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Abstract: The banana inflorescence (BI) is a rich source of antioxidants and dietary fiber,
making it a valuable by-product of banana harvesting. This study aimed to maximize the
ultrasound-assisted extraction (UAE) of antioxidant compounds from BI and analyze the
residue’s composition and functional properties. The Box–Behnken Design was applied to
test different ultrasound powers, temperatures, and sample-to-solvent ratios on the total
phenolic content (TPC) and total flavonoid content (TFC). The UAE conducted at 350 W,
55 ◦C, 1:30 (g/mL) ratio for 30 min resulted in the highest TPC (1637.12 mg/100 g) and TFC
(22.97 mg/100 g). Isovanillin, caffeine, naringin, sinapaldehyde, nicotinic acid, quinic acid,
malic acid, and fumaric acids were reported for the first time for BI. The extract obtained
by UAE showed a higher content of these compounds and higher antioxidant activity
than that obtained through conventional extraction (orbital shaking). The residue obtained
after UAE presented dietary fiber as the main component (71.91 g/100 g) and a higher
oil absorption index (5.78 g/g) than untreated BI. Therefore, BI is a source of bioactive
compounds, and both the extract and residue can be used in the pharmaceutical, food, and
cosmetic industries, enabling the productive sector to move closer to the circular economy.

Keywords: Musa spp.; by-product; banana blossom; phenolics; antioxidant activity; dietary fiber

1. Introduction
Banana harvesting is widespread in Brazil, with almost 7 million tons produced in

2023 [1]. This plant belongs to the Musaceae family, with three genera, Ensete, Musella,
and Musa, the latter being the most common and consumed worldwide [2]. During banana
harvesting, by-products, such as peels, leaves, pseudostems, stems, and inflorescences,
are generated [3,4]. Banana inflorescence (BI), also known as mangará, banana heart, or
banana flower, has been consumed as food in several countries [5,6]. The names refer to the
dark-purple, reddish heart-shaped flower bud found at the end of the stem; however, after
the last bunch of bananas is open, BI is removed, and, currently, it is used only to fertilize
the soil or feed animals [7].

BI is considered a Non-Conventional Food Plant (NCFP) due to its low utilization
and high nutritional value [8,9]. Among the compounds already identified in BI are
phenolic acids (gallic, hydroxybenzoic, gentisic, vanillic, caffeic, ferulic, syringic, ferulic,
chlorogenic, coumaric, and sinapic) and flavonoids (catechin, epicatechin, quercetin, and
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rutin) [4,5,10]. These compounds are important both for human nutrition and applications
in pharmaceuticals or cosmetics, as they are correlated with antioxidant activity, which
reduces the oxidative attack on biomolecules and, therefore, premature aging [4].

Antioxidant compounds are extracted mainly using conventional methods, such as
orbital shaking extraction (OSE), whose purpose varies from the components’ simple mix-
ing to the increase in mass transfer [11]. Emerging technologies for antioxidant compound
extraction, such as ultrasound-assisted extraction (UAE), have promoted greater interaction
between the solvent and sample, increasing process efficiency [12]. The UAE promotes
the rupture of plant cell walls, facilitating solvent diffusion, with advantages in terms of
reproducibility, speed, and costs [13]. However, it is necessary to evaluate several parame-
ters for an efficient extraction process with better use of natural resources. For the UAE,
process conditions, such as power, temperature, sample-to-solvent ratio, and time, may
have a great effect on the yield of phenolic and flavonoid extraction [13–15].

The extracted antioxidant compounds have numerous applications as natural preser-
vatives in food, pharmaceutical, and cosmetic products. However, after extraction, a
low-value-added residue is generated, which is concentrated in dietary fiber, proteins,
and carbohydrates. BI of Musa cavendishii presents dietary fiber (52.16 g/100 g), pro-
teins (15.84 g/100 g), ashes (11.73 g/100 g), lipids (4.22 g/100 g), and carbohydrates
(16.01 g/100 g) [16] in its composition. Bhaskar et al. [10] reported that 88.87% of BI dietary
fiber corresponds to the insoluble fraction. Therefore, studying the residue generated after
the extraction of antioxidants and investigating its properties is important to promote the
full use of this raw material, increasing its commercial value. This is the first report about a
process for obtaining an extract, rich in antioxidants, and a residue, rich in dietary fibers
from BI, with different application possibilities, that can contribute to the circular economy
of the production sector.

Thus, this study aimed to (i) maximize the UAE conditions of total phenolic content
(TFC) and total flavonoid content (TFC) from BI; (ii) compare the extracts obtained by
UAE and by OSE regarding TPC, TFC, and antioxidant activity (AA); (iii) characterize the
residue obtained after the most effective extraction condition, regarding composition and
functional properties.

2. Materials and Methods
2.1. Raw Material Preparation

The banana inflorescences (male flowers and bracts) from M. cavendishii were harvested
in August 2024 in Pérola-Paraná, Brazil (23.8040◦ S, 53.6872◦ W). BIs were cleaned in
running water, sanitized with sodium hypochlorite (100 ppm) for 15 min, and dried in an
oven under forced air circulation (MA 035, Marconi, Piracicaba, Brazil) at 45 ◦C for 24 h
until a moisture of ~10% was reached. The dried material was crushed (knife mill, A11, Ika,
Campinas, Brazil), sieved (0.55 mm), and stored in hermetic bags at −18 ◦C until analyses.

2.2. Ultrasound-Assisted Extraction

The UAE followed the Box–Behnken Design, with three independent factors, twelve
middle-edge nodes, and three center nodes. The extractions were carried out using an
ultrasonic cell disruptor with a probe (Biobase®, Ji’nan, China), as shown in Figure 1. The
following independent factors were evaluated: ultrasound power (200, 350, and 500 W),
temperature (25, 40, and 55 ◦C), and sample-to-solvent ratio (mass/volume) of 1:10, 1:20,
and 1:30. The experiments were performed for a fixed time of 30 min [16], using 80%
ethanol (v/v) as the extracting solution, according to preliminary tests. The response
variables were total phenolic content (TPC) and total flavonoid content (TFC).
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In the UAE conditions that rendered the highest TPC and TFC (ultrasound power
of 350 W, temperature of 55 ◦C, and sample-to-solvent ratio of 1:30 g/mL), UAE was
performed at different times (15, 30, 45, and 60 min) and ultrasound powers (600, 700, and
800 W).

2.3. Orbital Shaking Extraction

Conventional extraction by orbital shaking (Shaker, Marconi, Piracicaba, Brazil) at
200 rpm (maximum equipment rotation) was performed for comparison, keeping all the
other conditions the same as those for maximum extraction of TPC and TFC by UAE
(55 ◦C, 30 min, and sample-to-solvent ratio of 1:30 using ethanol 80% v/v). The extract was
quantified for its TPC and TFC [17].

2.4. Total Phenolic Content and Total Flavonoid Content

The TPC was determined by mixing of extracts with 0.9 N Folin-Ciocalteau reagent
and 7.5% (m/v) sodium carbonate solution. The absorbance was read at 760 nm in a
spectrophotometer (Shimadzu® (Kyoto, Japan), 1900). From the analytical curve (R2 > 0.99)
of gallic acid (50 to 500 mg/L), the results were calculated in gallic acid equivalents (GAE)
on a dry basis (d.b.) [18].

The extracts were diluted and gradually added with NaNO2 (50 g/L), AlCl3 (100 g/L),
NaOH (1 M), and deionized water to assess TFC content. The solution was stirred and read
at 510 nm in a spectrophotometer. The TFC content was calculated based on the analytical
curve (R2 > 0.99) of quercetin and expressed in quercetin equivalent (QE), d.b [19].

2.5. Characterization of Extracts Obtained Under Maximized Conditions
2.5.1. Antioxidant Activity

The extracts obtained under conditions that rendered the highest TPC and TFC
by UAE and OSE had their antioxidant activity (AA) determined by different analyti-
cal methods: (a) 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging method;
(b) iron reducing power (FRAP); (c) 3-ethylbenzothiazoline-6-sulfonic acid ABTS free rad-
ical scavenging. For quantification, analytical curves (R2 > 0.99) were prepared for each
method with Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) solutions.
The results were expressed in Trolox equivalent (TE), d.b. [20].
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2.5.2. Phytochemical Identification

The extracts obtained under maximized conditions by UAE and OSE were char-
acterized regarding phenolic compound profile by ultra-high-performance liquid chro-
matography coupled with tandem mass spectrometry (UHPLC-MS/MS) (Shimadzu®

model 8050 MS and Nexera® X2 HPLC). The injection volume was 1 µL. The mobile
phases were Milli-Q water acidified with 0.1% formic acid (A) and methanol-grade MS
(Merck® (Darmstadt, Germany)) (B), operated at a flow rate of 0.5 mL/min, in linear gra-
dient mode: 1–9 min (20% B), 10–15 min (40% B), and 16–30 min (10% B). The run was
performed using a C18 column (5 µm, 150 × 4.6 mm, Shimadzu®), without a precolumn.
The temperature of the autosampler and column was maintained at 40 ◦C. The MS/MS
detector was operated in scan mode for 15 min (scanning rate until 30,000 u/s). It was
monitored in negative and positive electrospray ionization source (EIS), scanned with
multiple reaction monitoring (MRM) mode (until 555 MRMs/s). Collision energy was
−15 V (positive) and 30 V (negative). The flow rates of nebulizing gas and drying gas
were 3 L/min and 10 L/min, respectively. The values for interface voltage, current, and
temperature were 3 kV, 7µA, and 300 ◦C, respectively, while the temperature of desolvation
was 526 ◦C. Argon was used as a collision gas at a maximum pressure of 20 mPa. Dwell
time was 2–12 s. Insight Software version 5.123 (Shimadzu®) was used for quantification of
the detected compounds, based on the analytical curves (10–250 µg/L) of the following
compounds: catechol, morin, isovanillin, gallic acid, quercetin, hydroxybenzaldehyde,
naringenin, syringaldehyde, chlorogenic acid, syringic acid, protocatechuic acid, vanillic
acid, salicylic acid, vanillin, ferulic acid, p-hydroxybenzoic acid, naringin, p-coumaric acid,
caffeic acid, coniferyl aldehyde, sinapic acid, syringaldazine, catechin, sinapaldehyde, lute-
olin, rutin, theobromine, epicatechin, baicalin, chrysin, quinic acid, malic acid, kaempferol,
coumarin, caffeine, resorcylic acid, nicotinic acid, and fumaric acids [21].

2.6. Characterization of Residue

After the extraction was conducted in the condition of maximum TPC and TFC
(Section 2.2), the material was centrifuged, and the residue was dried at 60 ◦C until constant
mass (~10% moisture).

The proximate composition was determined according to the Association of Official
Analytical Chemists [22]. Moisture (method n. 925.09B), ashes (method 923.03), proteins
(method 920.87), lipids (method 920.85), and dietary fiber (method 985.29) were determined
for the extraction residue and for a sample of the BI (obtained as described in Section 2.1),
without undergoing the extraction process. The results were expressed on a dry basis.

The functional properties, water solubility index (WSI), water absorption index (WAI),
oil absorption index (OAI), emulsifying activity (EA), and emulsion stability (ES) were
determined according to the methodology of Seibel and Beléia [23].

The instrumental color of the products was measured using a colorimeter (Konica
Minolta, model CR-400), and their colors were obtained through the CIE coordinates.
L* (lightness) varies from zero (darker) to 100 (lighter), and the chromaticity coordinates
a* and b*, from −a* (green) to +a* (red), and from −b* (blue) to +b* (yellow).

2.7. Statistical Analysis

UAE followed the Box–Behnken Design, and the data were statistically treated using
the Statistica 7.0 software (StatSoft® Inc., Tulsa, OK, USA) at a 5.0% significance level
(p < 0.05), in which the mathematical models were obtained. The models were subjected
to an analysis of variance (ANOVA) and the coefficient of determination (R2). From the
desirability profile, it was possible to define the level of the variables that provided higher
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extraction of TPC and TFC. In the maximized condition, the extraction was repeated
(triplicate), and the result was compared to the predicted value.

Characterization analyses were performed in triplicate (n = 3). The results were
statistically treated using the Statistica 7.0 software (StatSoft® Inc., Tulsa, OK, USA) by
ANOVA (with one source of variation) and t-test (two variables) or Tukey’s test (more than
two variables), at a 5.0% significance level (p < 0.05).

3. Results and Discussion
3.1. Conditions of Maximum Extraction of TPC and TFC by UAE

Table 1 shows the experimental data for the TPC and TFC extraction from the BI
(M. cavendishii). The TPC ranged from 591.77 to 1637.12 mg GAE/100 g, while the TFC
ranged from 14.39 to 22.97 mg QE/100 g, demonstrating that the conditions used in the
experimental design affected the responses obtained. The results of experiments 13 to
15 (central point) were similar, which indicates adequate experimental repeatability.

Table 1. Experimental conditions and total phenolic content (TPC) and total flavonoid content (TFC)
of the BI extracts obtained by ultrasound-assisted extraction (UAE).

Encoded (Decoded) Independent Variables Dependent Variables

Assay Power (W) Temperature (◦C) S/S Ratio (g/mL) TPC (mg GAE/100 g, d.b.) TFC (mg QE/100 g, d.b.)

1 −1 (200) −1 (25) 0 (1:20) 871.27 f ± 15.11 14.55 g ± 0.39
2 1 (500) −1 (25) 0 (1:20) 966.39 ef ± 34.19 16.14 fg ± 0.35
3 −1 (200) 1 (55) 0 (1:20) 1447.37 b ± 84.36 17.81 def ± 0.61
4 1 (500) 1 (55) 0 (1:20) 1604.74 a ± 80.31 19.28 cd ± 1.45
5 −1 (200) 0 (40) −1 (1:10) 885.46 f ± 17.21 14.39 g ± 0.61
6 1 (500) 0 (40) −1 (1:10) 902.03 f ± 22.67 10.49 h ± 0.21
7 −1 (200) 0 (40) 1 (1:30) 1273.11 c ± 68.8 20.60 bc ± 0.22
8 1 (500) 0 (40) 1 (1:30) 1348.63 bc ± 33.9 21.57 ab ± 0.39
9 0 (350) −1 (25) −1 (1:10) 591.77 g ± 21.49 11.35 h ± 0.43

10 0 (350) 1 (55) −1 (1:10) 1231.29 cd ± 67.07 14.64 g ± 0.52
11 0 (350) −1 (25) 1 (1:30) 1096.20 de ± 35.71 18.11 de ± 0.33
12 0 (350) 1 (55) 1 (1:30) 1637.12 a ± 62.66 22.97 a ± 0.05
13 0 (350) 0 (40) 0 (1:20) 1227.81 cd ± 34.94 18.13 de ± 0.81
14 0 (350) 0 (40) 0 (1:20) 1233.63 cd ± 33.40 17.03 ef ± 1.32
15 0 (350) 0 (40) 0 (1:20) 1281.68 c ± 22.50 18.21 de ± 0.25

S/S—sample-to-solvent, GAE—gallic acid equivalent, QE—quercetin equivalent, d.b.—dry basis. Different letters
in the same line represent significant differences (Tukey’s test, p = 0.05).

Temperature showed a linear effect only for TPC (Table 2), exemplified in experi-
ments 9 and 10, in which, by increasing the temperature from 25 to 55 ◦C, keeping the
other conditions fixed, the TPC content was increased by 108% (Table 1). Irakli et al. [24]
reported a 10% increase in TPC extraction from olive leaves in the same temperature
range. Schmidt et al. [16] also noted a favorable effect of increasing temperature extrac-
tion of BI (M. cavendishii) and obtained the highest TPC and TFC at 60 ◦C. According to
Beaufils et al. [25], the increase in extraction temperature reduces the solvent viscosity and
surface tension, facilitating the diffusion and solubility of phenolic compounds.

The sample-to-solvent ratio showed positive effects on the extraction of the compounds
of interest, linear and quadratic for TPC and only linear for TFC (Table 2). When the ratio
was changed from 1:10 to 1:30, in experiments 6 and 8, under fixed temperature and power
conditions, there were ~49.5% and ~105.6% increases in the TPC and TFC, respectively
(Table 1). These results indicate that a higher proportion of solvents can improve extraction
efficiency. The same effect was observed by Neves et al. [26] in the UAE of curcuminoids
from Curcuma longa L., which was attributed to the minimization of solvent saturation
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during extraction at higher sample-to-solvent ratios. Girotto et al. [27] also reported that
the ratio increased from 1:10 to 1:30, enhancing from 2- to 5-times the TPC extraction
of Pfaffia glomerata leaves when applying OSE. The authors attributed this effect to the
swelling of the solid matrix, which can break the cell wall structure, favoring the release of
bioactive compounds.

Table 2. Estimated effects, statistical significance, and regression coefficients for the independent
variables power (X1), temperature (X2), and sample-to-solvent ratio (X3) on the dependent variables
total phenolic content (TPC) and total flavonoid content (TFC) of the BI extracts.

Variable
TPC TFC

Effect p-Value Coefficient Effect p-Value Coefficient

(X1) 86.15 0.05 43.07 0.03 0.96 0.02
(X1

2) 31.03 0.18 15.51 0.42 0.34 0.21
(X2) 598.72 <0.01 299.36 3.64 0.05 1.82
(X2

2) −5.72 0.74 −2.88 0.42 0.35 0.21
(X3) 436.13 <0.01 218.06 8.10 0.03 4.05
(X3

2) 112.57 0.02 −112.57 0.60 0.22 0.30
X1X2 31.12 0.40 15.56 −0.06 0.94 −0.03
X1X3 29.47 0.42 14.74 2.43 0.07 1.22
X2X3 −49.30 0.24 −24.65 0.78 0.36 0.39

The ultrasound power and the interactions between the variables did not affect the
extraction of TPC and TFC (Table 2). Thus, considering only the coefficients that presented
significant effects, it was possible to obtain the empirical mathematical models for TPC
(Equation (1)) and TFC (Equation (2)). The equations are valid since the F-value was
lower than F (calculated), 3.48 and 47.68 for TPC, and 4.67 and 36.85 for TFC, respec-
tively (Table S1, Supplementary Data). A good data fitting was obtained for TPC since the
R2 was 0.98. At the same time, for TFC, the R2 was lower (0.74), which can be attributed to
the model having only one variable with a significant effect (sample-to-solvent ratio).

TPC = 1233.27 + 299.36 X2 + 218.06 X3 − 112.57 X3
2 (1)

TFC = 17.02 + 4.05 X3 (2)

where X1 is the variable power, X2 is temperature, and X3 is the sample-to-solvent ratio.
Considering the desirability profile for maximum TPC and TFC extraction, the max-

imum level (1: temperature of 55 ◦C and sample-to-solvent ratio of 1:30 g/mL) of the
experimental design was replaced in Equations (1) and (2). The maximum predicted val-
ues were 1637.85 mg GAE/100 g (TPC) and 21.07 mg QE/100 g (TFC). For TPC, the
predicted value was similar (p > 0.05) to that found in assay 12 (350 W, 55 ◦C, and
1:30 g/mL), 1637.12 mg GAE/100 g. This content was similar to the one reported by
Basumatary and Nath [28] in BI from M. balbisiana (1631.82 mg GAE/100 g). Assay 12 also
exhibited the highest TFC and TPC among the experiments conducted (Table 1), and so its
conditions were used in further experiments.

Regarding the effect of extraction time (Figure 2), under extraction conditions previ-
ously defined (1:30 g/mL, 55 ◦C, and 350 W), it was observed that the TFC reached its peak
in 30 min, after which a decrease in its contents occurred. Maximum TPC extraction also
occurred in 30 min, remaining constant after this time.

The 30-min extraction was also recommended for the extraction of TPC and TFC in
other works [14–16,29,30]. This result is due to the dynamics of diffusion and solubilization
of phenolic compounds in UAE, which can be divided into two stages. The first one occurs
in the first minutes due to the faster dissolution of soluble compounds from the surface
of the plant matrix, increasing TFC and TPC levels. In the second stage, known as slow
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extraction, diffusion and osmotic processes are responsible for the mass transfer of the
solute from the plant matrix [31]. Thus, longer UAE times cannot favor phenolic release,
but it may also cause decomposition of some compounds [32,33], which can explain the
decrease in TFC after 30 min of extraction.
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dry basis. Different letters represent significant differences (Tukey’s test, p = 0.05).

Keeping the maximized conditions (55 ◦C, 1:30 g/mL, and 30 min) and varying
the power within the equipment limits (200 to 800 W), it was noted that there were no
significant changes in the TPC and TFC, whose values ranged from 1600.26 ± 62.76 to
1669.80 ± 27.45 mg GAE/100 g and from 21.98± 1.68 to 23.56± 0.36 mg QE ± 0.37 mg/100 g,
respectively. The increase in ultrasound power can promote higher cavitation and vibration,
rupturing the cell wall and causing a higher diffusion of phenolic compounds [32,34]. How-
ever, higher power levels can degrade these compounds due to the more intense collapse
of the bubbles generated by the cavitation [35]. It can also explain the lack of significant
effects for the ultrasound power levels investigated in this work (Table 2).

3.2. Characterization of Extracts Obtained by UAE and OSE

In the UAE (350 W, 55 ◦C, 1:30 g/mL, and 30 min), TPC and TFC were 3.5- and 1.6-times
higher than the contents obtained by OSE, 472.84 ± 0.19 mg GAE/100 g (TPC) and
14.67 ± 0.09 mg QE/100 g (TFC), conducted at 200 rpm, 55 ◦C, 1:30 g/mL, and 30 min.

The data presented in Table 3 highlight the effectiveness of UAE compared to OSE
for obtaining phenolic compounds and organic acids from BI. Of the 38 compounds evalu-
ated, 22 were detected in the UAE samples by MS/UHPLC. Moreover, the UAE extract
showed higher concentrations of several phenolic compounds, such as protocatechuic acid
(1.48 mg/100 g vs. 0.53 mg/100 g), malic acid (69.24 mg/100 g vs. 7.81 mg/100 g), and
quinic acid (40.51 mg/100 g vs. 24.16 mg/100 g), in addition to presenting compounds
(caffeic and chlorogenic acids, epicatechin, and catechin) absent in the OSE. These results
suggest that UAE is more efficient for these bioactive molecules’ extraction, possibly due to
cavitation that increases solvent penetration into plant cells, facilitating the release of the
compounds [36].
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The lower content of flavonoids (rutin, epicatechin, catechin, naringin) when compared
to phenolic acids and polyphenols detected in BI extracts is in line with the TFC and TPC
values. Lau et al. [4] reported that polyphenols are the major group of secondary metabo-
lites present in the BI. In this by-product, from several cultivars, the phenolic acids gallic,
p-hydroxylbenzoic, protocatechuic, gentisic, vanillic, caffeic, syringic, ferulic, p-coumaric,
chlorogenic, sinapic, trans-cinnamic, tannic, vanillin, hydroxybenzaldehyde, and cate-
chol were previously detected, as were the flavonoids catechin, epicatechin, quercetin,
kaempferol, and rutin [5,10,37–39]. Most of these compounds were found in the present
study; however, isovanillin, caffeine, naringin, sinapaldehyde, and the nicotinic, quinic,
malic, and fumaric acids were reported for the first time.

Table 3. Composition of the BI extracts obtained by ultrasound-assisted extraction (UAE) and orbital
shaking extraction (OSE).

Compound UAE (mg/100 g) OSE (mg/100 g)

Naringin <0.01 <0.01
Rutin 1.31 a ± 0.13 0.54 b ± 0.07

Catechin 0.11 ± 0.01 n.d.
Epicatechin 0.13 ± 0.01 n.d.
Isovanillin 0.40 a ± 0.02 0.90 b ± 0.03

Hydroxybenzaldehyde 0.80 a ± 0.05 0.40 b ± 0.00
Chlorogenic acid 0.09 ± 0.02 n.d.

Caffeine 0.11 a ± 0.00 0.06 b ± 0.00
Nicotinic acid 0.98 a ± 0.02 0.38 b ± 0.02

Gallic acid 0.14 a ± 0.01 0.12 a ± 0.00
Syringic acid 0.22 a ± 0.00 0.09 b ± 0.00

Protocatechuic acid 1.48 a ± 0.00 0.53 b ± 0.02
Vanillic acid 0.29 a ± 0.03 0.17 b ± 0.01

Vanillin 1.10 a ± 0.03 0.44 b ± 0.03
Ferulic acid 0.32 a ± 0.03 0.11 b ± 0.01

p-hydroxybenzoic acid 1.80 a ± 0.04 0.57 b ± 0.03
p-coumaric acid 0.56 a ± 0.03 0.14 b ± 0.00

Caffeic acid 0.08 ± 0.00 n.d.
Sinapaldehyde 0.03 ± 0.01 <0.01

Malic acid 19.24 a ± 0.93 7.81 b ± 0.54
Fumaric acid 29.18 a ± 0.27 10.82 b ± 0.25
Quinic acid 40.51 a ± 0.47 24.16 b ± 0.52

Different letters in the same line represent significant differences (t-test, p = 0.05). n.d.: not detected. UAE: 350 W,
55 ◦C, 1:30 g/mL, and 30 min; OSE: 200 rpm, 55 ◦C, 1:30 g/mL, and 30 min.

The phenolic compounds detected in BI are correlated with several biological activ-
ities [8,39–42]. Among the most abundant compounds, quinic acid exhibits antioxidant,
antimicrobial, antiviral, antiaging, antinociceptive, antidiabetic, anticancer and analgesic
properties [43], while fumaric acid is recognized for its anti-inflammatory, immunomodu-
latory, chemophobic effects, and as a potent antioxidant, due to the powerful free radical
scavenging properties [44].

Similar to what was observed for the phenolic composition, the extract obtained by
UAE presented the highest antioxidant activity, evaluated by the DPPH, ABTS, and FRAP
methods (Table 4). Higher ABTS values were observed when compared to DPPH results,
as also reported by Gayathry and John [7] for BI from three different cultivars. Such an
effect can be attributed to the affinity of ABTS with both hydrophilic and hydrophobic
compounds, while DPPH predominantly interacts with hydrophobic compounds [45].

The BI extracts showed higher activity via FRAP than the ABTS and DPPH methods.
Marikkar et al. [42] also reported this effect for BI from M. acuminate and M. balbisiana.
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The FRAP assay possesses high sensitivity and precision, and it is based on iron reduction
(Fe3+ to Fe2+), differing from scavenging activity toward free radicals, such as the ABTS
and DPPH methods [46]. In comparison with the results of the present work, lower values
for FRAP were found by Basumatary and Nath [28] for BI from M. balbisiana, extracted with
methanol (108 µmol TE/g of dried extract), and Schmidt et al. [16] for BI from M. cavendishii,
extracted with ethanol by stirring (29.62 µmol TE/g). Therefore, BI is rich in antioxidant
compounds; nevertheless, the variations in its phytochemicals and antioxidant activities
are pronounced, which may be related to cultivar, maturation, growing season and region,
and the analytical methodology applied [8,40,41].

Table 4. Antioxidant activity of the BI extracts obtained by ultrasound-assisted extraction (UAE) and
orbital shaking extraction (OSE).

Method UAE 1 OSE 2

DPPH (µmol TE/g) 53.21 ± 0.15 a 3.52 ± <0.01 b

ABTS (µmol TE/g) 194.32 ± 0.37 a 106.45 ± 2.11 b

FRAP (µmol TE/g) 368.11 ± 4.30 a 98.46 ± 0.29 b

Different letters in the same line represent significant differences (t-test, p = 0.05). TE: Trolox equivalent. (1): 350 W,
55 ◦C, 1:30 g/mL, and 30 min; (2): 200 rpm, 55 ◦C, 1:30 g/mL, and 30 min.

3.3. Characterization of Residue of UAE and Untreated Sample

Given the best results obtained in UAE regarding phenolic composition and antioxi-
dant activity, and aiming at BI’s full use, the composition and functional properties of the
residue obtained after extract removal were studied compared to untreated BI, i.e., that did
not undergo UAE (Table 5).

Table 5. Proximate composition, functional properties, and color coordinates of BI residue of UAE
compared to BI.

Treatment

Residue of BI Extraction (1) Untreated BI

Composition

Ashes (g/100 g, d.b.) 10.47 a ± 0.49 11.52 a ± 0.59
Proteins (g/100 g, d.b.) 15.35 b ± 0.14 16.35 a ± 0.41

Total dietary fiber (g/100 g, d.b.) 71.91 a ± 3.92 63.02 b ± 1.91
Insoluble fiber (g/100 g, d.b.) 68.43 a ± 3.16 59.75 b ± 1.27
Soluble fiber (g/100 g, d.b.) 3.48 a ± 0.76 3.45 a ± 0.64

Functional properties

Oil absorption index (g/g) 5.78 a ± 0.05 3.62 b ± 0.27
Water absorption index (g/g) 10.67 a ± 0.15 11.19 a ± 0.96

Water solubility index (%) 22.29 a ± 0.84 23.43 a ± 2.80
Emulsifying activity (%) 41.99 a ± 1.44 44.96 a ± 1.66
Emulsifying stability (%) 41.85 a ± 2.9 44.60 a ± 2.13

Color coordinates

L* (lightness) 47.20 a ± 1.30 47.48 a ± 0.38
a* (red/green coordinate) 1.75 a ± 0.20 1.78 a ± 0.06

b* (yellow/blue coordinate) 7.37 a ± 0.58 6.81 a ± 0.26
Different letters in the same line represent significant differences, n = 3 (t-test, p = 0.05), d.b. = dry basis. (1): Residue
of ultrasound-assisted extraction at 350 W, 55 ◦C, 1:30 g/mL, and 30 min.

The major components of dried BI were ashes, proteins, and dietary fiber [10,39].
Ash contents were similar between the samples, with a value close to 11 g/100 g (d.b.).
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Lau et al. [4] reported 10.9 to 24.2 g/100 g (b.s.) of ashes in BI from different species of
Musa spp. According to Ramu et al. [39], BI from Musa spp. has phosphorus (10.63 mg/g)
and calcium (4.01 mg/g) as the major macronutrients, and iron (30.65 ppm), manganese
(27.86 ppm), and zinc (16.60 ppm) are highlighted among the micronutrients.

There was a 6% decrease in the protein content after UAE, which indicates a slight
release of proteins during extraction. Nonetheless, protein contents were in the range
of those found in other works: 12.34 g/100 g [28] and 19.60 g/100 g [39]. According to
Ramu et al. [39], the BI from Musa spp. can be considered a source of essential amino
acids, highlighting leucine (63.8 mg/g of protein), lysine (40.0 mg/g of protein), and
phenylalanine (31.0 mg/g of protein).

Dietary fiber (DF) was the major component in the samples. The total DF and insoluble
DF contents were ~14% higher in the residue obtained after UAE than in the untreated
sample, while the soluble DF content was similar among the samples. This can be explained
by the soluble proteins and carbohydrates released during UAE, which promoted the DF
concentration. Bhaskar et al. [10] reported 65.6 g/100 g of DF of BI from Musa spp. var.
elakki bale (89% insoluble and 11% soluble). In this study, 95% of DF was insoluble,
i.e., composed of cellulose, hemicellulose, and lignin, while 5% was soluble DF, mostly
formed by pectin and some fractions of hemicellulose. The high dietary fiber content is
important due to the association of its consumption with the prevention of chronic diseases,
such as cancer, cardiovascular disease, hypertension, high blood cholesterol, obesity, and
diabetes [10,47].

The functional properties of the residue of BI extraction have not been reported in the
literature so far. The functional properties investigated in this study were similar between
the samples, except for the OAI, which was ~1.6 times higher in the sample obtained after
UAE. OAI is associated with the retention of aromatic compounds, exerting a stabilizing
effect on foods with high fat content and emulsions [48,49]. The OAI values found in this
study were higher than those found for banana flour (2.22 g/g) [50] and banana peel flour
(2.09 g/g) [51]. Thus, it can be inferred that the UAE positively affected OAI, probably due
to the increase in DF content in the BI residue.

The WSI and WAI values found in this work are within the values reported for banana
flour (13–36%) [52] and banana peel flour (6.49–8.11 g/g) [51]. WSI is associated with
the quality of powders, such as their digestibility [52]. WSI is related to the presence of
some soluble components, such as carbohydrates and proteins, that can also contribute
to WAI due to the presence of hydrophilic groups. WAI is an important parameter for
flour applications, promoting the bulking and consistency of products, especially in baking
applications [53].

UAE did not have a significant impact on the EA and ES parameters, with the
EA values within the values (30.77 and 59.27%) reported for banana peel protein frac-
tions [54]. The results of emulsifying properties indicate the potential application of BI,
or its extraction residue, in food colloidal systems. It can be related to emulsifier com-
pounds, probably proteins, that reduce the interfacial tension by being adsorbed into
droplet surfaces, thus increasing the stability and ease of emulsification [55].

The color parameters were similar for the by-product before and after extraction,
indicating that they were not affected by the UAE performed. The color showed average
luminosity (L*) and a greater tendency towards yellow (positive b* values). BI flour
has a darker color (L* around 47) when compared to other vegetable flours, such as rye
(L* = 62.17), corn (L* = 84.3), and wheat (L* = 86.92) flours [56]. Darkening of the banana
peel flour was considered a consequence of pigment degradation [57], resulting from
polyphenol oxidation and nonenzymatic browning reactions, such as caramelization and
the Maillard reaction, which occur during drying [53,57].
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4. Conclusions
The UAE of BI conducted at 350 W, 55 ◦C, and 1:30 g/mL (sample-to-solvent ratio)

for 30 min showed the highest efficiency to extract TPC (1637.12 mg GAE/100 g) and
TFC (22.97 mg QE/100 g), whose values were 3.5- and 1.6-times higher than the values
obtained by OSE. Consequently, UAE promoted the highest removal of phenolic acids
and flavonoids, such as p-hydroxybenzoic acid, protocatechuic acid, rutin, and organic
acids (malic acid and quinic acid), favoring antioxidant activity. UAE increased the fiber
content of the residue, which led to an improved OAI when compared to untreated BI. BI
residue also showed emulsifying properties, such as WSI and WAI, which can favor its
application in food products. Thus, these results provide a solid basis for future research
and industrial applications, emphasizing the potential of ultrasound in the extraction of
bioactive compounds from BI, fostering the upcycling of the banana harvesting sector.
Future research can be conducted to evaluate the potential of the extract as an antioxidant
in foods, cosmetics, or other types of products, and the residue can be applied to fortify
food products as a source of dietary fiber. The results of this work also encourage the study
of the pharmacological properties of the extract obtained by UAE.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/separations12050109/s1, Table S1: ANOVA for total phenolic content
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