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Abstract: Currently, agro-industrial residues have been used to obtain bioactive compounds. The fermentation
process is an alternative for the use of these residues and to be able to accumulate metabolites that may be of
interest to different industrial sectors. The aim of this study was to evaluate solid-state fermentation conditions
using pineapple waste as substrate with Aspergillus niger spp., to release polyphenolic compounds using a
Plackett-Burman exploratory design. Temperature, humidity, inoculum, NaNOs, MgSOs, KCl and KH2POs
conditions in the fermentation process were evaluated. The results revealed that the Aspergillus niger HT3 strain
reached a hydrolyzable tannins accumulation of 10.00 mg/g, while Aspergillus niger Aa20 reached a condensed
tannins release of 82.59 mg/g. The KH2POu affect the release of condensed tannins with A. niger Aa20 and
MgSO: affect the release of hydrolyzable tannins with A. niger HT3. In addition, a positive antioxidant activity
was demonstrated for the DPPH, ABTS and FRAP technique. The HPLC analysis was able to identify
compounds in the fermented pineapple peel such as 3-feruloylquinic acid, caffeic acid, lariciresinol and 3-
hydroxyphloretin 2’-O-xylosyl-glucoside, among others. The solid-state fermentation process is a
biotechnological alternative for the release of bioactive compounds.
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1. Introduction

Nowadays, several compounds have been found that have been of great importance either in
human health or in their industrial, food, pharmaceutical applications, among others. These
compounds are called polyphenolics, these are secondary metabolites found in plants and fruits [1],
they have been classified into several groups, among them are condensed tannins which are
olimgomers or polymers of flavan-3-ols and flavan-3,4-diols [2], these are also considered
proanthocyanidins and among the most common are epicatechin, gallocatechin, catechin and
epigallocatechin; there are also the so-called hydrolyzable tannins, esters of gallic acid considered
gallotannins and ellagic acid considered ellagitannins, which have a sugar core and are easily
hydrolyzed by enzymatic action [3,4].

These compounds have been of great interest since it has been proven that they have biological
activities such as antioxidant, antimicrobial, anti-inflammatory, chemotherapeutic, antiglycemic and
other properties, and they are also beneficial to health and can be applied in medicines, food
supplements, dermatological products, even cosmetics, among others [3,5]. Bioactive compounds
have been found in various fruits such as grape, orange, pomegranate, rambutan and pineapple is no
exception, these compounds have been found in the fresh fruit, which corresponds to 70% of the total
fruit, however there is a drawback in the industrialization of this fruit as it generates about 60% of
waste consisting of the skins, heart, leaves and crown [6]. For this reason, alternatives are being
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sought to use this type of waste, among the possible uses are the manufacture of textiles, paper,
animal feed [7], bioethanol production [8], production of recycled packaging [9], preparation of
natural pigments [10], among others.

However, it has been shown that pineapple waste are also a potential source for obtaining
polyphenols [11]. Minerals (magnesium, potassium, zinc, sodium, among others), different vitamins
such as A, C, K and E [12], aromatic compounds such as limonene, ethyl hexanoate, butyl acetate, 1-
butanol, furfural, among others [13]. Several conventional and emerging technologies have been used
to obtain this type of compounds, including soxhlet-assisted extraction, liquid-liquid extraction,
vapor extraction, infusion, ultrasound extraction [14], autohydrolysis [15], microwave, supercritical
fluid extraction [16].

Currently, new environmentally friendly alternatives are being sought for obtaining
polyphenolic compounds, among the alternatives are biotechnological ones such as fermentation,
either in the solid state (which is considered as such because it is in the absence of water but at
optimum moisture levels so that the microorganism can grow) [17,18] or fermentation in the liquid
state, as its name suggests, is carried out in a liquid medium under certain conditions of pH,
inoculum, oxygen and aeration; these biotechnological processes produce enzymes that help the
release of polyphenolic compounds, which is why it is a promising alternative [18].

Although fermentation methods were already known, nowadays it has gained more interest due
to its simplicity and proximity to the natural conditions of the microorganisms used, whether yeast
or fungi [17]. Within the fermentation processes, agro-industrial waste have been used, since the aim
is to make better use of these waste, such is the case of pineapple. In order to take advantage of these
waste, the objective of the present work is to evaluate the conditions of the solid-state fermentation
process using Aspergillus niger spp. for the release of polyphenolic compounds from pineapple peels
and to determine the best conditions for obtaining them, as well as to determine their antioxidant
capacity.

2. Materials and Methods

2.1. Obtaining Pineapple Husk Waste

Pineapple husk waste were collected from a local market located in the center of the city of
Saltillo, Coahuila. The waste was cut into small pieces, washed, and placed in containers and dried
in an oven (Blast Drying Oven, WGL-65B) at 60 °C for 72. Once dried it was ground in a blender
finally obtaining a powder.

2.2. Physicochemical Characterization of Pineapple Waste

The water absorption index (WIA) and the critical moisture point (HCP) were determined
according to the methodology reported by Buenrostro-Figueroa et al. [19]. For IAA, 1.5 g of dry matter
was placed in a 50 mL falcon tube with 15 mL of distilled water, shaken manually for 1 min at room
temperature and then centrifuged at 3000 g for 10 min. The supernatant was discarded, and the IAA
was calculated from the remaining weight of the gel expressed in g gel/g dry weight. The HWP was
estimated by the addition of 1 g of sample on a thermobalance (OHAUS, Parsippany, UN, USA).

2.3. Proximate Analysis of Pineapple Waste

The proximate analysis consisted of the determination of moisture content, ash content and fat
content according to the AOAC methodology according Polania-Rivera et al. [20]. Total carbohydrate
content was determined by the phenol-sulfuric method according to Polonia-Rivera et al. [20] with
some modifications where a standard curve was performed with dextrose with a concentration of 0
- 140 ppm, reducing sugars were determined according to Amaya-Chantaca et al. [21]. The protein
content was carried out according to the Lowry spectrophotometric method according to the
methodology reported by Redmile-Gordon et al. [22] Fiber determination was determined according
to that reported by Pua et al. [23].
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2.4. Evaluation of Fungal Strains with Invasive Capacity on Pineapple Peel Waste

Five fungal strains from the Food Research Department of the Autonomous University of
Coahuila, which were previously identified and characterized (Aspergillus HT3, Aspergillus niger
GH1, Aspergillus niger Aa20, Aspergillus Aal20, Aspergillus oryzae) were evaluated. The strains were
reactivated on potato dextrose agar (PDA) at 30 °C for 5 days. The invasive growth capacity of the
microorganism was evaluated using ground pineapple husk as substrate according to the
methodology reported by Espita-Hernandez et al. [24]. Growth kinetics was performed by taking
measurements every 24 h for 5 days and determining the growth rate [25]. Subsequently, extractions
were performed by recovering with 15 mL of ethanol (50%), for subsequent analysis.

2.5. Quantification of Polyphenolic Compounds

Hydrolyzable tannins (HT) were determined according to the methodology described by Espita-
Hernandez et al. [24], with some modifications, 20 pL of fermentation extract (samples were diluted
at 1:100) were placed in a microplate well, then 20 uL of Folin-Ciocalteu’s reagent were added and
allowed to stand for 5 min, then 20 pL of sodium carbonate (0.01M) were added and allowed to stand
for 5 min, finally diluted in 125 uL of distilled water and read at 750 nm in a microplate reader
(Thermo Scientific, Multiskan). Values were calculated using a gallic acid calibration curve (0 - 200
ppm). Hydrolyzable tannin content was expressed as mg/g pineapple peel weight. Condensed
tannins (CT) were determined according to the methodology described by Palacios et al. [26], with
some modifications, a solution of HCl-Terbutanol was prepared in a ratio of 1:9 (10 mL of HCl at 37%
volumetric in 100 mL of terbutanol), then 70 mg of FeSO4.7H20 were added. The fermentation extract
was taken 333 pL (the samples were diluted 1:100), then 2 mL of HCI-Butanol were added and
capped, placed in a tube rack and heated for 1 h at 100 °C, after which time they were allowed to cool
to room temperature and 180 pL were taken from each tube and placed in a microplate well and read
at 450 nm. Values were calculated using a catechin calibration curve (0 - 1500 ppm). The CT content
was expressed as mg/g of pineapple peel weight.

2.6. Evaluation of Solid-State Fermentation (SSF) Conditions Using Pineapple Peel Waste for the Release of
Bioactive Compounds

An exploratory Plackett-Burman design for the release of polyphenols was used to evaluate the
SSF conditions. The design used two levels (+1, -1), 7 factors which were temperature, humidity,
inoculum, NaNOs, MgSOs, KCI and KH2POs4 and 8 treatments, which were performed in triplicate,
the factors and treatment are shown in Table 1. The response variable was the amount of HT and CT,
its quantification was performed according to the methodologies of section 2.5. The extracts were
recovered by adding 15 mL of an ethanol: water mixture (50% v/v) and then filtered and stored for
further analysis.

Table 1. Condensed matrix of Plackett-Burman design treatments and factor levels for polyphenol

release.
Temperature  Humidity Inoculum
Run NaNOs MgSO: KCl KH:PO,
(°C) (%) (esp/g)
1 -1 -1 -1 1 1 1 -1
2 1 -1 -1 -1 -1 1 1
3 -1 1 -1 -1 1 -1 1

d0i:10.20944/preprints202403.1008.v1
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4
5 -1 -1 1 1 -1 -1 1
6 1 -1 1 -1 1 -1 -1
7 -1 1 1 -1 -1 1 -1
8 1 1 1 1 1 1 1
Levels
Factors
+1 -1
Temperature (°C) 30 25
Humidity (%) 80 70
Inoculum (esp/g) 1x10e7 1x10e6
NaNO; (g/L) 15.6 7.65
MgSO;s (g/L) 3.04 1.52
KClI (g/L) 3.04 1.52
KH:PO4 (g/L) 6.08 3.04

2.7. Analysis of the Polyphenolic Content of the Fermentation Extracts by RP-HPLC-ESI-MS

For the identification of the polyphenolic content of the fermentation extracts, they were filtered
with a 0.45um nylon membrane, then 1.5 mL were taken and placed in a vial for chromatography.
The identification was carried out according to the methodology reported by Ascacio et al. [27]. The
analyses by Reverse Phase-High Performance Liquid Chromatography were performed on a Varian
HPLC system including an autosampler (Varian ProStar 410, USA), a ternary pump (Varian ProStar
2301, USA) and a PDA detector (Varian ProStar 330, USA). A liquid chromatograph ion trap mass
spectrometer (Varian 500-MS IT Mass Spectrometer, USA) equipped with an electrospray ion source
also was used.

2.8. Determination of Antioxidant Capacity

The free radical trapping capacity was performed using the methodology described by
Septlveda et al. [15], with some modifications, a standard solution of Trolox was prepared from 0 to
200 ppm. The DPPH radical (Sigma Aldrich) was prepared at a concentration of 60 pM in methanolic
solution. 193 puL of DPPH-Methanol solution and 7 pL of fermentation extract were added, methanol
alone was used as blank and DPPH-methanol solution was used as control absorbance. The
absorbance wavelength of the radical was determined by scanning in the visible range at 540 nm. The
radical uptake activity will be obtained according to equation (1):

ACR (%) = %* 100 1)

where Ac is the control absorbance and Am is the absorbance of the sample.

The decolorization of the ABTS radical was performed using the methodology of Sepulveda et
al. [15], with some modifications, a standard solution was prepared from a range of 0 to 200 ppm.
Subsequently, a 7 mM ABTS solution (Sigma Aldrich) was prepared and mixed with a solution of
K3S,0,05 until the latter had a concentration of 2.45 mM. It was allowed to stand in the dark for 12 h
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at room temperature. 193 uL. ABTS solution and 7 puL fermentation extract were placed, ethanol was
used as the reading blank and ABTS-ethanol as the control absorbance. A wavelength of 750 nm was
used. The results were expressed according to equation 1.

The FRAP method was carried out according to Espita-Hernandez et al. [24] with some
modifications. FRAP reagent was prepared daily, and maintained at 37 °C, by mixing acetate buffer
(0.3 M pH 3.6) with a 10 mM solution of TPTZ (Sigma Aldrich) in 40 mM HCI, and a 20 mM solution
of FeCls.6Hz0, in a 10:1:1 ratio. Assay solutions were prepared by mixing 180 pL of FRAP reagent
with 24 pL of a 3:1 ratio water/sample mixture. A wavelength of 595 nm was used. The polyphenolic
content was analyzed according to the methodology of section 2.7, of the treatments with the best
antioxidant activity.

3. Results

3.1. Physicochemical Characterization of Pineapple Peel

In order to carry out the SSF process, it is necessary to know certain parameters, such as the
water absorption index (WIA), which is the amount of water absorbed by the support [28], and the
critical moisture point (CMP), which is the water bound to the support [29]. In the present study,
pineapple peel obtained values of 5.42 + 0.47 g gel/g dry peel and 4.60 % + 1.03 of IAA and PCH,
respectively. According to the methodologies used for proximate analysis of pineapple peel, it
presented a moisture content of 8.90% + 0.86, as well as an ash content of 1.62% + 0. 99, regarding fat
content, a value of 3.78% = 0.46 was obtained, total sugars were determined giving a value of 39.63%
+ 6.04, and reducing sugars were determined resulting in 34.88% * 1.26, as for the protein content, a
value of 6.63% + 0.45 was determined and for fiber content a result of 20.90% + 1.53 was obtained.

3.2. Evaluation of Fungal Strains with Invasive Growth Capacity

For the radial growth evaluation, six Aspergillus strains were used (A. niger HT3, A. niger Aa210,
A. niger Aa20, A. niger GH1, A. oryzae), according to Figure 1, it is observed that there is no significant
difference between the Aspergillus strains, however, determining the growth velocity, A. niger A20
and A. niger HT3 were the ones that adapted better to the substrate since a result of 0.039 mm/h and
0.038 mm/h was obtained, respectively, compared to the others, a lower growth rate was obtained,
having as a result 0.036 mm/h, 0.033 mm/h, 0.033 mm/h, from the strains of A. niger Aa210, A. niger
GH1 and A. oryzae, respectively.

35

30

—8— 4. niger HT3

—X— A. niger Aa20

—4— 4. niger Aa210

Measurement (mm)

—&— 4. niger GH1

—8— 4. orvzae

0 24 48 72 96 120
Time (h)

Figure 1. Radial growth for the evaluation of fungal strains with invasive capacity on pineapple husk
waste.
3.3. Quantification of Polyphenols from Fermentation Kinetics.

The A. niger Aa20 and A. niger HT3 strains were used for the quantification of HT and CT., Figure
2 A shown the quantification of HT with each of the strains used, for the A. niger Aa20 strain there
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was a greater release of HT at 48 h, obtaining a result of 6.02 mg/g of dry sample of pineapple peel,
however, for the A. niger HT3 strain, it is observed that at 72 h there was a greater release of HT with
a concentration of 10.00 mg/g of dry sample of pineapple peel, according to what was obtained, A.
niger HT3 was the strain that favored the release of these bioactive compounds. Figure 2 B shown the
quantification of CT for each of the strains used, it is observed that for the A. niger Aa20 strain, at 48
h, the release of these bioactive compounds was the highest, with a concentration of 82.59 mg/g of
dry sample of pineapple peel, for the strain of A. niger HT3 at 72 h was the highest release of CT with
a concentration of 78.71 mg/g of dry sample of pineapple peel, both strains favored the release of
these bioactive compounds, however, the strain of A. niger Aa20 was the one with the highest release

of CT.
004 A ww |, B
=84 niger Az20
—— A niger Aal0 5000
10001 —e—A. niger HT3
—e— 4 niger HT3 8000
w C]
E E} 70.00
§ g 6000
o U
30.00
40.00
200 T T T T | 30.00

0 H 43 n 96 120 0 ) 48

7 2 120
Time (H)
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Figure 2. Kinetics of quantification of A) HT and B) CT of each of the strains used.

3.4. Evaluation of the SSF Conditions for the Release of HT and CT

According to the methodology used in section 2.6, 7 factors were evaluated, which were at a low
level and a high level, in Figure 3A the treatments used for the release of bioactive compounds are
shown, for the A. niger HT3 strain a fermentation time of 72 h was used, and it was treatment 6 that
obtained the highest release of HT with a concentration of 17.46 + 2.35 mg/g of dry sample of
pineapple peel, where a temperature of 30 °C at 70% humidity was used with an inoculum of 1x107,
with a concentration of salts of NaNO:s (7.65 g/L), MgSOs (3.04 g/L), KCl (1.52 g/L), KH2POs (3.04 g/L),
we can observe that in comparison to the unfermented sample (SWF), fermentation favored the
release of H.T. For CT release, A. niger strain Aa20 was used with a fermentation time of 48 h., as
shown in Figure 3B, treatment 4 favored the release of bioactive compounds with a concentration of
92.03 + 11.23 mg/g mg/g of dry sample of pineapple peel, where a temperature of 30 °C at 80%
humidity was used with an inoculum of 1x10¢, with a concentration of salts of NaNOs (15.6 g/L),
MgSOs (1.52g/L), KCI (1.52 g/L), KH2POx (3.04 g/L).
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Figure 3. Concentration of polyphenols found in the fermentation process. A) HT concentrations of
A. niger HT3 treatments; B) TC concentrations of A. niger Aa20 treatments.

In the Pareto chart (Figure 4) shown the influence of each of the factors observed in this work,
the factors above the central line influenced the release of HT, being the MgSOx salt, which indicates
that as the concentration of the salt is increased, they can increase the release of HT, while the other
factors did not have a significant effect. While for the release of CT the KH2POxs salt, had a significant
effect, indicating that the lower the concentration of the salt, the higher the release of CT, can this be
attributed to the cation exchange of Mg?* and K*, since they can be a substitute source of the essential
elements needed by the microorganism for its growth [28].

DV: Condensed tannins (mg/g)

(5)MgSO, (/L) %//////////% 1.056549
(W Temperature (C) 1.042475

-3.1665]

p=.05
Standardized Effect Estimate (Absolute Value)

(5)MgSO, (g/L)

(4)NaNO ; (g/L)

(1)Temperature (°C)

(6)KCI (g1

(2)Humidity (%)

(7)KH,PO, (g/L)

(3)Inoculum (esp/g)

DV: Hydrolyzable tannins (mg/g)

2.398654

1.863598

1.250866

-.886949

-.375562

.0098717

p=.05
Standardized Effect Estimate (Absolute Value)

Figure 4. Pareto chart of the variables that affect the fermentation process. HT for A. niger HT3 and;
CT for A. niger Aa20.

3.5. Identification of HT and CT by HPLC-MS

The polyphenolic content (Table 2) of the unfermented sample and of the SSF extracts of
pineapple peel with A. niger HT3 (Treatment 6) and A. niger Aa20 (Treatment 4) was determined by
HPLC-MS.; for the unfermented sample 10 main compounds were identified, for the first strain 10
main polyphenolic compounds were identified, likewise for the second strain 6 main bioactive
compounds were identified, compounds of the curcuminoids, hydroxycinnamic acids,
methoxycinnamic acids, flavonols, lignans, catechins and anthocyanins families were found.

Table 2. Bioactive compounds identified in treatments with higher bioactive compound and
antioxidant capacity of A. niger HT3 and A. niger Aa20 strains.

Unfermented sample

Molecular Chemical

No. i Molecule Family
weight  formula
Hydroxycinnamic
1 341.0 C1sHi1s09 Caffeic acid 4-O-glucoside )
acids
314.9 Ci6H1207 Rhamnetin Methoxyflavonols
389.0 C20H20s Resveratrol 3-O-glucoside Stilbenes
L Hydroxybenzoic
4 322.9 Gallic acid 3-O-gallate i
acids
5 252.9 C15H1004 7,4’-Dihydroxyflavone Flavones
Hydroxycinnamic
6 352.8 C16H1s09 1-Caffeoylquinic acid )
acids
7 370.8 C20H2007 Sinensetin Methoxyflavones
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8
L Hydroxycinnamic
8 336.8 CisH108 3-p-Coumaroylquinic acid _
acids
9 622.8 C2sHx016  Isorhamnetin 3-O-glucoside 7-O-rhamnoside  Methoxyflavonols
10 414.9 C21H2009 Daidzin Isoflavones
Treatment 4 of A. niger Aa20 strain
Molecular Chemical
No. ) Molecule Family
weight formula
11 368.8 C21H2006 Curcumin Curcuminoids
L Hydroxycinnamic
352.9 Ci16Hi109 1-Caffeoylquinic acid )
acids
12 359.8 C20H2406 Lariciresinol Lignans
o Methoxycinnamic
13 366.8 C17H2009 3-Feruloylquinic acid .
acids
14 380.5 C15H10010S Quercetin 3’-sulfate Flavonols
15 300.8 C1sH1007 Quercetin Flavonols
Treatment 6 de A. niger Aa20
Molecular Chemical
No. i Molecule Family
weight  formula
16 272.8 C1sH14Os Phloretin Dihydrochalcones
17 368.9 C20H1807 Sesaminol Lignans
Hydroxycinnamic
352.9 Ci6Hi1809
1-Caffeoylquinic acid acids
18 190.9 Ci0HsOx Scopoletin Hydroxycoumarins
Methoxycinnamic
19 542.8 CoH2s012
3,4-Diferuloylquinic acid acids
20 584.9 C26H3015  3-Hydroxyphloretin 2’-O-xylosyl-glucoside ~ Dihydrochalcones
Hydroxycinnamic
21 178.9 CoHsO4 Caffeic acid )
acids

Treatment 6 of A. niger HT3 strain

Molecular Chemical
No. ) Molecule Family
weight  formula

358.6 C20H2406 Lariciresinol Lignans
o Hydroxycinnamic
352.9 Ci1sHisOp9 1-Caffeoylquinic acid )
acids
22 283.9 Ci6H1205 Methylgalangin Methoxyflavonols
23 306.8 CisH14O7 (+)-Gallocatechin Catechins
24 256.7 CisH1204 Pinocembrin Flavanones
Hydroxycinnamic
25 311.9 C1sH1209 Caffeoyl tartaric acid

acids
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9
Methoxycinnamic
26 588.9 Ca9Hs504 Schottenol ferulate .
acids
27 600.9 C7HeOs gallagic acid
28 289.0 CisH1406 (+)-Catechin Catechins
29 286.6 CisHuOs* Cyanidin Anthocyanins
Treatment 7 of A. niger HT3 strain
Molecular Chemical
No. ) Molecule Family
weight formula
272.8 CisH1405 Phloretin Dihydrochalcones
o Hydroxycinnamic
3529 Ci16H1809 1-Caffeoylquinic acid )
acids
) L Methoxycinnamic
30 542.9 C7H2012 3,4-Diferuloylquinic acid .
acids
31 716.9 CssH32015 Theaflavin 3’-O-gallate Theaflavins
Hydroxycinnamic
32 359.9 CisHi60s Rosmarinic acid
acids
33 584.9 CasH2015  3-Hydroxyphloretin 2’-O-xylosyl-glucoside = Dihydrochalcones
Treatment 8 de A. niger HT3 strain
Chemical
No. Molecular Molecule Family
formula
272.8 C1sHuOs Phloretin Dihydrochalcones
L Hydroxycinnamic
352.9 Ci16Hi1s09 1-Caffeoylquinic acid )
acids
190.9 C10HsO4 Scopoletin Hydroxycoumarins
Hydroxycinnamic
359.0 CisHi60s Rosmarinic acid 4
acids

585.0 CasH2015  3-Hydroxyphloretin 2’-O-xylosyl-glucoside = Dihydrochalcones

3.6. Antioxidant Activity of the Fermentation Extracts

The antioxidant activity was carried out according to the methodology of section 2.8 for DPPH,
in Figure 5, the unfermented sample (SWF) and the treatments of each of the strains used are
observed, the treatments presented superior values compared to SWF, which had a result of 38.61%
+ 4.19, for the strain of A. niger HT3 it is observed that there was a correlation with the release of
polyphenolic compounds since treatment 6 was the one that obtained the highest percentage of
inhibition (60.28% + 1.74), for the A. niger Aa20 strain it is observed that treatment 6 was the one that
presented the highest percentage of inhibition (57.87% + 0.46), where it is observed that there was no
correlation with respect to the release of bioactive compounds.
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Figure 5. Antioxidant activity of pineapple peel waste of fermentation extracts fo DPPH.

Figure 6 shows the elimination of free radicals by ABTS, for SWF an inhibition percentage of
29.18% + 0.96 was obtained, it is observed that in comparison with the treatments the value was lower,
for the strain of A. niger HT3 treatment 7 was the one that obtained a higher percentage of inhibition
(77.38% = 6.64), while for strain A. niger Aa20 treatment 6 (81.41% = 4.06), the values obtained did not
correlate with the best fermentation treatments for obtaining polyphenolic compounds.
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Figure 6. Antioxidant activity of pineapple peel waste of fermentation extracts for ABTS.

In Figure 7, the iron reducing capacity (FRAP) is observed, where SWF obtained a result of 60.77
mEq Trolox/g + 7.23, on the other hand, a significant increase is seen in the already fermented
treatments, of A. niger HT3 the highest concentration was from treatment 8 (176. 64 mEq Trolox/ g +
27.80), as for the A. niger Aa20 strain, treatment 4 was the one that obtained the highest concentration
(113.39 mEq Trolox/g + 5.99), showing a correlation with the release of bioactive compounds.
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Figure 7. Antioxidant activity of pineapple peel waste of fermentation extracts for FRAP.

3.7. Polyphenolic Profile of the Treatments with the Highest Antioxidant Activity

Table 2 shows the compounds identified in the treatments with the highest antioxidant activity
of the A. niger HT3 strain. In treatment 6 (DPPH), 10 compounds were identified, the main compound
being lariciresinol, which belongs to the group of lignans, which are considered secondary
metabolites with great potential for antioxidant activity [48], this is because the compounds identified
have double bonds in the aromatic rings they possess, helping to stabilize free radicals by resonance.
For treatment 7 (ABTS) 6 compounds were identified and for treatment 8 (FRAP) 5 compounds were
identified, in both treatments the major compound was 3-Hydroxyphloretin 2’-O-xylosyl-glucoside,
this compound belongs to the family of dihydrochalcones which are secondary metabolites, These
come to present different biological activities including antioxidant activity, this is because they have
unsaturated carbon bonds that help stabilize free radicals, these compounds characteristic of apples,
but have not been found reported in pineapple peel. [51,52].

In the A. niger Aa20 strain, in treatment 4 (FRAP), 6 compounds were identified, where it was
determined that the major compound was 3-feruloylquinic acid, belonging to the group of
feruloylquinic acids, which are composed of esters between a ferulic acid and a quinic acid [51]. In
treatment 6 was the one that obtained the most positive antioxidant activity according to the DPPH
and ABTS methodology, 7 bioactive compounds were identified, of which caffeic acid was the major
compound, it is a polyphenolic compound of the family of hydroxycinnamic acids, which are
characterized by being of smaller structures and with a high antioxidant capacity due to its ability to
eliminate free radicals, this is due to the presence of hydroxyl groups of the aromatic ring, since it
allows stabilizing the radical that is witnessed; caffeic acid is one of the most studied compounds
since it is found in different fruits, vegetables and plants [52,53].

4. Discussion

4.1. Physicochemical Characterization

The value of IAA was similar or higher than that reported by Polania-Rivera et al. [20] in
pineapple peel ( 5.61 g/g dry peel + 0.03), in grape pomace (3.38 g gel/g + 0.01) [21], in mango seeds
(3.4 - 4 g/g dry material) [29]. In the case of PCH the value was like that reported by Buenrostro-
Figueroa et al. [28] in fig by-products (4.63%), however, it was lower than that reported with Polania-
Rivera et al. [20] (14.37% + 0.08). According to the reported results, pineapple peel is a promising
substrate for SSF.

As for moisture content, it was higher and like that reported by Selani et al. [30] (3.77 = 0.52),
Morais et al. [31] (8.8 + 0.2), however, it was lower than that reported by Huang et al. [32] (12. 04 =
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0.02 - 14.43 £ 0.06), for ash content, the value obtained in the present study was like that reported by
Sanchez-Prado et al. [33] (1.5 = 0. 00), however, a higher ash content has been reported by Selani et al.
[30] (2.24% + 0.58), on the other hand, Aparecida-Damasceno et al. [34] (4.57 + 0.04), this may be
attributed to the fact that they are different varieties of pineapple and are grown in different areas of
the country and the world, as well as it may also depend on the type of soil and the time of ripening
of the fruit [35]. As for fat content, the value reported in the present work is within the range already
reported by different authors, Huang et al. [32] (1.5 £ 0.1 - 2.8 + 0.1), Akhtar-Zakaria et al. [36] (4.87 +
0.10), Aparecida-Damasceno et al. [34] (1.17 + 0.08).

As for the total sugars content, the value reported in the present study is within the reported by
Diaz-Vela et al. [37] (22.59 + 1.99), Huang et al. [32] (69.5 + 0.8 - 83.4 + 0. 1), while the results obtained
for reducing sugars was lower than reported by Huang et al. [32] (38.1 + 2.20 - 41.4 + 0.65), the
accumulation of sugars is attributed to the time of harvest and fruit ripening [35]. Pineapple agro-
industrial residues have been found to contain several types of sugars, according to reports by
Sepulveda et al. [15] and Polania-Rivera et al. [20] the sugars found mostly are glucose, fructose, and
sucrose.

For protein content the value reported is within the values already reported by different authors
Diaz-Vela et al. [37] (0.32 + 0.05), Selani et al. [30] (4.71 + 0.28), Morais et al. [31] (7.3 £ 0.09), pineapple
is low in protein, however, bromelain as well as polyphenol oxidase and peroxidase can be found in
different amounts [35]. For fiber content the value is within the previously reported by different
authors, Huang et al. [32] (7.1 £ 0.1 - 19.8 + 0.9), Morais et al. [31] (15.9 + 2.4), Apareciada-Damasceno
[34] (4.92 £ 0.5).

4.2. Quantification of Tannins

According to Andrade-Damian et al. [25] and Buenrostro-Figueroa et al. [28], filamentous fungi
are the most widely used in SSF, thanks to their ability to adapt to the substrate that presents
similarities with the medium in which they grow, in addition to having a great potential for the
release of bioactive compounds. The decrease of polyphenols is attributed to a decomposition or a
large consumption of bioactive compounds in the exponential phase [38].

4.3. Evaluation of the Solid-State Fermentation

According to what was reported in the present study, the results were superior to those reported
by Polania-Rivera et al. [20] where they performed a SSF process with pineapple peel, using Rhizopus
oryzae having as results for total polyphenols 83.77 mg GAE/g and for C.T. 66.5 mg QE/g, according
to Correia et al. [39] the low polyphenolic content during fermentation of pineapple residues
combined with soybean meal with Rhizopus oligosporus could be related to the fact that most of the
compounds are bound to the inner membrane and only few free polyphenols are found. According
to reports from different authors, Aspergillus spp. strains using the SSF biotechnological process help
to release polyphenols, as they also naturally produce enzymes that degrade the cell wall and
produce hydrolysis, as reported by Torres-Leon et al. [29] who used SSF mango seeds with the A.
niger strain GH1, where an increase in total phenolic content was obtained (984 mg GAE/100 g to
3288 mg GAE/100 g), likewise, Buenrostro-Figuero et al. [28] using fig residues in SSF with A. niger
HT4, obtained an increase in total polyphenol content obtaining a value of 10.19 + 0.04 mg GAE/g.
Amaya-Chantaca et al. [21] who used a SSF method with a strain of A. niger GH1, in grape pomace
observed that it is an effective method for obtaining polyphenolic compounds where they obtained
a concentration for HT 2.262 g/L and for CT 3.684 g/L. Rajan et al. [40] used the SSF process with A.
niger and A. flavus strains on Indian black plum fruit to obtain polyphenolic compounds, obtaining
favorable results as each strain obtained a significant increase from 182.42 mg GAE/100 g of the
unfermented sample to 526.37 mg GAE/100 g for A. niger strain and 685.88 mg GAE/100 g for A. flavus
strain. The results indicate that SSF is a promising biotechnological process for obtaining bioactive
compounds, likewise pineapple peels were a promising substrate, and it is advisable to continue
studying this type of by-product, for its use since there are not enough with the SSF process.
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4.6. Activity Antioxidant

The results obtained are favorable according to Sepulveda et al. [15] since they are within those
already reported, reporting that DPPH values ranged from 27.4% =+ 0.1 to 82.1% * 1.4, while ABTS
values ranged from 57.1 + 0.2 to 95.0% = 0.1, on the other hand, Polania et al. [42] used pineapple
waste fermented from Rhizopus oryzae to subsequently subject them to ultrasonic treatment, according
to the results obtained from fermented extracts (61.46 + 1.05 and 77.39% + 1.18, DPPH and ABTS
respectively) and combined fermentation with ultrasound (63.53% + 2.02 and 80.06% =+ 1.02, DPPH
and ABTS respectively); they are similar to those obtained in the present study. On the other hand,
Dulf et al. [43], obtained methanol extracts of peach pomace from SSF using A. niger and R. oligosporus,
although the antioxidant activity did not correlate with the bioactive compounds, positive results
were obtained for inhibition by DPPH. While Torres-Leon et al. [29] found a correlation of
polyphenols obtained from mango seed, subjected to a SSF process with A. niger GH1 with their
antioxidant activity, this is attributed to the fact that the fermentation process increases the
antioxidant activity of bioactive compounds. On the other hand, Paz-Artega et al. [38] using SSF with
A. niger GHI in pineapple peels and core saw a positive correlation with respect to the release of
polyphenols and antioxidant activity by DPPH since there was an increase of 25%.

According to results obtained are similar or even superior to those reported by Chiet et al. [44]
they extracted the polyphenolic content of three different pineapple cultivars, during 2 hours with
80% methanol with a shaking of 200 rpm, where they obtained results for Josapine (118.29 ug ascorbic
acid equivalents/ g + 9.20), Morris (85.23 + 2.65) and Sarawak (73.92 + 5.10). Brito et al. [45] obtained
methanol and ethanol extracts by maceration from pineapple crown, where the extracts showed
positive antioxidant effect using the FRAP method. Larios-Cruz et al. [46] recovered bioactive
compounds from grapefruit waste by SSF using A. niger GH1, the compounds obtained were
subjected to FRAP antioxidant activity, obtaining lower values (14.43 mg/g) than those reported in
the present study.

Antioxidant activities are due to the fact that they have a protective activity against oxidation
compounds, such is the case of polyphenols that help to capture free radicals that are absorbed by
humans, although antioxidant activity is not correlated with the release of polyphenolic compounds,
since it may be due to the fact that there may be interferences with the techniques used, in addition
to the fact that polyphenols act in different ways and not all of them may have the same biological
activity [15]. However, it has been proven that by using the SSF method a large amount of bioactive
compounds are released and with it a high antioxidant activity, this is attributed to the fact that a
microbial hydrolysis is generated that helps the release of these bioactive that are bound to the plant
matrix [47].

4.5. Identification of Bioactive Compounds by HPLC-MS

According to Banerjee et al. [41] different bioactive compounds have been found in pineapple
waste, of which phenolic acids, flavonoids, catechin, gallic acid, and ferulic acid stand out. Polania-
Rivera et al. [20] identified 8 compounds by the SSF method using Rhyzopus oryzae, these being gallic
acid, chlorogenic acid, catechin, caffeic acid, epicatechin, coumaric acid, scopoletin and quercetin.
Paz-Arteaga et al. [38] using SSF with A. niger GH1 identified 15 major compounds which were
caffeoyl hexoside, 5-caffeoylquinic acid, spinacetin 3-O-glucosyl-(1- > 6)-[apiosyl(1- >2)]-glucoside, p-
coumaric acid ethy ester, banzoic acid, p-coumaroyl tyrosine, p-coumaryl alcohol hexoside, 4-
vinylphenol, p-coumaroyl glycolic acid, feruloyl aldarate, psoralen, caffeic acid 4-O-glucpside, p-
coumaroyl hexoside, (+)-gallocatechin and gallagyl-hexoside.

Among the compounds identified in previous works, as well as in the present study, similarities
have been found in the families such as the flavonoid family, hydroxycinnamic acid, catequins
hydrolyzable tannins, however, using different strains of filamentous fungi, it was demonstrated that
they release different compounds, This can be attributed to the fact that the strains used have different
metabolisms, they can use different enzymes for the biodegradation process of the compounds or the
location where the pineapple was grown, since they can be in different types of soils, it can also be
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attributed to the ripening of the fruit. It has also been proven that the bioactive compounds contained
in pineapple peel are beneficial to human health.

5. Conclusions

The results obtained in the present study show that solid state fermentation using Aspergillus
niger spp. strains and pineapple peels as substrate are effective for a higher release of bioactive
compounds and thus a favorable antioxidant activity. A. niger HT3 strain assisted in the release of
hydrolyzable tannins, while A. niger Aa20 strain assisted in the release of condensed tannins. HPLC
analysis aided in the identification of 33 bioactive compounds of which 4 were major compounds, 3-
Feruloylquinic acid, caffeic acid, lariciresinol and 3-hydroxyphloretin 2’-O-xylosyl-glucoside, which
have been shown to have diverse biological activities that aid human health. The SSF process using
pineapple peels as substrate was shown to be a promising alternative for the release of bioactive
compounds.
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