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Abstract: In this study, eggplant peel extract was used to obtain hydrogels. Two experimental
variants were realized by varying the wall materials. Whey proteins isolate (WPI), citrus pectin
(P), and sodium carboxymethylcellulose (CMCNa) were used as wall materials. The microcapsules
were obtained by the gelation technique, followed by freeze-drying in order to obtain powders.
Both experimental variants were analyzed in terms of phytochemical content, antioxidant activity,
storage stability, and in vitro digestibility. Additionally, confocal microscopy was used to observe
the encapsulation of the bioactive compounds from the eggplant peel extract into the selected
matrices. The encapsulation efficiency of the powders varied from 64.67 ± 0.68% for variant 1 (V1) to
96.44 ± 3.43% for variant 2 (V2). Both powders presented high bioactive compound content with
high antioxidant activity. V2 showed the highest stability within 28 days of storage, but also in the
simulated digestive system.

Keywords: eggplant peels; bioactive compounds; hydrogels; anthocyanins

1. Introduction

The agro-food industries generate annually overwhelming amounts of wastes by
the processing of various vegetables and fruits [1]. Until a few years ago, food waste
disposal was not a matter of concern. However, the increasing amounts of waste generated
and the environmental issues caused by them have drawn attention. Currently, various
organizations around the world are trying to find solutions to minimize food wastes
with lower economic costs [2]. Due to the high content of proteins, lipids, sugars, fibers,
pectin, or phytochemical compounds, the food wastes can be the ideal source from which
value-added foods can be obtained for feeding the growing population. Their valorization
in value-added food products represents an advantageous way of managing the wastes
problems, turning them from wastes into by-products [1,2].

The fruit and vegetable processing industry generates by-products especially rich in
natural antioxidants, such as polyphenols. These compounds are appreciated for their
nutritional and functional properties. A regular intake of phenolic compounds appears
to reduce the risk for developing coronary heart disease, hypertension, diabetes, obesity,
gastrointestinal diseases, etc. [3]. Their antioxidant activity delays the formation of off-
flavors and rancidity in food products, making them the perfect natural preservatives.
They can also be used as natural pigments for food and beverage coloring or in cosmetics
and nutraceuticals [4].

Aubergine, or eggplant, the name under which it is known worldwide, is a non-
tuberous Solanaceae family vegetable. Solanum melongena is a tropical fruit with multiple
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shapes, sizes, and colors, and is very perishable yet very tasty. The most commercially
important one is the purple variety (Solanum melongena L.) due to the anthocyanins located
in the peels [5].

The anthocyanins are flavonoids with red, blue, and purple colors in fruits, vegetables,
and flowers. Their basic structure is composed of a flavylium cation to which different
sugars, hydroxyl or methoxyl groups are attached [6]. Of all the phenolic compounds,
anthocyanins are the most sensitive. They easily degrade at higher pH, temperatures,
or at prolonged exposure to light, oxygen, enzymes, etc. [7]. The anthocyanins are also
sensitive to the digestive system conditions, especially when consumed separately from
the original food matrix, with only 1–2% of the ingested amount being absorbed [8]. The
latest researches propose encapsulation as a method of increasing the bioavailability and
bioaccessibility of anthocyanins. When choosing the suitable encapsulation method, the
properties of the bioactive compound, encapsulating material, and desired final product
must be taken into account [9].

The present study aimed to obtain functional ingredients from eggplant peels bioac-
tives for food or nutraceuticals applications. To extract the phenolic compounds from the
eggplant peels, the ultrasound-assisted extraction (UAE) method was applied. The extract
was characterized in terms of phytochemical content and antioxidant activity. Further, the
extract was used for encapsulation by the gelation technique, followed by freeze-drying
in order to obtain powders. Sodium carboxymethylcellulose (CMCNa), pectin (P), and
whey protein isolate (WPI) were used as wall materials in different concentrations due to
their ability to form hydrogels with three-dimensional networks. The two experimental
variants resulting were analyzed in terms of encapsulation efficiency (EE), total antho-
cyanin content (TAC), total flavonoid content (TFC), total polyphenol content (TPC), and
antioxidant activity. The microstructure of the powders was analyzed by confocal scanning
laser microscopy (CLSM). The evolution of phytochemicals during the storage stability test
was also monitored for 28 days. The in vitro release profile of the TAC and antioxidant
activity under simulated gastric and intestinal juices was also performed.

2. Materials and Methods
2.1. Materials

Whey protein isolate (protein content of 95%) from Fonterra (New Zeeland). Ethanol
96% (EtOH) from Titolchimica (Italy). HPLC purity methanol (MeOH), 2,2-diphenyl1-
picrylhydrazyl (DPPH), glacial acetic acid (CH3COOH), sodium nitrite solution (NaNO2),
potassium chloride solution (KCl), sodium acetate solution (CH3COONa), aluminum
chloride (AlCl3), sodium hydroxide (NaOH), sodium carbonate (Na2CO3), apple pectin,
sodium carboxymethyl cellulose (CMCNa), 6-hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid (Trolox), Folin–Ciocâlteu reagent, gallic acid, hydrochloric acid (HCl),
sodium bicarbonate (NaHCO3), Trizma buffer, the standards used for the HPLC analysis,
delphinidin 3-O-glucoside, delphinidin 3-O-rutinoside, and cyanidin 3-O-rutinoside were
obtained from Sigma-Aldrich Steinheim, Germany.

2.2. Methods
2.2.1. Biologically Active Compounds Extraction

The Solanum melongena L. autochthonous variety fruits were purchased from a local
market in Galat,i, Romania. The purple outer layer of the fruit were peeled in uniform
strips, washed with ultrapure water, dried with paper towels, and frozen. Subsequently,
the peels were freeze-dried until 90% dry weight (dw), at −42 ◦C, under a pressure of
0.10 mBar, with a CHRIST Alpha 1-4 LD plus equipment (Germany) for 48 h.

The biologically active compounds were extracted using the UAE method described
by Condurache et al. [10]. Briefly, 1 g of freeze-dried eggplant peels was mixed with 15 mL
of a solvent mixture composed of EtOH 96% and glacial acetic acid, in a 4:1 ratio. The
mixture was exposed for 15 min to ultrasounds at a 40 kHz frequency and 25 ◦C on a
Smart sonic cleaner ultrasonic bath (MRC. LTD, Holon, Israel). Further, the extracts were
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centrifuged for 10 min at 14,000 rpm and 4 ◦C. The resulting supernatant was concentrated
to dryness under reduced pressure at 40 ◦C (AVC 2-18, Christ, Shropshire, UK), and finally
phytochemically analyzed.

2.2.2. Extract Characterization

The extract was characterized in terms of yield of extraction, TAC, TFC, TPC, and
antioxidant activity, as described by Turturică et al. [11]. In brief, the TACs of 10 mg/mL
eggplant peels’ extract in ultrapure water were quantified using the pH differential method,
and the results were expressed as mg delphinidin 3-O-glucoside (D3G)/g dw [11]. The
TFC was analyzed using the colorimetric method based on the capacity of AlCl3 to form
stable complexes with the flavones or flavonols. The results were expressed as mg catechin
equivalent (CE)/g dw [11]. The TPCs were quantified using the colorimetric method with
the Folin–Ciocâlteu reagent, and the results were expressed as mg gallic acid equivalents
(GAE)/g dw [11]. The free radical scavenging activity of the extract was measured using
the DPPH, and the results were expressed as mM trolox equivalents (TE)/g dw [11]. The
yield of extraction was calculated using formula (1) as described by Swer et al. [12]:

EY =
extract weight

eggplant peels weight
× 100 (1)

2.2.3. HPLC Analysis of the Anthocyanins

The chromatographic analysis of the anthocyanins found in eggplants, including
separation, identification, and quantification, was made by the slightly modified method
described by Turturica et al. [11]. The used HPLC system was a Thermo Finnigan Surveyor
containing a diode array detector and Xcalibur software (Finnigan Surveyor LC, Thermo
Scientific, Waltham, MA, USA). The volume used for the injection of the samples was
20 µL with a flow rate of 1.0 mL/min. Before the injection, the samples were filtered using
0.22 µm syringe filters. All standard compounds used in this study were acquired from
Sigma-Aldrich (Darmstadt, Germany) and were of high purity (>95.0%).

2.2.4. Encapsulation of the Biologically Active Compounds from the Eggplant Peel Extract

The biologically active compounds from the eggplant peels’ extract were encapsu-
lated in hydrogels using the method described by Serrano-Cruz et al. [13] with slight
modifications. The hydrogels are 3D networks made from polymeric chains cross-linked
by physical or chemical bonds, having a high affinity for water [14]. In our study, two
experimental variants were obtained using CMCNa, P, and WPI as wall material. For the
first variant (V1), 1.5% P, 1.5% CMCNa, and 3% WPI were dispersed in ultrapure water
during the agitation on a magnetic stirrer (IKA RCT Basic, Staufen Germany) for 6 h at
45 ◦C and 450 rpm. For the second variant (V2), 2.25% P, 2.25% CMCNa, and 1.5% WPI in
ultrapure water were also hydrated for 6 h at 45 ◦C and 450 rpm on the heating magnetic
stirrer (Figure 1). Both variants were allowed to stand at 4 ◦C overnight to ensure the
full hydration of the wall materials, after which 25 mg/mL of extract was added in each
mixture and homogenized for 2 h at 25 ◦C and 450 rpm. The measured pH of the mixtures
was 2.5 due to the extract. The samples were frozen at −80 ◦C. Further, the mixtures
were freeze-dried to obtain stable powders with a Alpha 1-4 LD plus equipment (CHRIST,
Osterode am Harz, Germany) for 48 h, at −42 ◦C under a pressure of 0.10 mBar until a
94.37% dw for V1 and 96.31% dw for V2. Finally, the powders were collected and packed
in plastic tubes with light protection and stored at 4 ◦C for later analyses.



Inventions 2021, 6, 47 4 of 12Inventions 2021, 6, 47 4 of 12 
 

V1 
100 mL ultrapure water 

+1.5% P 
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Solubilization 6 h, 45 °C, 450 rpm 
 

Overnight rest, 4 °C, dark 
 

+ 25 mg/mL eggplant peel extract 
 

Solubilization 2 h, 25 °C, 450 rpm 
 

Freezing −80 °C 
 

Freeze-drying 48 h, −42 °C, 0.10 mBar  
pressure, 94.37% dw. 
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100 mL ultrapure water 

+2.25% P 
+2.25% CMCNa 

+1.5% WPI 
 

Solubilization 6 h, 45 °C, 450 rpm 
 

Overnight rest, 4 °C, dark 
 

+25 mg/mL eggplant peel extract 
 

Solubilization 2 h, 25 °C, 450 rpm 
 

Freezing −80 °C 
 

Freeze-drying 48 h, −42 °C, 0.10 mBar  
pressure, 96.31% dw. 
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Figure 1. The eggplant peel extract encapsulation scheme using the gelation technique.

2.2.5. Powder Characterization

The obtained powders were phytochemically analyzed in terms of initial TAC, TFC,
TPC, and antioxidant activity [11]. The encapsulation efficiency (EE) of the anthocyanins
was also calculated by measuring the TAC and the surface anthocyanins content (SAC) as
described by Condurache et al. [15].

To measure the TAC, TFC, TPC, and antioxidant activity, 200 mg of each powder
was mixed with 7 mL of methanol/glacial acetic acid/distilled water (25:4:21 v/v/v). The
mixtures were vortexed for 1 min and sonicated for 30 min at 25 ◦C and 40 kHz using
an ultrasonic bath (MRC. LTD, Holon, Israel). Further, the samples were centrifuged at
14,000 rpm for 10 min at 4 ◦C, and the supernatant was analyzed.

The EE represents the content of anthocyanins encapsulated in the matrix, and it was
calculated as a percentage ratio between TAC and surface anthocyanin content (SAC). The
SAC was measured by mixing 200 mg of each powder with 7 mL of ethanol/methanol (1:1
v/v), vortexing for 1 min, and centrifuging at 14,000 rpm for 10 min at 4 ◦C. The resulting
supernatants were analyzed using the pH differential method [11]. The EE was calculated
using Equation (2).

% EE =
(TAC − SAC)

TAC
× 100 (2)

TAC—Total Anthocyanin Content; SAC—Surface Anthocyanin Content.

2.2.6. Storage Stability

The encapsulated powders were evaluated regarding the TAC, TFC, TPC, and antiox-
idant activity during storage at room temperature in plastic tubes with light protection.
The biologically active compounds were extracted as described in Section 2.2.5. Powder
characterization and the phytochemicals were analyzed after 28 days of storage.

2.2.7. Confocal Laser Scanning Microscopy (CLSM)

The Confocal Laser Scanning Microscopy technique was used to observe the encapsu-
lation process of the eggplant peel extracts’ bioactives within the selected matrices. As an
analysis method, confocal microscopy allows the morphology and structure observation
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without the fragmentation of the targeted microparticles. CLSM was performed using a
Zeiss confocal laser system (LSM 710) equipped with a diode laser (405 nm), Ar-laser (458,
488, 514 nm), DPSS laser (diode pumped solid state e 561 nm) and HeNe-laser (633 nm).
The obtained powders were fluorescently stained with Red Congo (40 µM), and the distri-
bution of the bioactives into the powder matrix was observed using a Zeiss AxioObserver
Z1 inverted microscope equipped with a 40x apochromatic objective (numerical aper-
ture 1.4). Furthermore, the FS49, FS38, and FS15 filters were also used for the analysis.
The 3D images were rendered, classified, and analyzed with the ZEN 2012 SP1 software
(black edition).

2.2.8. Powders Behavior in Simulated Digestion

The simulated gastrointestinal digestion of the powders was performed according to
Oancea et al. [16], at 37 ◦C and 150 rpm on an SI-300R orbital shaking incubator (Medline
Scientific, Chalgrove, UK). The static model that simulates the digestion in the stomach
was performed to measure the bioavailability of the anthocyanins and the antioxidant
activity from the two variants of powders. The gastric digestion was performed for 2 h
using simulated gastric fluid (SGF) that contained porcine pepsin (40 mg/mL in 0.1 M HCl)
at a pH = 2.00. The intestinal digestion was performed using intestinal fluid (SIF) with
2 mg/mL pancreatin at Ph = 5.3. The release was calculated using Equation (3):

% Release =
initial concentration

digested concentration
× 100 (3)

2.2.9. Statistical Analysis of Data

The statistical analysis of data was performed using the Minitab 17 Statistics Software.
The differences between the samples were assessed using the Tukey test with the One-way
ANOVA method. All the experiments were completed in triplicates, and the results were
expressed as average values with a standard deviation.

3. Results
3.1. Eggplant Peel Extract Characterization

Eggplant peels are rich in biologically active compounds, mainly in anthocyanins.
In the present work, the bioactives from the eggplant peels were extracted using the
UAE method, with ethanol as a solvent. This combination between the method, solvent,
and acid had a 74.79% extraction yield. The obtained extract was analyzed in terms of
phytochemical content and antioxidant activity, and the results are presented in Table 1. The
extract highlighted a TAC of 0.35 ± 0.07 mg C3G/g dw, a TFC of 2.99 ± 0.12 mg CE/g dw,
and a TPC of 12.79 ± 0.66 mg GAE/g dw. The DPPH scavenging capacity of the extract
presented 193.14 ± 1.25 mM TE/g dw.

Table 1. The phytochemical content of the eggplant peel extract.

Phytochemical
Content

TAC
mg D3G/g dw

TFC
mg CE/g dw

TPC
mg GAE/g dw

Antioxidant Activity
mM TE/g dw

Eggplant peel extract 0.35 ± 0.07 2.99 ± 0.12 12.79 ± 0.66 193.14 ± 1.25

TAC = total anthocyanin content; TFC = total flavonoid content; TPC = total polyphenol content; D3G = delphinidin 3-O-glucoside;
CE = catehin equivalent; GAE = gallic acid equivalent; TE = trolox equivalent; dw = dry weight.

Hosseini et al. [17] presented a TAC of 0.43 ± 1.24 mg D3G/g fw and a TPC of
2.07 ± 4.20 mg GAE/g fw after the conventional extraction of bioactives from eggplant
peels using water/ethanol/acetic acid in a 50:48:2 ratio. On the contrary, Horincar et al. [18]
reported higher TAC, TFC, and TPC values than ours after using acidified ethanol for the
UAE extraction of the eggplant peels bioactives. However, the antioxidant activity on
DPPH free radical reported by them presented lower values than our extract. Jung et al. [19]
extracted the phenolics from different parts of eggplant and reported a TPC content of
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55.19 ± 1.30 mg GAE/g extract and TFC of 6.19 ± 0.28 mg CE/g extract. The differences
between our results and the other studies’ results are due to the phytochemical variabil-
ity from the raw material and extraction conditions. Though, the obtained data from
Table 1 confirm that the eggplant peels are a rich source of biologically active compounds,
especially anthocyanins.

3.2. HPLC Analysis of the Anthocyanin

In order to achieve the characterization of the eggplant anthocyanin profile a chromato-
graphic analysis was performed by using the HPLC technique (Figure 2). The identification
and the quantification of anthocyanin were made depending on the retention time and by
comparison with the available standards and the data existing already in the literature.
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Figure 2. Chromatographic profile of eggplant peel extracts: Peak 1—delphinidin 3-O-rutinoside-
5-glucoside; Peak 2—5: unidentified; Peak 6—delphinidin 3-O-glucoside; Peak 7—unidentified;
Peak 8—delphinidin 3-O-rutinoside; Peak 9—unidentified; Peak 10—cyanidin 3-O-rutinoside; Peak
11–petunidin 3-O-rutinoside.

The anthocyanin identification was made at 520 nm, and the chromatographic analysis
revealed the presence of 11 compounds: delphinidin 3-O-rutinoside-5-glucoside (Peak 1),
delphinidin 3-O-glucoside (Peak 6), delphinidin 3-O-rutinoside (Peak 8), cyanidin 3-O-
rutinoside (Peak 10), and petunidin 3-O-rutinoside (Peak 11), whereas peaks 2—5, 7, and 9
were unidentified.

The eggplant peel extract (Figure 2) revealed that delphinidin 3-O-glucoside is the
major anthocyanin identified, having a concentration of 82.51%. These results are in agree-
ment with those obtained by Azuma et al. [20]. They managed to identify delphinidin 3-O-
rutinoside and nasunin as being the major compounds found in the eggplant extract. Del-
phinidin 3-O-rutinoside followed delphinidin 3-O-glucoside closely, with a concentration
of 66.94%. The other identified anthocyanin compounds varied in terms of concentration,
such as: delphinidin 3-O-rutinoside-5-glucoside—11.57%, cyanidin 3-O-rutinoside—5.08%,
and petunidin 3-O-rutinoside—2.14%. In their studies, Ferarsa et al. [21], Dranca et al. [22],
and Mauro et al. [23] managed to separate and identify only five anthocyanins from
eggplant peel extracts. In our research conducted so far, we highlighted that the major
anthocyanin found in eggplant is delphinidin 3-O-rutinoside. This study revealed a high
concentration of delphinidin 3-O-glucoside. The difference between the two is explained
by Mauro et al. [23], thereby passing to different stages of ripening, the delphinidin 3-O-
rutinoside concentration in different eggplant cultivars show a significant decrease.
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3.3. Encapsulation Efficiency and Powders Characterization

The encapsulation efficiency refers to the potential of wall material to entrap and hold
the core material inside the capsule [24]. In our study, different wall material concentrations
caused significant differences in the anthocyanin encapsulation efficiencies, as presented
in Table 2 (p < 0.05). Thus, the encapsulation efficiency significantly increased with the
polysaccharides concentration, ranging from 64.67 ± 0.67% for V1 to 96.44 ± 3.43% for
V2 (p < 0.05). Our results are in agreement with other studies. Condurache et al. [15]
reported encapsulation efficiencies of the eggplant peel anthocyanins in CMC, P, and WPI
ranging from 69% to 77%. In this study, an increase in the encapsulation efficiency was also
observed with the increase of the CMC concentration.

Table 2. Characterization of the encapsulated eggplant peels extract.

Phytochemical
Content

TAC
µg D3G/g dw

TFC
mg CE/g dw

TPC
mg GAE/g dw

Antioxidant Activity
mM TE/g dw

Encapsulation
Efficiency %

V1 50.41 ± 2.13 a 1.53 ± 0.06 a 8.03 ± 0.18 a 41.96 ± 0.28 a 64.67 ± 0.67 a

V2 94.94 ± 7.94 b 1.64 ± 0.14 a 7.22 ± 0.18 b 36.60 ± 0.83 b 96.44 ± 3.43 b

For each tested phytochemical and powder variant, values from the same column that do not share a letter are statistically different at
p < 0.05 based on the Tukey method and 95% confidence. TAC—Total Anthocyanin Content; TFC—Total Flavonoid Content; TPC—Total
Polyphenol Content.

Higher CMC and P concentrations also led to higher anthocyanin content entrapped
in the powders. Thus, V2 presented a significantly higher TAC than V1 (p < 0.05). On
the contrary, significantly higher TPC and antioxidant activity values were obtained for
the variant with higher WPI concentration (p < 0.05). The TFC was not significantly
different, regardless of the powder variant (p > 0.05). An opposite behavior was reported
by Stanciuc et al. [25], who obtained higher polyphenol concentrations and antioxidant
activities for higher pectin concentrations in grape skin bioactive-containing powders.

However, from Table 2, it can be observed that both powder variants showed high
encapsulation efficiencies with high antioxidant activities. This leads us to conclude that
the wall material combinations successfully encapsulated the phytochemicals from the
eggplant peel extract.

3.4. Storage Stability of the Powders

The powders were stored at room temperature for 28 days and were characterized in
terms of phytochemical content and antioxidant activity. The changes in TAC, TFC, TPC,
and antioxidant activity of both powder variants during storage are shown in Figure 3.

The TAC and TFC of both powder variants did not significantly change during the
28 days of storage (p > 0.05). Instead, the TPC of V2 presented a significant increase
(p < 0.05), while the TPC of V1 remained constant. Regarding the antioxidant activity, V1
showed significantly lower values after 28 days of storage, while V2 presented significantly
higher values than the initial values (p > 0.05). Similar behavior was also reported by
Moser et al. [26]. They suggested that the microencapsulation of grape juice combined with
storage at low temperatures offered storage stability to the anthocyanins. On the contrary,
Azarpazhooh et al. [27] reported a decrease in the TAC of the pomegranate peels bioactives
microencapsulated powder as the period of storage increased.

However, from Figure 3, it can be observed that both variants showed low antioxidant
activities and phytochemical content variation in time. This leads us to conclude that the
used combination between CMC, P, and WPI successfully encapsulated the anthocyanins
from eggplants peel extract, providing them good stability.
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Figure 3. The TAC (a), TFC (b), TPC (c), and antioxidant activity (d) stability of the encapsulated powders after 28 days
of storage at room temperature. For each tested phytochemical and powder variant, columns that do not share a let-
ter are statistically different p < 0.05. TAC—Total Anthocyanin Content; TFC—Total Flavonoid Content; TPC—Total
Polyphenol Content.

3.5. Morphological Structure of the Powders

Confocal microscopy is an excellent tool to investigate the morphostructural features of
microencapsulated powders. Using the LSM 710 point-by-point scanning equipment, with
the DPSS (561 nm) and HeNe (633 nm) lasers and the corresponding filters (FS38 WF and
FS15 WF, respectively), the samples were analyzed in both their native form (to observe the
autofluorescence emission of the phytopigments from the eggplant extracts) as well as after
staining of the samples with Congo Red, which has an affinity for the protein component
of the microencapsulating matrix. Thus, the bioactives from the eggplant exocarp, by
encapsulation, generated a digitiform, laced appearance in the V1 variant (Figure 4a) or
compact irregular scales in the V2 variant (Figure 4b). Interestingly, the same plant extract
displayed different autofluorescent properties depending on the proportion of biopolymers
used for the microencapsulating matrix, probably due to the transient bonds created. The
higher percentage of WPI in the V1 variant determined a frameshift of the emission to
the range of 640–680 nm, while in the presence of a matrix richer in polysaccharides (V2),
the emission spectrum of the phytopigments in the extract appeared in the green-yellow
domain (520–540 nm). Similar results were obtained by Chanoca et al. [28] in 2016 who
used fluorescence lifetime microscopy to study the subcellular localization of anthocyanins
in plant cells [28]. By labeling with Congo red (Figure 4c,d), the powders formed more or
less homogeneous biofilms. In the WPI network (in red) predominant in the V1 sample
matrix, a large diversity of bioactives (in green) was observed (Figure 4c). As the WPI
content decreased and the content of carbohydrate polymers in the matrix increased, the
powder became more hydrophilic, finer, and more homogeneous, and the fluorescent
labeling with Congo red was weaker.



Inventions 2021, 6, 47 9 of 12
Inventions 2021, 6, 47 9 of 12 
 

 
Figure 4. Confocal laser scanning images of the microencapsulated powders: V1 ((a)—native, 
(c)—stained) and V2 ((b)—native, (d)—stained). 

3.6. Powders Behavior in Simulated Digestion 
The anthocyanins have the lowest bioavailability among polyphenols, with only 1–

2% of them being absorbed by the human body. Their absorption is affected by the 
physicochemical conditions from the gastrointestinal tract, such as pH, enzymes, and 
microbiota [29]. The combination between a top-down method such as gelation and a 
bottom-up method such as freeze-drying can represent a solution to assure an intelligent 
delivery system for the eggplant peel anthocyanins. 

In our study, the encapsulated powders’ behavior was studied under simulated 
gastric and intestinal conditions. The results obtained for the in vitro digestibility in 
simulated gastric fluid (SGF) showed that the encapsulation methods and the selected 
coating materials presented a protective effect on the anthocyanin release. In Figure 5a, 
we observed a remarkable anthocyanin content stability, with only 3% and 7% release for 
V1 and V2, respectively, after 120 min of gastric digestion. After the intestinal fluid was 
added, an accelerated anthocyanin release from the matrices was observed (Figure 5b). 
Thus, the anthocyanins from V1 completely released after only 60 min. For V2 instead, 
the anthocyanins started to gradually release in time. Thus, after 30 min of digestion, half 
of the anthocyanins were released from the matrix, reaching complete release after 120 
min of digestion. It can be noticed a higher anthocyanin protective effect by the matrix 
containing higher CMCNa and P concentration. 

Condurache et al. [15] reported a high protective effect of the anthocyanins from 
eggplant peels encapsulated with proteins and polymers, with a maximum of 42% intes-
tinal release. Instead, Huang and Zhou [30] reported that a complete release of the en-
capsulated anthocyanins from black rice occurred after 20 min of intestinal digestion. 

Figure 4. Confocal laser scanning images of the microencapsulated powders: V1 ((a)—native, (c)—stained) and V2
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3.6. Powders Behavior in Simulated Digestion

The anthocyanins have the lowest bioavailability among polyphenols, with only
1–2% of them being absorbed by the human body. Their absorption is affected by the
physicochemical conditions from the gastrointestinal tract, such as pH, enzymes, and
microbiota [29]. The combination between a top-down method such as gelation and a
bottom-up method such as freeze-drying can represent a solution to assure an intelligent
delivery system for the eggplant peel anthocyanins.

In our study, the encapsulated powders’ behavior was studied under simulated
gastric and intestinal conditions. The results obtained for the in vitro digestibility in
simulated gastric fluid (SGF) showed that the encapsulation methods and the selected
coating materials presented a protective effect on the anthocyanin release. In Figure 5a,
we observed a remarkable anthocyanin content stability, with only 3% and 7% release for
V1 and V2, respectively, after 120 min of gastric digestion. After the intestinal fluid was
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added, an accelerated anthocyanin release from the matrices was observed (Figure 5b).
Thus, the anthocyanins from V1 completely released after only 60 min. For V2 instead, the
anthocyanins started to gradually release in time. Thus, after 30 min of digestion, half of
the anthocyanins were released from the matrix, reaching complete release after 120 min of
digestion. It can be noticed a higher anthocyanin protective effect by the matrix containing
higher CMCNa and P concentration.
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Figure 5. In vitro digestibility of encapsulated anthocyanin and antioxidant activity in simulated gastric fluid (a,c) and
simulated intestinal fluid (b,d).

Condurache et al. [15] reported a high protective effect of the anthocyanins from
eggplant peels encapsulated with proteins and polymers, with a maximum of 42% intestinal
release. Instead, Huang and Zhou [30] reported that a complete release of the encapsulated
anthocyanins from black rice occurred after 20 min of intestinal digestion.

In terms of antioxidant activity, there is a release of up to 14% for V1 and 40% for V2
after 120 min of simulated gastric digestion (Figure 5c). If in the anthocyanin’s case, their
complete release in simulated intestinal digestion took place after only 60 min for V1, in
the case of antioxidant activity, a gradual release is observed for both variants (Figure 5d).
Thereby, a 50% release is observed for both variants after the first 30 min of simulated
intestinal digestion. Afterward, the release took place more slowly, reaching full release
after 120 min of digestion. These results may be explained by the phenolic acids formed
during the degradation of the anthocyanins in intestinal digestion [31].

4. Conclusions

This study focused on the obtaining of functional ingredients for food or nutraceuticals
applications by the extraction and encapsulation of phenolic compounds from eggplant
peels, mainly on the anthocyanins. Thereby, the anthocyanins were extracted using the
ultrasound-assisted extraction method and phytochemically characterized. The major an-
thocyanin from the extract is delphinidin 3-O-glucoside. Further, the present study aimed
to compare the impact of the two encapsulation matrices on the stability and controlled
release of the anthocyanins. Thus, the gelation technique combined with the freeze-drying
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technique was used, and the wall materials tested in this study were the CMCNa, P, and
WPI in different concentrations. It has been demonstrated that higher concentrations of
CMCNa and P in the encapsulation matrix resulted in higher anthocyanin retention, encap-
sulation efficiency, and storage stability. The confocal microscopy revealed a digitiform,
laced appearance in the V1 and compact irregular scales in the V2 generated by the eggplant
peels’ bioactives. As the content of polysaccharides increased in the matrix, the powder
became more hydrophilic and homogeneous. The in vitro digestion study indicated that
each type of matrix exhibited a different protection mechanism for the anthocyanin and the
antioxidant activity of the encapsulated powders. A higher polysaccharide concentration in
the matrix provides high anthocyanin stability in the gastric system and a gradual release
in the intestinal system, which can lead to their better absorption.

Our results can be used in formulating new functional foods with high value added.
In this regard, more research will be further addressed.
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