrin and gum Arabic in
microencapsulation of saffron petal’s anthocyanins and evaluating their storage stability and color. Carbohydr. Polym. 2014, 105,
57–62. [CrossRef]

49. Simirgiotis, M.J.; Caligari, P.D.S.; Schmeda-Hirschmann, G. Identification of phenolic compounds from the fruits of the mountain
papaya Vasconcellea pubescens A. DC. grown in Chile by liquid chromatography-UV detection-mass spectrometry. Food Chem.
2009, 115, 775–784. [CrossRef]

50. Vega-Gálvez, A.; Poblete, J.; Quispe-Fuentes, I.; Uribe, E.; Bilbao-Sainz, C.; Pastén, A. Chemical and bioactive characterization of
papaya (Vasconcellea pubescens) under different drying technologies: Evaluation of antioxidant and antidiabetic potential. J. Food
Meas. Charact. 2019, 13, 1980–1990. [CrossRef]

51. Li, C.; Chen, X.; Luo, J.; Wang, F.; Liu, G.; Zhu, H.; Guo, Y. PVDF grafted Gallic acid to enhance the hydrophilicity and antibacterial
properties of PVDF composite membrane. Sep. Purif. Technol. 2021, 259, 118127. [CrossRef]

52. Zhang, G.; Zheng, C.; Huang, B.; Fei, P. Preparation of acylated pectin with gallic acid through enzymatic method and their
emulsifying properties, antioxidation activities and antibacterial activities. Int. J. Biol. Macromol. 2020, 165, 198–204. [CrossRef]
[PubMed]

https://doi.org/10.1186/s42269-022-00714-2
https://doi.org/10.1002/fsn3.132
https://doi.org/10.3390/foods10123044
https://doi.org/10.1016/j.fbp.2020.09.004
https://doi.org/10.1016/j.lwt.2017.05.063
https://doi.org/10.1007/s11947-021-02633-y
https://doi.org/10.1007/s11947-018-2116-3
https://doi.org/10.1016/j.indcrop.2020.112891
https://doi.org/10.1590/S0101-20612009000200034
https://doi.org/10.1007/s13197-021-05308-w
https://doi.org/10.1016/j.jbiotec.2016.10.001
https://doi.org/10.1016/j.colsurfa.2019.123806
https://doi.org/10.1007/s10068-014-0102-8
https://doi.org/10.1007/s11130-018-0676-z
https://doi.org/10.7324/JAPS.2019.90306
https://doi.org/10.3390/scipharm87030020
https://doi.org/10.1016/j.foodchem.2017.05.142
https://www.ncbi.nlm.nih.gov/pubmed/28764044
https://doi.org/10.3390/foods11243950
https://www.ncbi.nlm.nih.gov/pubmed/36553691
https://doi.org/10.1016/j.ifset.2020.102563
https://doi.org/10.1016/j.carbpol.2014.01.042
https://doi.org/10.1016/j.foodchem.2008.12.071
https://doi.org/10.1007/s11694-019-00117-4
https://doi.org/10.1016/j.seppur.2020.118127
https://doi.org/10.1016/j.ijbiomac.2020.09.195
https://www.ncbi.nlm.nih.gov/pubmed/32991895


Antioxidants 2023, 12, 1900 16 of 16

53. Azeem, M.; Hanif, M.; Mahmood, K.; Ameer, N.; Chughtai, F.R.S.; Abid, U. An insight into anticancer, antioxidant, antimicrobial,
antidiabetic and anti-inflammatory effects of quercetin: A review. Polym. Bull. 2023, 80, 241–262. [CrossRef] [PubMed]
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