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Abstract: Abiotic stress, like heat treatment and wounding, applied to pineapple by-products induce
the accumulation of new compounds and add value. In this work the effect of the individual or
combined application of wounding and heat treatment stresses on total phenolic content, antioxi-
dant activity through complementary methods (DPPH, FRAP, and ABTS) and enzymatic activity
(bromelain, phenylalanine ammonia lyase (PAL) and polyphenol oxidase) were evaluated. Whole
and wounded pineapple shell and core were dipped in a hot water bath at 30 ± 1 ◦C or 40 ± 1 ◦C
for 10 min and stored under refrigeration conditions (4 ± 1 ◦C) for 24 h or 48 h. Results allowed
that pineapple by-products reacted differently to the tested stresses. For the core, the application
of wounding and heat treatment (40 ◦C) before storage (24 h) induced a synergistic effect on the
accumulation of phenols (increased 17%) and antioxidant activity (4–22%). For the shell samples, the
treatment that most increased the content of phenols (14%) and antioxidant activity (38–45%) was
heat treatment at 30 ◦C and storage for 48 h. Treatments that positively influenced the content of
phenols and antioxidant activity of the samples did not affect the activity of bromelain or PAL. This
study showed that proper abiotic stresses could increase the functional value of by-products.

Keywords: pineapple by-products; abiotic stress; wounding; thermal treatment; enzyme activity;
bioactive compounds

1. Introduction

Postharvest abiotic stress influences the quality of fruits and vegetables in terms of
their food and nutritional attributes, shelf life, and vulnerability to pathological and phys-
iological disorders. All these factors will thus influence postharvest losses. Postharvest
technologies often apply stress conditions to extend the storage and shelf life of fruits and
vegetables [1]. Abiotic stress has a positive impact on the quality and nutritional conditions
of fresh cut fruits and vegetables due to the abiotic stresses that occur throughout process-
ing, packaging, and storage. The impact of abiotic stress can be assessed through colour
change, increased respiration rates, ethylene evolution, loss of taste, and texture (softening
of the tissues), weight loss, increase of off-odors, and rupture of the cell membrane [2,3].

Postharvest treatments preserve the quality of fresh produce and control microbial
growth through a secondary response that induces plant metabolic activity. Most posthar-
vest treatments involve changing the natural conditions of the fruit and trigger mechanisms
that develop, for example, the antioxidant activity of the fruit [4].

Fruits and vegetables immersed in hot-water baths showed improvements in quality,
namely the reduction of diseases during the storage period [5]. Heat stress is likely to cause
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changes in biochemical pathways such as synthesis of heat shock proteins, suspension
of protein synthesis, including quality-related enzymes (polyphenol oxidase, peroxidase,
phenylalanine ammonia-lyase, and pectin methylesterase), as well as variations in kinetic
characteristics of enzymes [5,6].

Wounding in fresh-cut fruits and vegetables induces the synthesis of enzymes of
phenylpropanoid metabolism, and consequently the synthesis and accumulation of pheno-
lic compounds [6]. Stress or damage in the plant cell can trigger the oxidation of phenolic
compounds due to cell membrane rupture that causes contact between phenolic com-
pounds and oxidative enzyme systems or promote phenolic synthesis to repair wound
damage. The phenolic synthesis to repair wound damage is produced by variations in
phenylalanine ammonia lyase activity (PAL, EC 4.3.1.5), since it is the metabolic enzyme
responsible for the phenylpropanoid pathway [7]. Some studies indicate that PAL enzy-
matic activity becomes significantly higher during the storage time after an abiotic stress
has occurred [8].

Polyphenol oxidase (PPO; EC 1.14.18.1) is an oxidative enzyme existent in pineap-
ple accountable for unwanted sensorial effects, such as darkening and deterioration of
taste [9]. PPO catalyzes the hydroxylation of monophenol to diphenol and the oxidation
of diphenol to o-quinones [10]. PPO is thus responsible for the breakdown of antioxidant
compounds such as pigments, phenols, and flavonoids of pineapples, promoting darkening
and devaluation of the fruit [11].

The industrial processing of pineapple generates a high quantity of by-products, which
represent 42–59% of the pineapple fruit, where the shell is the principal fraction [12]. It is
imperative to valorize these by-products and converting them into value-added products
with the purpose of decreasing the environmental effect [13].

Pineapple has numerous beneficial properties such as the presence of phenolic com-
pounds that can be a useful source of antioxidant activity [14,15]. Phenolic compounds
are known as effective antioxidants and have applications in health since phenolic com-
pounds have an antioxidant function as free radical scavengers and metal chelating agents
that are efficient in catalyzing lipid peroxidation [16]. Bromelain is an enzyme present
in pineapples and has health benefits that include antitumor properties, digestive assis-
tance, immunity modulation, improved wound healing, and cardiovascular and circulatory
improvement [17,18]. The health benefits of these compounds are associated with their
ingestion, but very dependent on their bioaccessibility and bioavailability in the body. The
fraction of a compound that is released during digestion of the food matrix in the gastroin-
testinal tract and becomes available for intestinal absorption (i.e., its bioaccessibility) can
be assessed by several methods, namely, in vitro (static and dynamic) digestion models,
intestinal absorption and pre-systemic metabolism assessment [19].

Fruit and vegetable by-products after abiotic stresses have many applications in the
food industry. Pineapple by-products subjected to abiotic stress (hydrostatic pressure)
were incorporated in marinades for meat application. Meat marinated with pineapple by-
products showed a 41% reduction in hardness, compared to meat immersed in brine [20],
thus, pointing at the very interesting effects of such by-products in food processing.

The aim of the present work was to study the effect of abiotic stresses by wounding,
heat treatment and storage time on the enzymatic activity and on the bioactive components
of pineapple by-products (pineapple shell and pineapple core). The pineapple by-products
after the application of abiotic stresses can be used directly as raw material or alternatively
used as sources of compounds beneficial to health.

2. Materials and Methods
2.1. Sample Preparation

Pineapple by-products (Ananas comosus L.) were provided by Campotec S. A., located
in Torres Vedras, Portugal. The pineapple by-products (~16 kg of pineapple shell and
~16 kg of pineapple core) were stored under refrigeration (4 ± 1 ◦C) approximately 18 h
before packaging and abiotic stresses application. Half of the amount of by-products
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were cut into specific dimensions: ~8 kg pineapple core cylinders (~52.5 × 30 mm) and
~8 kg pineapple shells (~110 × 40 mm). The remaining 8 kg of pineapple shell and the
remaining 8 kg of pineapple core were wounded separately (700 g/batch) in a Thermomix
(TM31, Vorwerk Thermomix) at a speed of 5650 rpm for 25 s. Subsequently, all the by-
products were packaged in separate portions (~40 g) in PA/PE-90 (Alempack—Embalagens
Flexíveis, Elvas, Portugal) and vacuum sealed (85% of vacuum). The thermal treatments
were carried out through the bags with pineapple by-products immersed in a bath of hot
water at 30 ± 1 ◦C or 40 ± 1 ◦C for 10 min. Heat treatment conditions (temperature and
time) were selected based on a previous study [21]. After heat treatment, the samples were
immediately placed in a water and ice bath to stop the reactions caused by the heat in the
samples. Samples that were not immersed in the hot water bath were used as controls.
After the application of heat stress, the pineapple bags were stored for 24 h or 48 h at
4 ± 1 ◦C so that the enzymes had time to act and, later, they were frozen at −80 ◦C until
the moment of the analyses. The storage time control samples were frozen at −80 ◦C
immediately after the heat treatment. All samples were prepared in triplicate for each
treatment.

2.2. Analytical Methods

The pineapple shell and pineapple core samples subjected to wounding, heat treat-
ment and storage time were analyzed by the following methodologies: total phenolic
content, antioxidant activity (DPPH, FRAP, and ABTS), enzymatic activity (bromelain,
phenylalanine ammonia-lyase, and polyphenol oxidase). All analytical methods were
applied to three independent samples. Each independent sample was analyzed in triplicate
and the average was used to characterize each treatment condition.

2.2.1. Pineapple Extract Preparation for Total Phenolic Content and Antioxidant Activity

The pineapple extract preparation was performed following the procedure of Heredia
and Cisneros-Zevallos (2009) and Swain and Hillis (1959) [22,23], with some modifications.
The extraction was carried out in the proportion 1: 10 (w: v) of sample and methanol (100%)
followed by an Ultra-Turrax homogenizer (IKA LABORTECHNIK T25 basic, Germany) at
8000 rpm for 2 min. The homogenates were incubated overnight (12–24 h) at 4 ◦C and then
centrifuged at 8000 rpm for 20 min (4 ◦C). The supernatants were collected and stored at
4 ◦C, protected from light until analysis.

Total Phenolic Content (TPC)

The total phenolic content (TPC) were determined according to Heredia and Cisneros-
Zevallos (2009), and Swain and Hillis (1959) [22,23], with some modifications. The extracts
aliquots (150 µL) were diluted with nanopure water (2400 µL), and added 150 µL 0.25 mol
L−1 Folin–Ciocalteu reagent (Panreac AppliChem, Darmstadt, Germany). The reaction
was stopped by adding 1 mol L−1 of sodium carbonate (300 µL) and the mixture was
incubated (2 h) protected from light; the samples subsequently were read at 725 nm in a
spectrophotometer (UNICAM UV/Vis Spectrometer). The total phenolics were quantified
by a standard curve of chlorogenic acid equivalents (CAE) and expressed as mg CAE·g−1

of dry weight.

Antioxidant Activity (DPPH Assay)

The antioxidant activity was analysed by the scavenging ability of the 2,2-diphenyl-1-
picrylhydrazyl (DPPH; Sigma-Aldrich, Darmstadt, Germany) radical following the proce-
dure of Brand-Williams et al. (1995) [24]. The supernatants of extraction (100 µL) and DPPH
solution (3.9 mL) were mixed, and the reaction occurred for 40 min. Subsequently, the
absorbance was measured in a spectrophotometer at 515 nm. The antioxidant activity was
determined using Trolox (Acrós Organics, Geel, Belgium), and the results were expressed
by Trolox Equivalent Antioxidant Capacity [TEAC (µmol Trolox·g−1 of dry matter)].
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Antioxidant Activity (FRAP Assay)

The Ferric Reducing Antioxidant Power (FRAP) assay was performed according to
Benzie and Strain (1996) [25] with some modifications. The reaction started with the mixture
of the FRAP solution (2.7 mL), extract samples (90 µL), and nanopure water (270 µL), and
subsequently warmed in a water bath at 37 ◦C for 30 min. The absorbance of the colored
product (ferrous tripyridyltriazine complex) was measured at 595 nm. The antioxidant
capacity was calculated using a standard Trolox (Acrós Organics, Belgium) curve and the
results were expressed as TEAC (µmol Trolox·g−1 of dry matter).

Antioxidant Activity (ABTS-Assay)

Antioxidant activity was measured using 2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid) (ABTS; Sigma-Aldrich, Germany) method as described by Re et al. (1999)
and Rufino et al. (2007) [26,27] with some modifications. The reaction was performed
by sample aliquots (30 µL) mixed with ABTS solution (2970 µL) for 6 min, and the ab-
sorbance at 734 nm was measured. The absorbance of the samples was related to the Trolox
(Acrós Organics, Belgium) standard curve and the results were expressed as TEAC (µmol
Trolox·g−1 of dry matter).

2.2.2. Enzymatic Activity
Bromelain Activity

The bromelain assay was determined according to Chakraborty et al. (2014) [10] with
some modifications reported by Santos et al. (2020) [28]. The assay consisted in mixing the
enzyme extract (50 µL) and 1150 µL casein 1% (w/v) (Sigma-Aldrich, Germany) solution in
0.1 mol L−1 glycine (Sigma-Aldrich, Germany) and 25 mmol L−1 cysteine. The mixture
was incubated in a shaking water bath (10 min at 37 ◦C) and the reaction was stopped by
adding 5% (w/v) trichloroacetic acid (1.8 mL). The assay mixture was filtrated (0.45 µm)
and the absorbance was measured at 280 nm. The bromelain activity was calculated using
a tyrosine (Alfa Aesar, Lancashine, United Kingdom) standard curve and expressed as the
amount of tyrosine on a dry weight basis (µmol tyrosine·min−1·g−1 of dry weight).

Phenylalanine Ammonia-Lyase (PAL) Activity

The PAL activity determination was performed as described in Alegria et al. (2016) [29]
with few modifications. The reaction was performed by addition of borate buffer (2 mL), 100
mmol L−1 L-phenylalanine (Alfa Aesar, United Kingdom) substrate solution (600 µL) and
crude enzyme extract (400 µL). Samples’ absorbency was read before and after incubation
in a water bath (40 ◦C, 1 h) in a spectrophotometer at 290 nm. PAL activity was expressed as
the amount of synthesized t-cinnamic acid on a dry weight basis (µmol t-cinnamic acid·g−1

of dry weight·h−1).

Polyphenol Oxidase (PPO) Activity

The extraction of PPO followed a modified method of Zhou et al. (2003) [30] with
some modifications. PPO activity was assayed spectrophotometrically by a modified
method based on Babu et al. (2008) [31] with some modifications. The assay mixture
consisted of 2.5 mL substrate solution (50 mmol L−1 catechol (Alfa Aesar, United Kingdom)
in 0.1 mol L−1 phosphate buffer, pH 6.5) and enzyme extract (500 µL). The rate of catechol
oxidation was followed at 420 nm for 1 min and the enzyme activity unit was defined as
the amount of enzyme that causes an increase of 0.1 in absorbance per min and per mL
(∆Abs. min mL−1).

2.3. Statistical Analysis

The experimental data were statistically evaluated using StatisticaTM v.8 Software
(StatSoft Inc., Tulsa, OK, USA, 2007) [32]. Statistically significant differences (p < 0.05)
between samples were defined using Tukey’s honestly significant difference test.
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3. Results and Discussion
3.1. Total Phenolic Content and Antioxidant Activity
3.1.1. Pineapple Shell

According to Figure 1, the wound had no effect on the content of phenolic content
(TPC) in the pineapple shell, showing only a slight increase when combined with the
treatment temperature. The wounded samples showed a significant (p < 0.05) reduction
in TPC compared to the raw material (95.89 ± 0.84 mg CAE·g−1 dry matter), with losses
between 10 and 17% depending on the storage time. The wound samples with heat
treatment at 30 ◦C and without storage time (0 h) showed (97.86 ± 0.67 mg CAE·g−1 dry
matter) an increase of 2% compared to the raw material (95.89 ± 0.84 mg CAE·g−1 dry
matter). The wounded samples had the lowest TPC values, regardless of the storage time.
In the case of no wound samples, the storage time of 24 h (104.08 ± 0.84 mg CAE·g−1 dry
matter) showed a 9% increase in TPC values (p < 0.05) compared to the raw material (95.89±
0.84 mg CAE·g−1 dry matter). The abiotic stress conditions that increase significantly TPC
are whole samples (p < 0.05), subjected to heat treatment of 30 ◦C and with a storage time of
48 h. These samples (Figure 1) showed an increase (109.40 ± 0.70 mg CAE·g−1 dry matter)
of 14% compared to the raw material (95.89 ± 0.84 mg CAE·g−1 dry matter). The samples
with heat treatment at 30 ◦C showed an increase of 8% with an increase in the storage time
between 0 h (101.63 ± 0.82 mg CAE·g−1 dry matter) and 48 h (109.40 ± 0.70 mg CAE·g−1

dry matter). Heat treatments with a temperature of 40 ◦C (87.46–95.49 mg CAE·g−1 dry
matter) are not beneficial for TPC, when compared to treatments at a temperature of 30 ◦C
(93.17–109.40 mg CAE·g−1 dry matter).
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Figure 1. Effect of abiotic stresses, heat treatment and wounding, on total phenolic content of
pineapple shell. Error bars stand for ± standard deviation (n = 9). Different letters express significant
differences between samples.

In general, wounding has a negative effect on the antioxidant activity when compared
to the values obtained for the raw material (Figure 2). By the DPPH method, the storage
time that seems to maximize the antioxidant activity is 48 h, with an increase of 45% in
the whole sample with heat treatment at 30 ◦C (37.40 ± 0.67 µmol Trolox·g−1 dry matter)
and an increase of 53% in the whole sample heat treated with 40 ◦C (39.36 ± 0.71 µmol
Trolox·g−1 dry matter), when compared to raw material (25.73 ± 0.97 µmol Trolox·g−1

dry matter). The samples also showed an increase in the antioxidant activity values by
both FRAP and ABTS methods. For the storage time of 48 h, the samples with heat
treatment at 30 ◦C increased their antioxidant activity in 40% as evaluated by FRAP
(35.80 ± 0.77 µmol Trolox·g−1 dry matter) and in 38% as evaluated by ABTS, while the
corresponding increases in the antioxidant activity of the samples with thermal treatment at
40 ◦C were of 75% (44.77 ± 0.85 µmol Trolox·g−1 dry matter) and 56% (45.17 ± 0.94 µmol
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Trolox·g−1 dry matter), respectively, compared to the raw material (FRAP: 25.59 ± 0.76
µmol Trolox·g−1 dry matter; ABTS: 29.05 ± 0.83 µmol Trolox·g−1 dry matter). The storage
time (24 h) in the whole samples, compared to the raw material (DPPH: 25.73 ± 0.97
µmol Trolox·g−1 dry matter; FRAP: 25.59 ± 0.76 µmol Trolox·g−1 dry matter; ABTS:
29.05 ± 0.83 µmol Trolox·g−1 dry matter), showed increases of 17%, 18%, and 20% in
the antioxidant activity when evaluated by the methods of DPPH (30.01 ± 0.84 µmol
Trolox·g−1 dry matter), FRAP (30.26 ± 0.60 µmol Trolox·g−1 dry matter), and ABTS (34.80
± 0.44 µmol Trolox·g−1 dry matter), respectively (p < 0.05). In the case of storage time 48 h,
there was a decrease in antioxidant activity by all methods (Figure 2). Globally, sample
treatments at a temperature of 40 ◦C were more efficient in increasing antioxidant activity
than treatments with temperatures of 30 ◦C, regardless of the method used to determine
antioxidant activity (Figure 2). The treatments at 40 ◦C in whole pineapple shell did not
present significant differences in antioxidant activity measured by DPPH (38.95–39.36
µmol Trolox·g−1 dry matter), although there has been a significant increase (p < 0.05) in
the antioxidant activity by the FRAP (44.72–44.77 µmol Trolox·g−1 dry matter) and ABTS
(45.17–46.02 µmol Trolox·g−1 dry matter) methods, between the storage time 0 h (DPPH:
39.29 ± 0.27 µmol Trolox·g−1 dry matter; FRAP: 39.53 ± 0.78 µmol Trolox·g−1 dry matter;
ABTS: 41.94 ± 0.85 µmol Trolox·g−1 dry matter) and the longest storage times (24 h and
48 h). In wounding shell samples, the heat treatments at 40 ◦C did not show significant
differences between 0 h (DPPH: 25.57 ± 0.69 µmol Trolox·g−1 dry matter; FRAP: 33.43 ±
0.54 µmol Trolox·g−1 dry matter; ABTS: 31.37 ± 0.88 µmol Trolox·g−1 dry matter) and 24
h storage time, and decrease for 48 h storage time (DPPH: 23.08 ± 0.87 µmol Trolox·g−1

dry matter; FRAP: 30.97 ± 0.58 µmol Trolox·g−1 dry matter; ABTS: 29.43 ± 0.80 µmol
Trolox·g−1 dry matter) in antioxidant activity by any of the methods studied (p < 0.05).

Jacobo-Velázquez et al. (2011) [33] have also studied the effect of wounding and heat
treatment as abiotic stresses on other fruits and vegetables. Carrots (Daucus carota), when
subjected to stress from wounding and hyperoxia, function as bio-factories of caffeoylquinic
acids. Carrots with stress caused by wounding and stored for 48 h at 20 ◦C showed an
increase of ±287% in the total phenolic content. The accumulation of stress-induced total
phenolic content in carrots is influenced by the signalling molecules of reactive oxygen
species. The application of wounds promoted an increase in total phenolic content and
also of antioxidant activity in carrots stored at 20 ◦C for 48 h, and the accumulation of
total phenolic content was intensified with an increase in the intensity of the wound. The
shredded carrots stored under air showed a higher increase in the value of antioxidant
activity (~240%) than samples before storage. Surjadinata and Cisneros-Zevallos (2012) [7]
studied the effect of wounding on phenolic compounds in carrots and found that more
intense damages with 4 days of storage at 15 ◦C increased the phenolic content by 2.5
times compared to whole samples. The most severe wound in the tissues produced a more
accentuated response, which developed a higher synthesis of phenolic compounds and
antioxidants. Wounding is thus an economical process that can be used to enrich fresh
products with phenolic compounds and antioxidants [3].
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Figure 2. Effect of abiotic stresses, heat treatment and wounding, on antioxidant activity of pineapple
shell: (a) DPPH (2,2-diphenyl-1-picrylhydrazyl); (b) FRAP (Ferric Reducing Antioxidant Power); and
(c) ABTS (2,2’-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid)). Error bars stand for ± standard
deviation (n = 9). Different letters express significant differences between samples.
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The content of phenolic compounds in whole strawberries without hull was 13%
greater than in halved strawberry samples. Whole strawberries without hull and halved
strawberries showed no differences in the content of phenolic compounds [34]. Reyes
and Cisneros-Zevallos (2003) [35] studied purple-fleshed potatoes (cv. All Blue) and also
evaluated the effect of various abiotic stresses on the induction of phenolic compounds
and antioxidant activity. The total phenolic compounds in the purple-fleshed potatoes
increased by ~60%, as well as the antioxidant capacity increased by ~85%.

Contrary to that obtained by other authors, wounds in pineapple shell by-products
maintained or decreased the content of phenolic compounds. The synthesis of total phenolic
compounds and the consequent antioxidant activity in pineapple by-products may have
been limited by the storage temperature since the refrigeration temperature (5 ◦C) is not
close to the optimum temperature of enzymatic activity.

Not all studies have seen an increase in antioxidant activity after wounding. A study
of several fruits such as pineapple, mango, cantaloupe, watermelon, strawberry, and kiwi
fruit compared the effect of fresh cut with the whole fruit and concluded that the cut
induced losses of antioxidant carotenoids (0–25%) during 9 days storage in air at 5 ◦C [36].
In the present study, the wound pineapple shell samples showed a decrease in antioxidant
activity only by the DPPH method, although the storage time in present study (24 h or 48 h)
was shorter than the storage time (9 days) studied by Gil, Aguayo, and Kader (2006) [36].

Our results show that heat treatment, as well as storage time, influence the synthesis
of bioactive compounds. A study carried out with mangoes observed an increase in
polyphenols and carotenoids, as well as an increase in antioxidant capacity in samples
treated with hot water (immersion at 50 ◦C for 60 min and successive storage at 5 ◦C and
20 ◦C) compared to untreated fruits. The determining factor in changes in polyphenolic
content and antioxidant capacity was the storage temperature and not the effect of the
treatment with immersion in hot water [37]. The heat treatment (46 or 50 ◦C for 30 or
75 min and stored at 6 ◦C for 9 d) also prolonged the shelf-life and promoted an increase in
bioactive compounds in another study developed with mangoes [38].

The total phenolic compounds and the antioxidant capacity in fresh-cut pineapple
showed higher values under low O2 (12% O2 in combination with 1% CO2) than under
high O2 (38% O2) atmosphere [39]. In our work, the pineapple shell samples were packed
with 85% of vacuum; therefore, the oxygen inside the package (about 3% O2) is less than
the oxygen (21% O2) present in a package with atmospheric pressure.

Postharvest stress can stimulate some enzymes and/or non-enzymatic antioxidant
systems of fruits, maintaining fruit quality and improving antioxidant capacity [40]. On
the other hand, postharvest techniques cause damage and increase the oxidative stress
that is reduced or limited by atmospheres with low oxygen content [41]. Another possible
factor that may have inhibited the synthesis and accumulation of phenolic compounds
was the composition of the atmosphere (absence of oxygen) since samples of pineapple
shell by-products were vacuum-packed and there was virtually no oxygen available for
oxidation reactions.

3.1.2. Pineapple Core

The TPC (Figure 3) showed a significant (p < 0.05) increase (17%) in the sample
wounded with heat treatment at 40 ◦C and storage time of 24 h (95.34 ± 0.82 mg CAE·g−1

dry matter), compared to the raw material (81.53 ± 0.81 mg CAE·g−1 dry matter). With the
longest storage time, the TPC decreased, with a reduction of 7% for storage time 24 h (76.02
± 0.60 mg CAE·g−1 dry matter) and 27% for storage time 48 h (59.59 ± 0.69 mg CAE·g−1

dry matter). Wounding (63.93 ± 0.59 mg CAE·g−1 dry matter) reduced significantly
(p < 0.05) the TPC in 22% compared to the raw material (81.53 ± 0.81 mg CAE·g−1 dry
matter), although the reduction is only of 3% in the case of wounded samples with a storage
time of 48 h (78.92 ± 0.61 mg CAE·g−1 dry matter).
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Figure 3. Effect of abiotic stresses, heat treatment and wounding, on total phenolic content of
pineapple core. Error bars stand for ± standard deviation (n = 9). Different letters express significant
differences between samples.

The abiotic stress (Figure 4) caused by the wound along with the storage time pro-
moted a significant increase in antioxidant activity (p < 0.05). The samples with wound
and storage time 24 h showed an increase in antioxidant activity of 12%, 16%, and 11% by
the DPPH (41.04 ± 0.71 µmol Trolox·g−1 dry matter), FRAP (33.06 ± 0.77 µmol Trolox·g−1

dry matter) and ABTS (40.55 ± 0.58 µmol Trolox·g−1 dry matter) methods, respectively,
compared to the raw material (DPPH: 36.62 ± 0.91 µmol Trolox·g−1 dry matter; FRAP:
28.55 ± 0.63 µmol Trolox·g−1 dry matter; ABTS: 36.62 ± 0.80 µmol Trolox·g−1 dry matter).
The samples with wound and storage time 48 h showed a significant increase of 9% by the
DPPH (39.76 ± 0.86 µmol Trolox·g−1 dry matter) method, 17% by the FRAP (33.33 ± 0.62
µmol Trolox·g−1 dry matter) method and 11% by the ABTS (40.77 ± 0.63 µmol Trolox·g−1

dry matter) method, compared to the raw material, respectively. The samples wound with
storage time 24 h and 48 h showed no significant differences in antioxidant activity by
any of the methods studied (DPPH, FRAP, and ABTS). The maximum antioxidant activity
obtained by the FRAP method was observed for the wounded sample, with heat treatment
at 40 ◦C and storage time 24 h (34.90 ± 0.70 µmol Trolox·g−1 dry matter), which registered
an increase of 22% (p < 0.05), compared to the raw material (28.55 ± 0.63 µmol Trolox·g−1

dry matter). As observed in TPC, the increase in storage time maintained or reduced the
antioxidant activity (Figure 4). The storage time of 24 h maintained the antioxidant activity
as measured by the FRAP (28.77 ± 0.77 µmol Trolox·g−1 dry matter) method and reduced
the antioxidant activity by 5% when evaluated by DPPH (35.00 ± 0.96 µmol Trolox·g−1

dry matter) and ABTS (34.90 ± 0.67 µmol Trolox·g−1 dry matter), compared to the raw
material, respectively. In the case of storage time 48 h, the antioxidant activity decreased
significantly (p < 0.05) 25%, 51%, and 23% by the DPPH (27.57 ± 0.68 µmol Trolox·g−1

dry matter), FRAP (14.12 ± 0.75 µmol Trolox·g−1 dry matter) and ABTS (28.15 ± 0.66
µmol Trolox·g−1 dry matter) methods, respectively, compared to the raw material (DPPH:
36.62 ± 0.91 µmol Trolox·g−1 dry matter; FRAP: 28.55 ± 0.63 µmol Trolox·g−1 dry matter;
ABTS: 36.62 ± 0.80 µmol Trolox·g−1 dry matter).
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Figure 4. Effect of abiotic stresses, heat treatment and wounding, on antioxidant activity of pineapple
core: (a) DPPH (2,2-diphenyl-1-picrylhydrazyl); (b) FRAP (Ferric Reducing Antioxidant Power); and
(c) ABTS (2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid)). Error bars stand for ± standard
deviation (n = 9). Different letters express significant differences between samples.
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Wound-induced signalling starts by damage, then the signalling migrates to the
adjacent undamaged tissue and can change the metabolic activity promoting phenolics
production as observed in fresh-cut lettuce (Lactuca sativa L) samples [42]. Plant tissue
responds to damage by increasing respiration rate and ethylene production [43]. A study
carried out with freshly cut carrot samples found that the increase in respiration occurs due
to the synthesis of enzymes involved in the respiratory pathway [44]. Phenolic compounds
also increase due to wound induction in the enzyme responsible for phenolic biosynthesis,
phenylalanine ammonium lyase (EC 4.3.1.5). Phenolic compounds can be oxidized to
quinones by another polyphenol oxidase enzyme (EC 1.10.3.1), which polymerizes and
produce dark compounds as seen in wound lettuce samples [45].

The values of phenolic content from wounded pineapple core samples do not evidence
the effect of damages on changing respiratory activity, metabolic activity, and the synthesis
of the new bioactive compounds. The enzymatic activity promoted by the wounds was
quantified in order to obtain more information about the phenomena that occurred in the
samples of pineapple by-products.

The total antioxidant capacity of fruits and vegetables may increase due to wounding,
since the wounds induce the synthesis of phenolics and not the increase in antioxidant
compounds such as ascorbic acid [46]. Wounding is one of the stresses most applied to
freshly processed products. The shape of the cut is of great importance in the quality of
freshly cut fruits and vegetables. The trapezoidal cut of melon was considered the best
option for the panelists due to the balance between texture and translucency. On the other
hand, the melon cylinders were firmer and had greater translucency during 10 days of
storage [47]. The slices of papaya (Carica papaya L.) presented 2 more days at 5 ◦C and
1 more day at 10 ◦C of shelf-life compared to the papaya cubes [48]. Contrary to the
results obtained for total phenolic content, in the present work the antioxidant activity of
pineapple core samples was favored by the wound, although the longer storage time (48 h)
did not show increases in antioxidant activity compared to the shorter storage time (24 h).

The phenolic compounds of fruits can be modified by oxidative reactions during
processing and storage, namely by the antioxidant activity of phenols and as substrates
for oxidative browning reactions. Phenolics can be reactive oxygen species and can act
as substrates for polyphenol oxidases and as antioxidants for free radicals, which are the
main oxidants in food [49]. Hot water treatment (45 ◦C for 10 min and storage at 4 and 25
◦C) applied to kiwis showed advantages at the microbiological level and accumulation of
reactive oxygen species. This heat treatment also promoted a significant increase in the
activity of antioxidant enzymes and the content of total phenolic content [50].

In the present study, the content of phenolic content in the pineapple core samples
was improved with the application of thermal treatments (40 ◦C for 10 min, storage during
24 h) alike what was observed for the test performed with kiwi fruit reported above. The
antioxidant activity in the pineapple core was maximized by the treatment (30 ◦C for
10 min, storage during 24 h), although wounding caused a greater impact on this increase.

Kim, Lounds-Singleton, and Talcott (2009) [51] observed polyphenolic and antioxidant
changes in mangoes after immersion in hot water (46.1 ◦C, 70–110 min, 4 days of storage at
25 ◦C). The polyphenolic gallic acid and gallotannins, as well as total soluble phenolics, de-
creased due to long treatments in hot water, while the antioxidant capacity was maintained
after the treatment. All treatments reduced total soluble phenolics and antioxidant capacity
over 4 days of storage, regardless of treatment time. In general, the heat treatments applied
to the pineapple core decreased or maintained the content of phenolic compounds and the
antioxidant activity, as well as the results obtained in the study carried out with mangoes.

3.2. Enzymatic Activity
3.2.1. Pineapple Shell

The values obtained for TPC and antioxidant activity in the pineapple shell indicate
that the assay should proceed only with whole samples, excluding wound samples in the
analysis of enzymatic activity.
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Bromelain activity (Figure 5a) in pineapple shell was not favorably influenced by heat
treatments at 40 ◦C (23.70–33.00 mg tyrosine·min−1·g−1 dry matter). The thermal treatment
at 30 ◦C showed similar values to the raw material (34.97 ± 1.11 mg tyrosine·min−1 g−1

dry matter) for a storage time of 0 h (34.90 ± 1.23 mg tyrosine·min−1 g−1 dry matter) and
48 h (34.64 ± 0.79 mg tyrosine·min−1 g−1 dry matter), and showed a significant increase
(p < 0.05) of 7% in the enzymatic activity of bromelain for treatments with a temperature
of 30 ◦C and storage time of 24 h (37.42 ± 0.98 mg tyrosine·min−1 g−1 dry matter). The
isolated effect of storage time for 24 h (32.23 ± 0.87 mg tyrosine·min−1 g−1 dry matter)
significantly decreased (8%) bromelain activity, and storage time at 48 h (38.55 ± 1.00 mg
tyrosine·min−1 g−1 dry matter) significantly increased (10%) bromelain activity (p < 0.05),
compared to the raw material (34.97 ± 1.11 mg tyrosine·min−1 g−1 dry matter). The
enzymatic activity of bromelain was improved by the lower temperature (30 ◦C) combined
with the shorter (37.42 ± 0.98 mg tyrosine·min−1 g−1 dry matter) storage time (24 h) or
by the longer storage time (48 h) without the effect of heat treatment (38.55 ± 1.00 mg
tyrosine·min−1 g−1 dry matter).

The behaviour of bromelain under the effect of postharvest abiotic stresses needs to
be further studied since there are only a few works in this area. One of them concluded
that, in order to maintain the beneficial effects of pineapples for health, namely, the activity
of bromelain, the treatment temperature that allows obtaining maximum functionality
varies between 35 and 50 ◦C and the pH between 4.5 to 8.5 [52]. The pineapple shell
samples evaluated in the present work showed slight decreases when subjected to thermal
treatments with temperatures of 40 ◦C and maintained or showed a slight increase with
the temperature of 30 ◦C. The effect of the storage time seems to be more evident than the
heat treatment.

Bromelain is very stable at low temperature, with incubation at 40 ◦C showing no
loss of activity in treatments up to 60 min, while treatments at 50 ◦C showed 83% of the
initial activity [53]. The results of enzymatic activity obtained in the present work for the
pineapple shell agree with those obtained by other authors. The heat treatment at 40 ◦C
showed enzymatic activity between 68 and 94% when compared to the initial activity.

The enzymatic activity (Figure 5b) of phenylalanine ammonia-lyase (PAL) was main-
tained or was reduced with the application of abiotic stresses at 30 ◦C (129.10–137.83 µmol
t-cinnamic·h−1 g−1 dry matter) and 40 ◦C (109.17–129.83 µmol t-cinnamic·h−1 g−1 dry
matter), as compared to the raw material (138.77 ± 0.97 µmol t-cinnamic·h−1·g−1 dry
matter). The 24 h storage time (169.31 ± 2.99 µmol t-cinnamic·h−1 g−1 dry matter) showed
PAL enzyme activity 22% higher (p < 0.05) than the raw material (138.77 ± 0.97 µmol
t-cinnamic·h−1 g−1 dry matter), which suggests that the isolated effect of the storage time
has an important effect on PAL enzymatic activity (Figure 5b). PAL’s enzymatic activity
is related to the synthesis of TPC, but this behaviour was not observed in all studied
samples. The whole pineapple shell sample with storage time 24 h (169.31 ± 2.99 µmol
t-cinnamic·h−1 g−1 dry matter) showed an increase of 22% in the enzymatic activity of
PAL, and consequently an increase of 9 % in the TPC values (104.08 ± 0.74 mg CAE·g−1

dry matter), compared to the raw material (PAL: 138.77 ± 0.97 µmol t-cinnamic·h−1 g−1

dry matter; TPC: 95.89 ± 0.84 mg CAE·g−1 dry matter). The sample with heat treatment of
30 ◦C and storage time of 48 h (137.34 ± 2.46 µmol t-cinnamic·h−1 g−1 dry matter) showed
non-significant differences concerning the raw material (138.77± 0.97 µmol t-cinnamic·h−1

g−1 dry matter) in the enzymatic activity of PAL, although it showed a significant (p < 0.05)
increase of 14% in the TPC values (109.40 ± 0.70 mg CAE·g−1 dry matter), comparatively
with the raw material (95.89 ± 0.84 mg CAE·g−1 dry matter).
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Figure 5. Effect of heat treatment, on the enzymatic activity of pineapple shell: (a) bromelain
activity; (b) phenylalanine ammonia-lyase activity (PAL); and (c) polyphenol oxidase activity (PPO).
Error bars stand for ± standard deviation (n = 9). Different letters express significant differences
between samples.
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The biosynthesis of several secondary products derived from phenylpropanoids is
triggered by the activity of PAL as a first step in the metabolism of phenylpropanoids to
catalyze the deamination of L-phenylalanine in trans-cinnamic acid [54]. The accumulation
of secondary metabolites is crucial in the defense mechanisms of plants, such as flavonoids,
lignins, coumarins, and other phenolic compounds [22]. A kinetic model was developed
to describe the transformations that occur in phenolic compounds during the storage of
fresh products through the reactions responsible for the de novo biosynthesis of phenols
by the enzymatic activity of PAL and oxidation catalyzed by the enzyme PPO. The model
explains the development of phenolic content as a function of time and described the
effect of variables on phenolic synthesis and oxidation. An increase of 5 ◦C in the storage
temperature in fresh-cut purslane samples did not show modifications in the metabolism
of phenylpropanoids, although it did show a significant increase in the oxidation rate.
The apples and broccoli samples indicated differences in the initial phenolic synthesis and
content [55].

The stress caused by temperature did not alter the accumulation of phenolic com-
pounds significantly compared to the control in purple-flesh potatoes, although the damage
promoted an increase in the enzymatic activity of PAL and the accumulation of phenolic
compounds [35]. Contrary to the previous study, the temperature applied to the pineapple
shell samples did not affect the enzymatic activity of PAL, but it did affect the synthesis of
phenolic compounds. The de novo biosynthesis of phenols in pineapple peel samples by
the enzymatic activity of PAL and oxidation catalyzed by PPO may have been limited by
packaging conditions (vacuum).

The enzymatic activity of PAL increased with increasing storage temperature is defined
as the ideal temperature for enzymatic activity at 37 ◦C [56]. Storage conditions can limit
PAL activity since the refrigeration temperature (5 ◦C) has been carried out. This reason
may explain the fact that the enzyme activity is reduced and the synthesis of phenolic
content also.

In the pineapple shell, the storage time (48 h) and the moderate temperature had no
effect on the development of phenolic content and antioxidant activity. These treatments
did not prove to be advantageous and it would be more interesting, from an economic
point of view, to use pineapple residues or extracted compounds in the first 24 h after the
pineapple fruit processing by the industry.

The enzymatic activity of polyphenol oxidase (PPO) in pineapple shell was increased
by abiotic stress at 30 ◦C (91.69–99.78 U·g−1 dry matter), regardless of the storage time
(Figure 5c). The heat treatment at 30 ◦C without storage time (0 h–99.78 ± 0.95 U·g−1

dry matter) increased the enzymatic activity of PPO 128%, compared to the raw material
(43.74 ± 0.73 U·g−1 dry matter). The enzymatic activity of PPO showed higher values
for the heat treatment of 30 ◦C, with an increase in enzymatic activity as the storage
time decreases. The storage time promoted PPO activity (Figure 5c) by 56% and 78%,
respectively, for 24 h (68.09 ± 1.37 U·g−1 dry matter) and 48 h (77.82 ± 1.00 U·g−1 dry
matter). Abiotic stress with a temperature of 30 ◦C promoted a significant increase (p < 0.05)
of the enzymatic activity of PPO, while heat treatment with a temperature of 40 ◦C with
storage time (0 h–29.37 ± 1.15 U·g−1 dry matter and 24 h–35.03 ± 1.33 U·g−1 dry matter))
significantly reduced the activity of PPO (p < 0.05), compared to the raw material (43.74 ±
0.73 U·g−1 dry matter).

PPO activity has also been evaluated in other fruits. The enzymatic activity of PPO
in apples and pears showed greater activity between 30 and 40 ◦C [57]. Similarly, to the
results obtained for apples and pears, the pineapple shell samples used in the present work
showed higher values of PPO enzymatic activity in treatments at 30 ◦C (91.69–99.78 U·g−1

dry matter) than in treatments at 40 ◦C (29.37–53.67 U·g−1 dry matter).
Pineapple PPO has less cresolase activity than other plants, but it catalyzes the oxi-

dation of diphenol to o-quinone in the presence of molecular oxygen [58]. The pineapple
shell samples were packed under vacuum, which limits the availability of oxygen and can
reduce the occurrence of oxidation reactions.



Appl. Sci. 2021, 11, 4313 15 of 22

3.2.2. Pineapple Core

As the storage time of 48 h did not differ in comparison with the storage time of 24 h in
TPC and antioxidant activity, the enzymatic determination included only the samples with
a storage time of 24 h. The shorter storage time would be beneficial at the industrial level,
as it speeds up the production process and reduces costs with the refrigeration system.
Wounding and storage time did not influence the enzymatic activity of bromelain since the
results (10.31–11.92 mg tyrosine·min−1 g−1 dry matter) did not show significant differences
(Figure 6a). In general, heat treatments maintained or decreased the enzymatic activity of
bromelain. The whole pineapple core samples did not show significant differences between
the thermal treatments at 30 ◦C (7.35 ± 0.67 mg tyrosine·min−1 g−1 dry matter) and 40
◦C (6.25 ± 0.98 mg tyrosine·min−1 g−1 dry matter) with a storage time of 24 h, although
the samples showed a reduction in the enzymatic activity of bromelain 36% and 46%,
respectively, compared (Figure 6a) with the raw material (11.56 ± 0.88 mg tyrosine·min−1

g−1 dry matter). The maximum value of enzymatic activity (12.33± 0.60 mg tyrosine·min−1

g−1 dry matter) was obtained for the sample with heat treatment at 30 ◦C, without other
abiotic stress (wounding or storage time), although there are no significant differences
compared to the raw material (11.56 ± 0.88 mg tyrosine·min−1 g−1 dry matter).

A study carried out Poh and Abdul Majid (2011) [59] with pineapple juice observed
that the enzymatic activity of bromelain gradually decreased between 25 and 95 ◦C, al-
though it presented activity stable to heating up to 85 ◦C. The addition of ethanolic extract of
cashew leaves with polyphenols helped stabilizing bromelain activity due to the bromelain-
polyphenol complex, that showed good resistance to heat treatment. In the present work,
wounding in the pineapple core samples may have released phenolic compounds from the
cell compartments, binding with bromelain. This bond may be responsible for the increase
in temperature resistance since the stresses did not promote a measurable increase in the
enzymatic activity of bromelain.

Pardo et al. (2000) [60] mentioned that bromelain did not lose activity after 120 min
incubated at 37 ◦C and maintained 80% of activity when incubated at 45 ◦C. Additionally,
if the heating is more intense (60 min at 75 ◦C), bromelain is almost completely inactivated.
Vallés, Furtado, and Cantera (2007) [61] also found that there was no loss of bromelain
enzyme activity when incubated at 37 ◦C for 180 min or at 55 ◦C for 60 min, but at a higher
temperature (60 ◦C, 30 min) bromelain still held 80% of its initial activity. In agreement
with the results obtained in the above-mentioned studies, in the present work and for
the same temperature range the by-products of pineapple core also maintained the initial
enzymatic activity, although in some cases there was a decrease (6–32%).
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Figure 6. Effect of abiotic stresses, heat treatment and wounding, on the enzymatic activity of pineapple core: (a) bromelain
activity; (b) phenylalanine ammonia-lyase activity (PAL); and (c) polyphenol oxidase activity (PPO). Error bars stand for ±
standard deviation (n = 9). Different letters express significant differences between samples.
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Whole pineapple core samples with 24 h storage time (124.38± 3.04 µmol t-cinnamic·h−1

g−1 dry matter) showed a significant increase (41%) in PAL enzyme activity while samples
crushed with 24 h storage time (131.78± 2.59 µmol t-cinnamic h−1 g−1 dry matter) showed
a significant (p < 0.05) reduction (17%) in PAL enzyme activity, when compared to raw
material (88.42 ± 3.42 µmol t-cinnamic h−1 g−1 dry matter). Storage time increased the
enzymatic activity of PAL (Figure 6b) in whole (88.42–124.38 µmol t-cinnamic h−1 g−1 dry
matter) samples and reduced it in wounded samples (159.56–131.78 µmol t-cinnamic h−1

g−1 dry matter). The wounded samples (without storage time) showed (159.56± 2.81 µmol
t-cinnamic h−1 g−1 dry matter) an increase significantly (p < 0.05) of 80% in the enzymatic
activity of PAL when compared to the raw material (88.42 ± 3.42 µmol t-cinnamic h−1

g−1 dry matter). The wounded samples with a storage time of 24 h (131.78 ± 2.59 µmol
t-cinnamic h−1 g−1 dry matter) showed an increase of 6% in PAL activity when compared
to the whole samples with the same storage time (124.38 ± 3.04 µmol t-cinnamic h−1 g−1

dry matter), thus showing an effect of storage time greater than the effect of abiotic stress
caused by the wound (Figure 6b). The heat treatment promoted increases in the enzy-
matic activity of PAL of 94% and 125% for the temperatures of 40 ◦C (171.88 ± 1.83 µmol
t-cinnamic h−1 g−1 dry matter) and 30 ◦C (198.77 ± 3.94 µmol t-cinnamic h−1 g−1 dry
matter), respectively, when compared to the raw material (88.42 ± 3.42 µmol t-cinnamic
h−1 g−1 dry matter). The temperature was the abiotic stress applied to the pineapple core
that was most efficient in increasing the enzymatic activity of PAL, and this effect surpassed
that of the other applied stresses (wounding and storage time). However, the effect of
wounding alone also showed very interesting results in the enzymatic activation of PAL
(Figure 6b). The increase in the enzymatic activity of PAL did not show a direct relationship
with the increase in TPC, contrary to what would be expected and has been observed by
other authors. A possible explanation for this occurrence may be the virtual absence of
oxygen in the packaging (vacuum-packed pineapple core). Oxygen limitation may have
inhibited the oxidation of compounds and reduced the synthesis of phenolic compounds.

Stress triggers the rupture of the cell membrane, that in turn causes the oxidation
of phenolic compounds due to the combination of phenolics with oxidative enzymes,
predominantly PPO, and stimulates the degradation of the antioxidant. A second response
is developed to repair the damage caused by the wound and involves the synthesis of
monomeric or polymeric phenolics through changes in the activity of PAL, which is the
main metabolic enzyme in the phenylpropanoid pathway and is responsible for enhancing
antioxidant synthesis [34,62].

Some works have studied the effect of abiotic stresses due to wounding, temperature
and storage time in fruits. Jacobo-Velázquez et al., (2011) [33] demonstrated that the
maximum activity of PAL in control carrot pieces occurred after 24 h of storage, that is,
enzymatic activation does not happen immediately after the wounding and needs time
to occur. This stress caused by the wound in the carrots promotes the accumulation of
phenolic compounds. The activation of PAL gene expression induced by wounding in the
expression of and the consequent accumulation of phenolic compounds is associated with
signalling molecules (reactive oxygen species). In Reyes and Cisneros-Zevallos (2003) [35],
wounding caused an initial PAL activity increase of ~73 and 14-fold in the flesh and
peel of purple-flesh potatoes, respectively. The greater increase in PAL activity promoted
a greater increase in total phenolic compounds concentration in purple-flesh potatoes.
The correlation between antioxidant capacity and phenolic content is evident through
the results obtained for the purple-fleshed potatoes which were wounded. The phenolic
content showed increases of 65% and 51% in flesh and peel, and the antioxidant capacity
increased 107% and 49% in flesh and peel, respectively.

Van de Velde et al. (2018) [34] carried out a work with fresh strawberries to study
the changes in bioactive compounds, enzymatic activity in phenylpropanoid metabolism
and quality attributes depending on the effect of wounding, storage temperature and
time. The activation of PAL and the resulting synthesis of phenolic compounds was
influenced by the intensity of the wound, with an increase of 22% additional phenolics
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content in quartered strawberries than in whole stored strawberries (2 ◦C for 15 days). The
enzymatic activity of PAL in strawberries increased with the intensity of the wounding,
the intensity of the damage being proportional to the activity of the PAL and the content of
phenolic compounds.

Amodio et al. (2014) [55] have also reported comparable results where wounding of
lemon samples improved the phenolic content, possibly due to PAL activity. Phenolics’
changes during the processing and storage of mandarin samples were also described.
Wounded lettuce leaves showed an increase in PAL activity of around eight times and a
maximum activity 24 h after damaging [63]. In agreement with these studies, in the present
work the pineapple core samples’ wounding alone, and wounding combined with the 24 h
storage time promoted considerable increases in PAL activity of 80% and 49%, respectively.

Liu et al. (2012) [64] showed that the stresses caused by heat treatments also affect
the enzymatic activity of PAL in peaches. Hot water treatments (40 ◦C for 5 and 10 min)
were applied to peach fruits and there was an accumulation of reactive oxygen species
and induction of the expression of defense-related genes, with greater enzymatic activity,
namely in terms of PAL. In the present work, the pineapple core samples that showed
higher values of PAL activity were the heat treated (30 ◦C and 40 ◦C) whole samples
without storage time (0 h).

The effect of the abiotic stress caused by wounding maintained or reduced the en-
zymatic activity of PPO (Figure 6c). The samples wounded with heat treatment at 40
◦C and storage time 24 h (8.77 ± 1.27 U·g−1 dry matter) showed a significant increase
(p < 0.05) of 54%, compared to the raw material (5.69 ± 0.82 U·g−1 dry matter). This
change seems to be promoted by heat treatment and storage time, without interference
from wounding. The storage time (24 h) had a positive influence (p < 0.05) in PPO ac-
tivity (18.39 ± 0.54 U·g−1 dry matter), which registered a 223% increase when compared
to the raw material (5.69 ± 0.82 U·g−1 dry matter). The synergy between storage time
(24 h) and the thermal treatments (30 ◦C–20.89 ± 0.59 U·g−1 dry matter and 40 ◦C–28.97
± 0.78 U·g−1 dry matter) resulted in higher values of enzymatic activity of PPO than
the ones registered for samples treated with storage time alone (18.39 ± 0.54 U·g−1 dry
matter). The pineapple core samples with 24 h storage time and heat treatment showed
significant increases (p < 0.05) in PPO activity of 14% and 58%, respectively, for the tem-
peratures of 30 ◦C (20.89 ± 0.59 U·g−1 dry matter) and 40 ◦C (28.97 ± 0.78 U·g−1 dry
matter), when compared to samples subjected to the abiotic stress of storage time for 24 h
alone (18.39 ± 0.54 U·g−1 dry matter). The heat treatment thus promoted an increase in
the enzymatic activity of PPO.

In plant cells, the phenolic compounds and PPO are in different compartments and do
not interact with each other in healthy, integer tissues. It is only when cell walls are broken
(e.g., when the fruit is peeled, cut, or crushed) that contact between enzyme and substrate
(phenolic compounds) can occur [65]. In general, wounding did not affect the activity of
PPO in pineapple core samples. A possible explanation could be the already mentioned
oxygen limitation that did not allow the compounds to oxidize. On the other hand, other
authors have studied the effect of crushing or wounding on other fruits and vegetables and
registered increases in PPO activity. E.g., the samples of quartered strawberries showed
greater changes in PPO activity with changes in temperature than whole without hull and
halved strawberries [34]. The process of fresh cutting products also increased the activity
of both PAL and PPO in response to wounding in samples of broccoli, lettuce leaves, and
sliced potato strips [65–67].

In the present work, the heat treatment that maximized the enzymatic activity of
PPO in pineapple core samples was the one performed at 40 ◦C. The same behaviour was
observed in mango fruits, in which the optimum temperature for the enzymatic activity of
PPO was also 40 ◦C [68].
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4. Conclusions

The present study shows that biosynthesis of health-promoting anti-oxidant phe-
nolic compounds may be induced by wounding and thermal treatments of pineapple
by-products. The amount of phenolics is dependent on the type of tissue. Results obtained
demonstrated that wounding and thermal treatments (40 ◦C during 10 min) induced the
biosynthesis of phenols and enhance antioxidant activity during a short storage (24 h at
5 ◦C) of pineapple core by-products. In the samples of pineapple shell, wounding was
not advantageous, but a milder heat treatment (30 ◦C) and a 48 h storage promoted the
synthesis of phenolics and antioxidant activity.

The enhancement of the biological properties of pineapple by-products using abiotic
stresses allows creating value producing co-products, which may be implemented in
the minimal processing industrial units. The reuse of pineapple by-products exceeds
the objective of waste management and recycling, aiming at a broader application of
restructuring processes and technologies, creating value through a business model, and
optimizing the exploitation of resources. To optimize these abiotic treatments to maximize
the extraction of antioxidants or bromelain and understand the effect of tissue on responses,
further studies are needed.
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