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Abstract: Antioxidant phenolic compounds were extracted from fermented samples of Golden
pineapple peels via an ultrasound method. The fermentation conditions to maximize the production
of phenolic content and antioxidant activity were previously determined (pH: 5.5, T: 37.3 ◦C and 85%
moisture content). A central composite design with 20 treatments was applied to evaluate the effect
of the ethanol concentration, time, and temperature on the production of phenolic compounds and
antioxidant activity of the extracts. The statistical analysis showed that the optimal conditions to
produce extracts with high phenolic content and antioxidant activity were: 62 ◦C, 30 min and 58%
ethanol. We obtained 866.26 mg gallic acid equivalents (GAE)/g d.m in total phenolic content and for
antioxidant activity expressed as percentage inhibition, 80.06 ± 1.02% for ABTS and 63.53 ± 2.02%
for DPPH, respectively. The bioactive compound profile in the extracts was identified and quantified
using ultra-high performance liquid chromatography (UHPLC), this method showed the presence
of rosmarinic acid, caffeic acid, vanillic acid, p-coumaric acid, ferulic acid, quercetin-3 glucoside,
rutine, quercetin, kaempherol-3 glucoside and gallic acid, demonstrating the great potential of these
by-products to obtain components that can benefit the consumer’s health.

Keywords: byproducts; pineapple peel; phenolic compounds; green chemistry approach; health benefits

1. Introduction

The use of agro-industrial wastes to produce bioactive compounds has been studied
in recent years [1–3]. Due to the lignocellulosic composition of these substrates, they can
be used as sources of macro or micronutrients, and as sources of carbon and nitrogen in
fermentation processes [4].

Pineapple (Ananas comosus) is one of the most consumed fruits worldwide, its world
production was estimated at 25.4 million metric tons in 2019 [5]. The wastes generated
during the processing of pineapple are mainly peels, cores and crowns, which represent
45–65% of the total weight of the fruit [6]. It has been reported that during the commercial
production of pineapple juice, wastes comprising mostly peels and cores, are generated
at around 20–40% [7]. The production is focused in Asia and the Americas, specifically in
Costa Rica, the Philippines, Brazil, China, and Colombia [8]. In recent years in Colombia,
the area planted for pineapple crops has grown by 49%, from 22,000 hectares in 2014 to
32,736 hectares in 2018. Likewise, production has increased by 62%, from 652,759 tons
to 1,058,109 tons in 2018 [9]. Particularly in Colombia, by-products generated from crops
are usually kept and used as ruminant animal feed. Also, the fruit crowns are used as an
alternative feed for growing dairy cattle [10].

The importance of bioactive compounds presents in pineapple by-products (catechin,
epicatechin, gallic acid, ferulic acid, among others), could be attributed to the fact that
they represent a potential source of functional food ingredients, natural antimicrobials,
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and antioxidants that exhibit health benefits [11]. Catechin, kampferol and quercetin are
polyphenolic compounds that have been widely studied to reduce the risk of chronic
diseases such as diabetes, obesity, cardiovascular disease and cancer [12]. In this way,
the nutritional composition of these by-products has been used to develop ingredients of
higher added value, as several studies had reported the potential of pineapple peels to
produce bacterial cellulose, bromelain production, bioethanol, biohydrogen, biogas and
polyphenols [13–15].

Research conducted in recent years evidence the development of more environmen-
tally friendly alternatives for the extraction of these compounds, in which microwave-
assisted extraction, pulsed electric fields, supercritical fluids, ultrasound-assisted extraction,
among others, stand out. Compared to the conventional methods, such as Soxhlet and mac-
eration, these emerging technologies can significantly increase yields, improving efficiency,
reducing solvent and energy consumption, etc. [16].

Solid-state fermentation (SSF) is a promising alternative to increase the bioavailability
of bioactive compounds, such as gallic, ellagic, citric, lactic, gluconic acid, among others,
from lignocellulosic residues [17,18]. In recent years organic materials such as Castilla Rose
(Purshia plicata), aqueous extracts of wood bio treated with Ceriporiopsis subvermispora and
Grape stalks, which have a high lignocellulosic content, have been used as substrates in the
SSF. When Castilla Rose is used, it is possible to obtain different functional compounds
such as ellagitannins, flavonols, catechins, hydroxycinnamic acids; from grape stalks it
is possible to obtain phenolic-oxidizing enzymes such as peroxidases; and finally, from
bio-treated wood, several water-soluble phenols are obtained, that exert antioxidant or pro-
oxidant effects, converting H2O2 into OH radicals [3,19,20]. In addition, the microorganisms
involved in the fermentation process produce enzymes, helping with the extraction and
release of these bioactive compounds; and those compounds can also be produced via
secondary metabolic pathways [21]. The SSF has been employed as a suitable strategy to
improve the synthesis of microbial metabolites with biological properties using different
substrates to obtain various functional benefits such as anti-diabetic, antihypertensive and
antioxidant activities [22,23].

Rhizopus oryzae has been used in the industry because it is capable of synthesizing
a wide variety of products such as organic acids (lactic and fumaric acids), volatile com-
pounds and enzymes (cellulases, proteases, tannases, xylanases, pyruvate decarboxylases,
lipases, etc.). Several characteristics make this genus interesting for mass application in
the biotechnology industry, such as a wide growth temperature and pH range (25 to 45 ◦C)
and (4.5 to 7.5), respectively. In addition, these species are categorized as GRAS (Generally
Recognized as Safe) according to the Food and Drug Administration of the United States
government, since there are no reports of them being mycotoxin producers; this classifi-
cation is very desirable when working with animal and human food [24]. Many studies
have been reported showing that Rhizopus oryzae is a microorganism that increases the
bioactive compounds present in the substrate and has potential for other biotechnological
processes [25–27].

On the other hand, ultrasound offers some advantages, such as: shorter contact time
between the sample and the solvent, thus generating a faster process; a greater incidence of
the solvent inside the cell wall, which provides a higher yield and reproducibility of the
compounds obtained; among others [28]. One of the reasons why this method is efficient
is attributed to the cavitation process, which generates and propagates ultrasonic waves
combined with changes in pressure and temperature, leading to the rupture of the cell walls
and thus releasing the cell contents into the medium [29]. There have been studies reporting
the benefits of combining these two technologies, for example, Sabers et al. [30] applied
ultrasound to lignocellulosic biomass obtained from wheat grains before fermentation
processes with microorganisms (Phanerochaete chrysosporium or Trametes sp.). This synergy
increased the concentration of lignin degradation products (guaiacol and syringol) and
the in vitro digestibility of wheat grain also improved. Leite et al. [31] applied ultrasound
as a pre-treatment on olive pomace with the aim of using this substrate in a solid-state
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fermentation process with Aspergillus niger and evaluated if there was an increase in the
production of xylanase and cellulase. Their results showed a positive effect in the produc-
tion of xylanase (3.6-fold increase) and cellulase (1.2-fold increase). According to these
results, the objective of this work was to evaluate the synergistic effect of both technologies,
but in a different order than usually employed, i.e., the solid-state fermentation process
with Rhizopus oryzae was performed first in pineapple peels of the Golden variety and
then an ultrasound-assisted extraction was applied. Finally, the total phenolic content and
antioxidant activity of the obtained extracts were evaluated and determined.

2. Materials and Methods
2.1. Raw Material (Fermented Peels)

Pineapple peels were provided by the IDEMA market plaza located in the city of Cali
(Colombia); the samples were obtained at maturity grade 3 as reported in the NTC 729
(Colombian technical standard). The peel was previously washed and cut into 5 ± 1 mm2

pieces, next the samples were dehydrated at 50 ◦C for 24 h, after this process the particle
size of the samples ranged from 2.35–2.80 mm. The SSF process was realized in sterile
aluminum trays of 12 × 10 × 4 cm in size, in which 15 g of peel was placed, keeping
1 cm of height per tray. The dehydrated peels were inoculated with Rhizopus oryzae spores
(1.8 × 107 spores/g) at 85% moisture content (wet base), pH 5.5 and incubated in an oven
at 37.3 ◦C for 24 h. These optimized conditions were determined in previous experimental
designs, where different levels of temperature (30, 36 ◦C), pH (4.5, 6) and moisture content
(60, 80%) were evaluated. In this central compound design (CCD), 8 cube points, 6 central
points and 6 axial points with α = 1.68179 were considered, for a total of 20 treatments.
Once the fermentation process was completed, the samples were dried at 50 ◦C (Universal
Oven UN30 Memmert, Schwabach, Germany) for 24 h, to be used subsequently in the
ultrasonic extraction process.

2.2. Ultrasound-Assisted Extraction Process

The extraction process was carried out in an ultrasonic bath (Transsonic 460/H, Elma,
Germany) with a frequency of 35 kHz. The ultrasound-assisted extraction conditions were
defined by means of a central compound design (CCD), evaluating two levels for each
variable: ethanol concentration, temperature, and time. On the total phenolic content (TPC)
and antioxidant activity by DPPH and ABTS (3 factors with 2 levels), 8 cube points, 6 central
points and 6 axial points with α = 1.68179 were considered, for a total of 20 treatments.
The conditions tested are shown in the Table 1. Preliminary tests were carried out to
select the number and variation of levels of the process variables in the experimental
design. Fermented samples were used in ratios (10:1 mL solvent/g solid sample) and three
measurements were performed for each treatment for each response variable.

Table 1. Conditions tested in the experimental design and corresponding parameters.

Factors Unit
Levels

(Low) −1 (Central) 0 (Hight) +1

Temperature ◦C 35 45 55

Ethanol % 20 50 80

Time min 20 30 40

2.3. Scanning Electron Microscopy

The visualization of the superficial morphology of the fermented and unfermented
peels was performed using a scanning electron microscope (Phenom Pro X, Thermo Sci-
entific, Waltham, MA, USA). The peels were previously cut with a scalpel to obtain a
transverse sample. Subsequently, they were placed on a support containing a platinum
coating Auto-Fine Coater JFC-1600 (Jeol, USA Inc., Peabody, MA, USA). The images of the
cross sections were obtained with an accelerating voltage of 15 kV.
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2.4. Total Phenolic Content

The TPC was determined by a spectrophotometric method using the Folin-Ciocalteau
reagent, described by Avella et al. [32]. For quantification, in a test tube, 500 µL of the
diluted extract was mixed with 750 µL of Folin-Ciocalteau reagent (1 mol·L−1) in a ratio of
1:40, then shaken and left to stand for 5 min. Subsequently, 750 µL of sodium carbonate
(0.01 mol·L−1) was added and left to stand for 5 min. The TPC was determined after 90 min
of incubation at room temperature (30 ◦C). The absorbance of the resulting blue color
was measured at 760 nm by colorimetry using a Model 2100 spectrophotometer (Unico®,
Princeton, NJ, USA). A standard curve was performed using different concentrations of
gallic acid (0–100 ppm).

2.5. Antioxidant Activity DPPH (2,2-Diphenyl-1-picrylhydrazyl)

The free radical elimination activity (DPPH) of the extracts was determined according
to the methodology reported by Ballesteros et al. [33]. For which 100 µL of each extract were
taken, 2900 µL of the DPPH solution were added, agitated in a vortex, and kept in the dark
for 30 min. Subsequently, the absorbance was measured in a Model 2100 spectrophotometer
(Unico®, Princeton, NJ, USA) at 517 nm. A standard curve was performed using different
concentrations of Trolox. The radical scavenging activity (RSA) was calculated according to
Equation (1).

RSA (%) =
Ac − As

Ac
× 100 (1)

where Ac is the absorbance of the control (reagent DPPH-methanol) and As is the absorbance
of the sample (extract).

2.6. Antioxidant Capacity ABTS (2,2X-Azino-bis (3-ethylbenzothiazoline-6-sulfonic Acid)

For the determination of the ABTS antioxidant activity of the extracts, the method-
ology described by Mesa et al. (2015) was applied [34]. The preparation of the ABTS+

radical was carried out through oxidation of ABTS (7 mmol·L−1) with potassium persulfate
(2.45 mmol·L−1), being left in the dark for 16 h before use. The ABTS+ solution was diluted
with 80% methanol to obtain an absorbance of 0.70 ± 0.02 at 734 nm. For the samples,
100 µL of the extract were taken and 1800 µL of the methanolic ABTS+ solution was added.
The absorbance of the samples was read exactly 30 min after initial mixture in a Model 2100
spectrophotometer (UnicoPrinceton, NJ, USA) at 734 nm. The calibration curve was devel-
oped using Trolox as a standard. The ABTS+ radical scavenging activity was calculated
using Equation (2).

RSA (%) =
A0 − At

A0
× 100 (2)

where A0 is the absorbance of the sample at the initial time and At is the absorbance of the
sample at thirty minutes.

2.7. Identification of Bioactive Compounds by High Performance Liquid Chromatography (UHPLC)

The extracts obtained after the ultrasound-assisted extraction were centrifuged at
4000 rpm for 30 min (Hettich® ROTOFIX 32A, Tuttlingen, Germany),then the samples were
filtered on 0.45 µm cellulose nitrate filters (Sartorious stedim biotech, Göttingen, Lower
Saxony, Germany), the solvent was removed using a rotary evaporator (Rotavapor IKA RV-
10, Staufen, Baden-Württemberg, Germany) at 40 ◦C for 2 h. The extracts were dissolved
in 0.2% methanol: water mixture in formic acid (1:1), agitated (5 min) and sonicated
(5 min), then injected into the ultra-high efficiency liquid chromatograph (UHPLC), Dionex
Ultimate 3000 (Thermo Scientific, Sunnyvale, CA, USA), equipped with a binary gradient
pump (HP G3400RS), an automatic sample injector (WPS 300TRS) and a thermostated
column unit (TCC 3000, Sunnyvale, CA, USA). The LC-MS interface was electronebulization
and the mass spectrometer was high resolution with an Obitrap ion current detection
system operated in positive mode with a capillary voltage of 4.5 kV. A Hypersil GOLD
Aq column (Thermo Scientific, Sunnyvale, CA, USA; 100 × 2.1 mm, 1.9 µm particle size)
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was used at 30 ◦C, the mobile phase was A: 0.2% ammonium formate aqueous solution
and B: acetonitrile with 0.2% ammonium formate. The initial gradient condition was
100% A, changing linearly to 100% B (8 min); it was maintained for 4 min; the return to
initial conditions in 1 min; the total run time was 13 min, with 3 min for post-run. The
reference standards used were the xanthines: caffeine, theobromine and theophylline;
the catechins: (±)-catechin (C), (-)-epigallocatechin gallate (EGCG), (-)-epicatechin (EC),
(-)-epicateqin gallate (ECG), (-)-epigallocateqin (EGC); flavonoids: caffeic acid, p-coumaric
acid, rosmarinic acid, quercetin, naringenin, luteolin, kaempferol, pinocembrin, apigenin;
anthocyanins: cyanidin 3-rutinoside, pelargonidin 3-glucoside, quercetin 3-glucoside, these
reagents were from Sigma-Aldrich.

The compound identification of the extracts was performed using the full scan ac-
quisition mode and extraction of ionic currents (EIC) corresponding to the [M + H]+ of
the compounds of interest, mass measurement with accuracy and precision of ∆ppm < 1
and using a standard solution-mix of the compounds (certified standard substances), for
the quantification of the analytes of interest calibration curves were performed using the
certified reference materials.

2.8. Statistical Analysis

The statistical analyses were performed with Minitab 2019 software. Pareto diagrams
were realized to determine which parameters had the most influence on the response
variables. Also, an analysis of variance (ANOVA) for each of the response variables was
performed as well as contour plots to evaluate the behavior of each of the variables in the
studied ranges. Finally, to determine the optimal conditions of the process, a desirability
function (d) was applied, which is represented in different graphs.

3. Results and Discussion
3.1. Ultrasound-Assisted Extraction Process

Following the methodology described in Section 2.2, the ultrasound extraction was
performed on the previously fermented samples. The results, according to the treatment
for each of the variables studied, are presented in Table 2.

Table 2. Results of the parameters evaluated after the solid-state fermentation process combined
with ultrasound.

Assay Temperature
(◦C)

Time
(min)

Ethanol
(%)

TPC (mg
GAE/g d.m)

% DPPH
Inhibition

% ABTS
Inhibition

1 35 20 20 447.51 59.13 70.21

2 55 20 20 759.95 57.44 72.63

3 35 20 80 422.70 59.13 62.87

4 55 20 80 508.40 59.80 71.83

5 35 40 20 772.93 60.16 74.18

6 55 40 20 746.97 58.65 71.66

7 35 40 80 582.27 60.49 71.60

8 55 40 80 657.13 60.31 73.86

9 28 30 50 503.41 59.95 69.31

10 62 30 50 779.92 70.28 84.64

11 45 30 0 634.17 58.95 65.48

12 45 30 100 273.81 56.66 61.07

13 45 13 50 451.50 59.49 69.77

14 45 47 50 749.97 67.63 71.88

15 45 30 50 688.08 66.91 69.13
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Table 2. Cont.

Assay Temperature
(◦C)

Time
(min)

Ethanol
(%)

TPC (mg
GAE/g d.m)

% DPPH
Inhibition

% ABTS
Inhibition

16 45 30 50 646.15 67.63 68.87

17 45 30 50 660.13 67.57 68.94

18 45 30 50 572.28 68.08 67.90

19 45 30 50 615.21 67.63 69.77

20 45 30 50 581.27 70.28 69.37

As seen in Table 2, the TPC was higher in samples that had ethanol-water solutions
compared to those extracted with water or pure ethanol. This behavior can be attributed
to the fact that alcohol-water mixtures allow a major extraction of bioactive compounds
compared to the solvents individually [35]. According to the results, the highest value of
TPC was obtained under the conditions (T: 62 ◦C, 30 min, 50% ethanol and a solvent to
sample ratio of 10:1 mL ethanol/g solid sample), obtaining 779.92 mg GAE/g d.m, which
reflects better results compared to conventional methodologies such as Soxhlet extraction
and maceration [36]. It is also possible to observe that, as the temperature increased, the
TPC and antioxidant activity also increased.

Ethanol was chosen as the extraction solvent because of its reported low toxicity and high
ability to dissolve phenolic compounds [37]. Both solvents contributed to the extraction pro-
cess, water acting as a swelling agent and ethanol, acting on the cell wall of the substrate [38].
The highest value obtained in the treatments performed (779.92 mg GAE/g d.m) was higher
than that reported by [39] who performed ultrasound assisted extraction on the Merr variety
of pineapple peels, obtaining under the optimal conditions (5 min; 50% ethanol: water; 65%
amplitude; 35:1 mL/g liquid-solid) a value of 708.10 mg GAE/g d.m.

The increase in temperature had a positive influence on the antioxidant activity. This
behavior is directly related to better extraction yields of the phenolic compounds since a
rupture in the matrix bonds is generated, the solvent diffusion rate is increased as well as
the solubility of the compounds and, additionally, there is a greater mass transfer, which
reduces the viscosity and surface tension of the solvent [40]. Celli et al. [41] also concluded
that higher antioxidant activities are obtained at medium-high temperatures.

Pareto diagrams were plotted to determine which parameters had the greatest influ-
ence on the response variables of the treatments (Figure 1). The results indicate that the
individual significant factors at a 95% confidence level were time, ethanol concentration
and temperature for TPC; the quadratic terms of temperature and time for ABTS and the
quadratic terms of time and ethanol for DPPH. It is important to consider that the relative
influence of each parameter varies according to the nature of the extracted compound.

According to the results of the Pareto diagram, it is possible to appreciate that the
values of TPC and ABTS were influenced by the time and temperature variables. It has
been reported that, with an increase in the extraction time, it is possible to increase the
extraction capacity for all of the components. In the case of the antioxidant capacity by
DPPH, one of the most influential variables was the interaction with ethanol. This has a
positive effect on extraction yields.

Time was one of the variables that positively influenced the increase in the TPC and
ABTS, which can be explained as mass transfer is a time dependent process [41]. Regarding
temperature, authors such as Gullón et al. [42] have evidenced that high temperatures
favor the extraction efficiency of bioactive compounds due to the increase in acoustic
cavitation, surface contact area and the decrease in viscosity and density of the solvent.
Likewise, Palma et al. [41], who performed ultrasound extraction on Eucalyptus globu-
lus leaves concluded that high temperatures were adequate to obtain higher values in
TPC. Bhuyan et al. [43] found that temperature, followed by time and power, presented a
significant influence on the extraction efficiency of phenolic compounds.
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Figure 1. Pareto plot of the factors on (a) TPC (b) ABTS+ radical scavenging (c) DPPH radical
scavenging after combined effect of SSF with ultrasound.
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Some authors have shown that a higher ethanol concentration results in better extrac-
tion yields [37,44] and that ethanol-water mixtures favor the release of polyphenols [45].
For this reason, this was one of the parameters that most affected the antioxidant activity
by DPPH.

To obtain the models to find the best relationship between ethanol concentration, time
and temperature that predict the behavior of the TPC, DPPH radical scavenging activity
and ABTS as response variables, a surface response design was applied, using the data
in Table 2. A central composite design (Table 1) was applied with twenty treatments, six
central points and six axial points allowing the incorporation of quadratic terms in the
model. To assess the quality of the model, the correlation coefficient R2 was selected, and
the root mean square error (RMSE) was estimated. The results of the ANOVA analysis of
variance for each of the response variables are shown in Table 3.

Table 3. ANOVA of the response surface model.

Source
Value p

TPC
(mg GAE/g d.m.)

DPPH (%
Inhibition) ABTS (% Inhibition)

Regression

Linear 0.000 0.251 0.001

Temperature 0.003 0.194 0.001

Time 0.001 0.963 0.060

Ethanol 0.001 0.122 0.044

Square 0.051 0.001 0.000

Temperature × Temperature 0.362 0.068 0.000

Time × Time 0.012 0.000 0.006

Ethanol × Ethanol 0.938 0.019 0.172

Interaction 0.284 0.973 0.067

Temperature × Time 0.494 0.657 0.077

Temperature × Ethanol 0.077 0.935 0.070

Time × Ethanol 0.982 0.964 0.206

R-squared (%) 88.83 80.74 90.29

RMSE 44.36 2.01 1.43

For the TPC, the results show that the linear model presented a significant effect p < 0.05
on the response variable, however, it can be observed that, although the quadratic model
and the interactions did not present a significant effect (0.051 and 0.284), the quadratic factor
of time did present a major influence on this variable (p = 0.012). For the adequate prediction
of this response variable, all the linear and quadratic terms and the interactions were con-
sidered, obtaining an R2 value of 0.8883, indicating that the selected terms explain 88.83%
of the variability of the response and presenting a strong correlation (0.7 < R2 < 1) [46]. The
root mean square error was 44.36 which indicates that there is no significant difference
between the values obtained and those predicted by the model. For DPPH radical inhibi-
tion, the quadratic model presented a significant effect p < 0.05, except for the temperature
(0.068). Similarly, all the terms of the variables studied were considered to guarantee the
quality of the model. The R2 value obtained was 0.8074, indicating that the selected terms
explain 80.74% of the variability of the response. Likewise, the RMSE value was 2.01,
indicating a good fit of the model to the experimental data.

Finally, for the inhibition percentage of ABTS radicals, both the linear and quadratic
models showed a significant effect (p < 0.05). The only terms that did not present a
significant effect were time in the linear model (0.060) and the quadratic factor of ethanol
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(0.172), however, it is not possible to exclude them because they affect the precision of the
model. The interactions did not show a significant influence. The R2 value was 0.9029,
which is considered a good fit and therefore can effectively represent the studied variable.

According to the results of the ANOVA table, models were proposed for each of the
response variables studied, considering the coefficients of the temperature (T), time (t) and
ethanol (E) components. The equations obtained are shown in Table 4.

Table 4. Models proposed to the response variables (TPC, DPPH and ABTS).

Variable Model Equation

TPC (mg GAE/g d.m)
Y = −231 + 4.5 T + 29 t +9.19 E+ 0.158 (T2) –

0.506 (t2) + 0.0015 (E2) – 0.157 (T × t) – 0.1455
(T × E) – 0.0017 (t × E)

(3)

DPPH (% inhibition)
Y = −7.6 + 1.365 T + 2.276 t + 0.292 E – 0.01536

(T2) – 0.04120 (t2) −0.002317 (E2) + 0.0046
(T × t) – 0.00028 (T × E) – 0.00015 (t × E)

(4)

ABTS (% inhibition)
Y = 116.4 – 2.577 T + 0.215 t + 0.076 E + 0.02961

(T2) – 0.01883 (t2) + 0.000874 (E2) + 0.01415
(T × t) – 0.00485 (T × E) + 0.00323 (t × E)

(5)

To observe the fit of the models to the experimental data, Table 5 is presented.

Table 5. Evaluation of the models with the evaluated parameters.

Variables Experimental Data Predicted Data

T (◦C) Time (min) Ethanol (%) TPC ABTS % DPPH % TPC ABTS % DPPH %

35 20 20 447.51 70.21 59.13 469.97 69.64 58.28

55 20 20 759.95 72.63 57.44 723.57 75.11 59.66

35 40 20 422.7 62.87 59.13 332.19 63.26 57.52

55 40 20 508.4 71.83 59.8 522.99 74.40 60.74

35 20 80 772.93 74.18 60.16 723.83 73.13 61.13

55 20 80 746.97 71.66 58.65 803.43 72.79 62.17

35 40 80 582.27 71.6 60.49 584.01 70.63 60.19

55 40 80 657.13 73.86 60.31 600.81 75.95 63.07

28 30 50 503.41 69.31 59.95 559.29 73.97 61.83

62 30 50 779.92 84.64 70.28 789.13 83.14 65.46

45 13 50 634.17 65.48 58.95 626.99 65.93 56.12

45 47 50 273.81 61.07 56.66 337.65 63.19 56.24

45 30 0 451.5 69.77 59.49 494.10 70.08 60.13

45 30 100 749.97 71.88 67.63 770.50 74.29 64.45

45 30 50 688.08 69.13 66.91 628.55 70.00 68.08

45 30 50 646.15 68.87 67.63 628.55 70.00 68.08

45 30 50 660.13 68.94 67.57 628.55 70.00 68.08

45 30 50 572.28 67.9 68.08 628.55 70.00 68.08

45 30 50 615.21 69.77 67.63 628.55 70.00 68.08

45 30 50 581.27 69.37 70.28 628.55 70.00 68.08
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According to the data reported in Table 5, it is possible to observe that there is a
good fit of the models with the experimental data obtained. The percentage inhibition of
ABTS, the one that presented the best fit, the values of R2 and RMSE were 90.29% and 1.43,
respectively. For the TPC and percentage inhibition by DPPH the values for R2 were 88.83%
and 80.74%, indicating a strong correlation; for the RMSE 44.36 and 2.01, evidencing a good
performance for the models.

3.2. Scanning Electron Microscopy (SEM)

The structural changes in the fermented and fermented and sonicated peel samples
were analyzed by SEM images. The images were observed at 400× and 1500×. The
micrographs obtained for both samples are shown in Figure 2.

Figure 2. Scanning electron microscopy of fermented sample (a,b) and fermented samples with
ultra-sound treatment (c,d) at 400× (left side) and 1500× (right side) magnifications.

Figure 2a,b shows the growth of Rhizopus oryzae during the fermentation of pineapple
peels. A rigid and rough structure was observed in the fermented peels, probably attributed
to the presence of cellulose, hemicellulose, lignin, and pectin; these micrographs were
similar to those reported by Zain et al. [47], who used solid-state fermentation of pineapple
waste to produce lactic acid. Figure 2c,d shows the decompaction and rupture of the cell
walls in the pineapple peels, which are attributed to the ultrasound process, which can cause
the destruction of the tissues by mechanical rupture. In addition, during the ultrasound
process, the cells were also elongated and flattened to form microchannels [48,49]. The
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microchannels were formed by tissue rupture due to shear forces resulting from bubble
collapse during cavitation. This behavior was similar to that observed by Rani et al.
(2019) [49], who evaluated the ultrasound pretreatment on pineapple samples subjected
to drying.

3.3. Total Phenolic Content and Antioxidant Activity by DPPH and ABTS

Contour plots were made to analyze the behavior of each of the variables studied,
(Figures 3–5). These graphs show the lowest or highest values of each variable through
shade variations, allowing the identification of the region of interest and predicting at what
levels the factors (temperature, time and ethanol concentration) must be to find the desired
response values.

Figure 3 shows the contour plot for the behavior of the TPC under the different
combinations of the analyzed factors. The blue color represents the zone where the lowest
TPC values are obtained after the combined process of SSF and ultrasound, and the green
color represents the zone where the highest values are obtained. It can be seen that the areas
where the highest values are obtained are those where the factors of temperature, time and
ethanol concentration are greater than the conditions (T: 45 ◦C, 30 min and 50% ethanol).

Figure 3. Contour plot for the behavior of TPC in the combined process of SSF with ultrasound.

In Figure 3 it is possible to observe that, as the time increases, there is an increase in
the TPC, with the highest value (779.92 mg GAE/g d.m) at 30 min. The same behavior was
observed by Bouafia et al. [50], who reported that, at 30 min, the highest amount of phenols
were obtained (40.01 ± 1.49 mg GAE/g m.s) in Centaurea sp. extracts, and Wang et al. [51],
who used ultrasound to extract phenolic compounds from wheat bran, found that the
optimal extraction conditions were at an ethanol concentration of 60%, temperature of
50 ◦C and a time of 29 min.

It was observed that, at temperatures above 45 ◦C, higher TPC was obtained. This
factor has a great influence on the results, since at higher temperatures, the bonds in the
substrate start to break, leading to greater extraction yields, as well as an increase in the
solubility of the compounds [52]. Bouafia et al. [50] showed that the extraction yield of
phenolic compounds from Centaurea sp. leaves increased remarkably at a temperature
range of 35–50 ◦C, in which the optimal value were at the highest temperatures evaluated.

As shown in Figures 4 and 5, there was an increase in the inhibition percentage by
DPPH and ABTS when the extraction time and temperature were increased. The effect of
the temperature observed can be attributed to the fact that, at higher temperatures, the
extraction of phenolic compounds is greater, due to solvent molecules moving faster and
easier, facilitating the extraction process [53].
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Figure 4. Contour plot for the performance of % inhibition by DPPH in the combined SSF process
with ultrasound.

Figure 5. Contour plot for the performance of percentage inhibition by ABTS in the combined SSF
process with ultrasound.

According to the results in Figures 4 and 5, it is shown that heating at moderate
temperatures (50 ◦C to 70 ◦C) is adequate to soften the plant tissues and thus, release large
amounts of bioactive compounds [54]. Gónzalez-Centeno et al. [55] observed this behavior
when performing ultrasound extraction on grape pomace and these findings match with
the ones shown in this research, since an increase in the inhibition percentage of DPPH and
ABTS radicals at temperatures higher than 45 ◦C was observed.

Comparing the results obtained by the combination of these two technologies, Table 6
shows the TPC values and antioxidant activity of the control sample (untreated peel),
fermented peel, sonicated peel and fermented with sonicated peel.

According to the analysis of variance (one way ANOVA), there was a statistically
significant difference (p < 0.05) between the treatments, and the POST-ANOVA (Tukey)
analysis showed that the highest value was obtained with the combination of treatments.
The TPC of the control sample (30 ± 0.93 mg GAE/g d.m) was similar to that reported by
Lourenço et al. [56] who encapsulated Golden pineapple peel extracts using 80% ethanol
as solvent. However, it was higher than the value reported by Azizan et al. [57] who also
worked with the MD2 variety and obtained 10.73 mg GAE/g d.m, while the percentage
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inhibition by DDPH (72.67%) was higher than that determined in this research (37.02%). Re-
garding the antioxidant activity by ABTS, the control sample presented (5.64 µmol/g d.m)
a similar value to that reported by Kuskoski et al. [58], who evaluated this property in
freeze-dried pineapple products, obtaining a value of 3.4 µmol/g d.m. Martínez et al. [59]
reported a lower value (1.7 ± 0.2 µmol/g d.m) in dehydrated pineapple by-products (peel
and core). Regarding the antioxidant activity of DPPH and ABTS, there was a statistically
significant difference between the treatments (p < 0.05), but there were no representative
differences between the fermented and the ultrasound-fermented samples, indicating that
the combination of treatments did not significantly increase the antioxidant capacity with
respect to the fermented sample. It is important to highlight that all treatments presented
higher values of TPC and antioxidant activity with respect to the control.

Table 6. Results of TPC and antioxidant activity for the control, fermented, sonicated and fermented
with ultrasound samples.

Sample TPC (mg GAE/g d.m) DPPH (% Inhibition) ABTS (% Inhibition)

Control 30 ± 0.93 a 37.02 ± 0.27 a 61.55 ± 2.2 a

Fermented 52.7 ± 2.02 b 61.46 ± 1.05 b 77.39 ± 1.18 b

Ultrasonic 570.35 ± 0.26 c 39.66 ± 1.03 c 67.16 ± 1.8 c

Fermented and Ultrasonic 866.26 ± 2.13 d 63.53 ± 2.02 b 80.06 ± 1.02 b

Means that do not share a letter are significantly different.

It is possible to observe that both the TPC and the antioxidant activity increased in
the samples submitted to the two processes (SSF and UAE), TPC was 28 times higher
compared to the control, the percentage inhibition by DPPH was 1.7 times higher and the
percentage inhibition by ABTS 1.3 times. The increment in the TPC and the antioxidant
activity could be attributed to the combined process of SSF and ultrasound. Fermentation
allows the production of various hydrolyzing enzymes such as β-glucosidase, α-amylase,
xylanase, esterases, etc., which are associated with the release of phenolic compounds
soluble in water and/or organic solvents used for extraction [35]. In addition to the
enzymatic release of these compounds, other biochemical pathways could be involved,
increasing the phenolic content and antioxidant activities in pineapple peels. Similarly,
other water-soluble bioactive compounds such as small xylooligosaccharides, peptides, etc.,
produced through the fermentation process could contribute to enhance the antioxidant
properties of the substrate [60]. On the other hand, the acoustic and mechanical effects that
occur during the ultrasound method generate the formation and subsequent decomposition
of bubbles in the liquid extraction medium. The dynamically formed cavitation bubbles
that implode in the surrounding liquid disintegrate the cell wall of the substrate, thereby
releasing phenolic compounds that were not released during the fermentation process.
It is relevant to highlight that these effects can only occur in liquids and solid materials
containing liquids [39]. These beneficial effects have been evidenced in a wide variety of
plant substrates [61,62].

To optimize the process, a desirability function (d) was obtained, represented in the
following graphs. The d value is equivalent to the degree of desirability of the response;
values close to 1 indicate that the response is desirable. To apply this function, we sought to
maximize the value of TPC and antioxidant activity (DPPH and ABTS). Figure 6 shows the
graph of the desirability compound. The response found presented a high desirability value
(d = 0.980622), which therefore, achieves an overall optimal response. The appropriate
factors for the process, as found in the function, were temperature at 62 ◦C, 58% ethanol
and 32 min, obtaining 866.26 mg GAE/g d.m for TPC, 63.53% inhibition for DPPH and
80.06% for ABTS; values very similar to those obtained by the program.
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Figure 6. Optimization plot for the solid-state fermentation combined with ultrasound.

As shown in Figure 6, the temperature evaluated between 28 and 62 ◦C, presented an
ascending value until it reached a maximum at 62 ◦C. For the ethanol concentration, on the
other hand, it reached a maximum at 50% and then declined. In the case of temperature,
thermal effects are associated with increased cell wall disruption, which enhances the
release of certain compounds.

With respect to Figure 6, it was possible to observe that the higher the temper-
ature, the better results obtained for TPC and antioxidant activity. Authors such as
Shivamathi et al. [63] reported a better performance when obtaining pectin with ultra-
sound from pineapple peels when the temperature was evaluated in a range of 50–70 ◦C.
The research realized by Yahya et al. (2020) [39], who used ultrasound on pineapple peels,
showed an increase in the TPC when increasing the ethanol concentration up to a maximum
of 50%; at higher values, it began to decrease due to the intermiscibility and similarity of
the extracted components with the solvent mixture. Also, these results are similar to those
reported by Živković et al. (2018) [38] and Xu et al. (2017) [37] who performed ultrasound
extraction on pomegranate peels and Limonium sinuatum flowers, respectively. According
to other research conducted, when water was used as extraction solvent, lower extraction
yields of phenolic compounds were obtained [64], as presented in this work. As reported
by Do et al. [65], the polarity of the solvent plays a relevant role in increasing the solubility
of phenolic compounds. Particularly, ethanol is one of the solvents that increases solubility
in solutes that present low polarity; for this reason, using water in different proportions of
ethanol leads to the formation of a medium that achieves a better extraction [66].

3.4. Identification of Bioactive Compounds by High Performance Liquid Chromatography (HPLC)

The identification profile of the polyphenolic compounds of the fermented pineapple
peel subjected to the ultrasound process was obtained by UHPLC analysis, following the
methodology described previously. The identified compounds in the extracts obtained
by optimized conditions are presented in Table 7. In addition, the fragmentograms of the
compounds identified and quantified in the extract can be found in Appendix A.



Fermentation 2022, 8, 314 15 of 23

Table 7. Minimum quantification level (MQL = 2MQL), retention time (tR) and results of the determi-
nation of phenolic compounds in extracts by UHPLC-ESI + Obitrap-MS.

Compound tR (min) MQL * (mg/kg) Concentration (mg/kg)

Theobromine 2.6 0.1 <0.1

Theophylline 2.8 0.1 <0.1

Epigallocatechin 2.9 0.1 <0.1

Catechin 3.0 0.1 <0.1

Epicatechin 3.2 0.1 <0.1

p-Hydroxybenzoic acid 3.2 0.1 <0.1

Caffeine 3.1 0.1 <0.1 *

Caffeic acid 3.2 0.1 7.0

Vanillic acid 3.2 0.1 2.6

Epigallocatechin gallate 3.2 0.1 <0.1

p-coumaric acid 3.6 0.1 2.6

Epicatechin gallate 3.6 0.1 <0.1 *

Ferulic acid 3.7 0.1 2.1

Quercetin 4.5 0.1 0.2

Rosmarinic acid 4.0 2.0 16.9

Cyanidin 3.8 0.1 0.1

Luteolin 4.4 0.1 <0.1 *

Kaempferol 4.9 0.1 <0.1 *

Trans-cinnamic acid 3.7 0.4 <0.4

Naringenine 4.8 0.1 <0.1 *

Pelargonidine 3.6 0.1 <0.1 *

Apigenin 4.8 0.1 <0.1 *

Pinocembrin 5.8 0.1 <0.1 *

Carnosic acid 7.3 0.4 <0.4

Ursolic acid 8.6 0.1 <0.1

Cyanidin 3-rutinoside 3.0 0.1 <0.1

Pelargonidin 3-glucoside 3.1 0.1 <0.1

Quercetin 3-glucoside 3.6 0.1 0.5

Kaempferol 3-glucoside 3.8 0.1 0.1

Rutin 3.5 0.1 0.5

Gallic acid 1.8 0.1 0.1
* Detected below the limit of quantification and above the limit of detection.

Concerning the TPC, different values are often observed when applying the same
processing method, mainly due to the difference in cultivars, maturity stage, sample
heterogeneity, processing, as well as the extraction conditions and techniques used in each
research [67]. Phenolic compounds account for more than half of the total antioxidant
capacity present in fruits, demonstrating the efficiency of these to scavenge free radicals
and some reactive oxygen species [68].

According to the results reported in Table 7, it is possible to observe that ten compounds
were quantified, including rosmarinic acid, caffeic acid, vanillic acid, coumaric acid, ferulic
acid, quercetin 3-glucoside, rutin, quercetin, kaempferol 3-glucoside and gallic acid.
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Rosmarinic acid (RA) was the main compound identified; this one belongs to the
group of hydroxycinnamic acids and was isolated for the first time from the leaves of
Rosmarinus officinalis, although it can be found in many other plant species [69]. RA is struc-
turally formed from an esterification reaction between caffeic and 3,4-dihydroxyphenyl
acids and is currently available in powder form. This acid has been widely investigated
because it has been shown to act as an anti-aging, anti-allergic, anti-diabetic, anti-microbial,
anti-depressant, anti-inflammatory agent, anti-cancer agent, and its hepatoprotective,
nephroprotective, cardioprotective and neuroprotective properties have been well rec-
ognized and mainly associated with its antioxidant potential [70,71].

These identified compounds are similar to those reported by Li et al. [72], who found
them in pineapple peel extracts using methanol as solvent (gallic acid, catechin, epicat-
echin and ferulic acid), however, catechin and epicatechin were found below the limit
of quantification. Yahya et al. [39] identified in ethanolic extracts of pineapple peels ob-
tained by ultrasound assisted extraction the following compounds: gallic acid, catechin and
quercetin. Yapo et al. [73] identified eight phenolic compounds, all belonging to the family
of hydroxybenzoic and hydroxycinnamic acids, which matches with the results found. In
the work of Campos et al. [74] where they identified the compounds present in the liquid
residues of pineapple peels, they reported chlorogenic acid, caffeic acid, syringaldehyde
and ferulic acid, of which the only one not reported is syringaldehyde, however, these
differences may be attributed to the fact that the extracts were not obtained under the
same conditions. Likewise, the compounds identified are consistent with four of the five
compounds quantified by Lourenço et al. [75], who identified: gallic, chlorogenic, caffeic,
p-coumaric and ferulic acid in samples of pineapple peel extracts obtained by conventional
extraction with 80% ethanol.

The combined process of SSF with ultrasound allowed us to increase the bioactive com-
pounds present in pineapple peel extracts, compared to those reported by Lubaina et al. [76],
who quantified by HPLC, ethanol extracts of the Mauritius variety pineapple peels (the
most popular cultivar grown in Kerala, India), reporting 0.068 ug/mg of caffeic acid,
0.533 ug/mg of p-coumaric acid and 1.828 ug/mg of ferulic acid, while in this research
7.0 ug/mg of caffeic acid, 2.60 ug/mg of p-coumaric acid and 2.10 ug/mg of ferulic acid
were obtained. These compounds are of great interest because they present beneficial
properties for health; for example, caffeic acid is an antioxidant which boosts immunity and
controls lipid levels in blood; p-coumaric acid is recognized for its antioxidant behavior
reducing the formation of carcinogenic nitrosamines in the stomach [77] and ferulic acid is
well-known for its physiological functions such as antimicrobial, anti-inflammatory and
anti-cancer activities [76].

4. Conclusions

The combination of SSF with ultrasound extraction on pineapple peels allowed an
increase in the phenolic content and antioxidant activity. The optimal conditions were 58%
ethanol, 30 min of extraction time and 62 ◦C. The results obtained were 866.26 mg GAE/g m.s
for TPC and for antioxidant activity expressed as percentage inhibition, 80.06 ± 1.02%
for ABTS and 63.53 ± 2.02% for DPPH, respectively. This methodology allows to obtain
extracts containing compounds such as rosmarinic acid, caffeic acid, vanillic acid, and p-
coumaric acid, among others, which have been widely investigated and have been reported
to have high antioxidant capacity and therefore have a positive influence on the consumers
health. They could be used in the food, pharmaceutical or cosmetic industry. However,
it is important to mention that further studies are required to evaluate the stability of
the extracts when incorporated into products and how the absorption process would be
through the digestive tract.
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Appendix A

Figure A1. Fragmentogram of caffeic acid.
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Figure A2. Fragmentogram of vanillic acid.

Figure A3. Fragmentogram of p-coumaric acid.
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Figure A4. Fragmentogram of ferulic acid.

Figure A5. Fragmentogram of quercetin.
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Figure A6. Fragmentogram of rosmarinic acid.
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