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Abstract

Ultrasonic-assisted extraction (UAE) and microwave-assisted extraction (MAE) were
used for the extraction of bioactive peptides from pineapple byproducts. Indepen-
dent extraction parameters for UAE were ultrasonic amplitude (60-100%), extraction
time (10-30 min), and solvent to material ratio (20-40 mL/g), whereas for MAE inde-
pendent variables were microwave power (100-300 W), irradiation time (5-15 min),
and feed to solvent ratio (1:8-1:12 g/mL). The optimized extraction conditions were
99.96%, 26.83 min, and 20.96 mL/g for UAE and 100 W, 8.99 min, and 1:8 g/mL for
MAE. The optimized extraction resulted in total sugar, protein content, and proteo-
lytic activity of 15.71 £ 0.03 mg/mL, 4.01 + 0.04 mg/mL, and 196.46 + 3.29 U/mL,
respectively, whereas 33.87 + 0.03 mg/mL, 2.50 + 0.01 mg/mL, and 154.08 +
1.49 U/mL for MAE, respectively. Scanning electron microscopy was used to observe
the morphology of sample during extraction. Molecular weight determination
showed that the major protein band in the extracts (UAE and MAE) was at ~23 kDa
which corresponded to bromelain. Furthermore, pineapple crown protein extract
obtained by UAE showed high proteolytic activity (>80% relative). The present study
indicated that bromelain and other bioactive peptides from pineapple byproducts

have potential in food, feed, and pharmaceutical products development.

Practical Applications

The conventional extraction techniques for bioactive compounds are time-consuming
and less efficient. The use of advance extraction techniques like microwave- and
ultrasonication-assisted extraction techniques can increase the extraction yield with
better recovery of bioactive compounds. Pineapple byproducts are rich source of bio-
active compounds and bromelain. The effective utilization of pineapple byproducts
for the extraction of bromelain and other bioactive peptides will offer an effective
solution for minimizing the organic waste and provide an efficient source of bioactive

peptides for application in various food products.

food ingredients and nutraceuticals is at rise due to their potential to
boost consumer's immune system (Galanakis, 2015; Galanakis

Recently, there has been an increased industrial interest in the valori-
zation of various agro-industrial wastes, such as peels, seeds, and
other byproducts for food processing industry efficiently for produc-
tion of value-added ingredients. Recently, the demand for functional

et al.,, 2021). For the development of sustainable food supply chain
system, it is essential to effectively extract and utilize bioactive com-
pounds from food processing byproducts (Galanakis, 2020). Plant
derived bioactive peptides have been reported to exhibit anti-
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inflammatory, antimicrobial, antioxidant, and immunomodulatory
activities (Galanakis et al., 2020).

Pineapple (Ananas comosus) is one of the most abundantly grown
in several tropical and sub-tropical countries. The top 10 pineapple
producing countries are Brazil, Thailand, Philippines, Costa Rica, India,
Nigeria, Indonesia, China, Mexico, and Colombia (FAOSTAT, 2020).
Thailand is currently the fourth largest producer and trading market of
pineapple in the world, whereas 80% of pineapple is converted into
canned pineapple and refined pineapple juice, whereas the rest 20% is
sold domestically (Saenmuangchin & Siripinyanond, 2019). Pineapple
is one of the main ingredients in various products such as juice con-
centrates, jams, squash, jellies, essence, and pickles.

Pineapple fruit comprises only 30% (w/w) of the pulp while the
rest (70%) is waste as residue, crown, peel core, and trimmings
(Ketnawa, Chaiwut, & Rawdkuen, 2012; Nakthong, Wongsagonsup, &
Amornsakchai, 2017). Most of these wastes generated by pineapple
processing industry are normally disposed as such. It is now desirable
to extract and to utilize these pineapple wastes as source of proteins,
peptides and other bioactive compounds, including some valuable
proteolytic enzymes including bromelain. The pineapple has been con-
sidered as the only source for cysteine protease, bromelain (Grzonka,
&  Wiczk, 2007; Rawdkuen, &
Chaiwut, 2010). Bromelain also exhibits extensive applications in food

Kasprzykowski, Ketnawa,
and pharmaceutical industries and detergent manufacturing units
(Feijoo-Siota & Villa, 2011). Bromelain has been used for meat tender-
izing, brewing, baking, and production of protein hydrolysates in food
industry applications (Ketnawa et al., 2012).

Conventional extraction methods involve high temperature and
prolonged period of extraction time, which increase the risk of degrada-
tion of thermo-labile bioactive compounds and results in lesser yield
(Pimentel-Moral et al., 2018). The aqueous extraction of value-added
compounds from agriculture products is recognized as environment
friendly, economical, and without the use of chemical solvents
(Sepulveda, Romani, Aguilar, & Teixeira, 2018). Nonconventional
emerging extraction technologies, such as pulse electric field and
ultrasonic-assisted extraction (UAE) can reduce the extraction time,
minimize the solvent consumption, improve the yield of bioactive com-
pounds from agriculture products, and maintain the bioavailability and
functionality (Barba, Galanakis, Esteve, Frigola, & Vorobiev, 2015).
Emerging technologies like UAE are not based on high temperature and
use the internal energy transmission to generate the heat which main-
tains the sensory and functional food attributes (Galanakis, 2021;
Zinoviadou et al., 2015). UAE and microwave-assisted extraction (MAE)
provide immense advantage especially in terms of lesser extraction time
with higher yield. Sonication is a method where sound waves are
applied to disrupt plant cell walls which subsequently increase the sol-
vent penetration, resulting in a high extraction yield (Jain & Anal, 2016;
Koirala, Prathumpai, & Anal, 2021). MAE is also an innovative method
that combines microwave irradiation with organic solvent extraction.
MAE is based on the use of microwave energy causing molecular
motion by ionic conduction and dipole rotation and has attracted con-
siderable attention due to its shorter extraction time, lower solvent

consumption, and higher extraction yield (da Rosa, Vanga, Gariepy, &
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Raghavan, 2019; Nde, Boldor, Astete, Muley, & Xu, 2016; Yanik, 2017).
MAE process induces an increase in temperature and pressure that cau-
ses changes in the cell structure, improving the penetration of solvent
across the sample matrix.

As per industrial perspective, the optimization of extraction con-
ditions is essential for obtaining the maximum yield of desirable bioac-
tives for any kind of extraction method. The response surface
methodology (RSM) for the optimization method is not a new
approach but none of the studies has yet been reported regarding
optimized extraction protocols for UAE and MAE and their compara-
tive evaluations for extraction of protease enzyme from pineapple
waste. The aim of the present study was thus to evaluate the role of
extraction techniques, especially MAE and UAEs on the enzymatic
activity of the bioactive compounds from pineapple waste. Subse-
quently, the chemical and bioactive characteristics of the extracts
from optimal conditions were also evaluated.

2 | MATERIALS AND METHODS

21 | Sampling

The pineapple fruit and wastes (peel, core, and crown) (Ananus comosus
L.) of Smooth Cayenne cultivars were collected from a local market of
Pathum Thani province, Thailand. Each type of pineapple wastes was
chopped into pieces (1 x 1 cm?) and placed in aluminum trays for 48 hr
in an oven at 45°C for drying. The dried samples were finely ground
and sieved to obtain particle size (<1 mm). The samples were placed in
a plastic bag and stored in a dry dark place at 4°C until further use.

2.2 | Ultrasonic-assisted extraction of
pineapple waste

Pineapple peel portion was extracted with distilled water by using var-
(60-100%),
ultrasonication time (10-30 min), and solvent (water) to material ratio
(20-40 mL/g) using ultrasonic device (UP200S, 200 W, Hielscher,
Teltow, Germany). The solvent temperature was maintained below

jous independent factors; ultrasonic amplitude

10°C during extraction. The extraction mixture was centrifuged (CN-
2060, Hsiang Tai Co. Ltd., Taiwan) at 4,000xg for 10 min. The super-
natant was further filtered through Whatman No. 1 filter paper
(11 pm pore size) and stored at —20°C prior to further use. Finally, the
optimized extraction conditions which resulted in high total sugar
content, protein content, and proteolytic activity, were used for other

pineapple wastes (core and crown).

23 |
waste

Microwave-assisted extraction of pineapple

Pineapple peel portion was extracted with distilled water by using var-

ious independent factors; microwave extractor irradiation power
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100-300 W, time 5-15 min and feed-to-solvent ratio 1:8-1:12 g/mL
based on experimental design, and 2 min of cooling to 30°C. The pow-
der of pineapple wastes (peel portion) was placed in a 250 mL round
bottom flask with a measured quantity of distilled water (according to
the feed-to-solvent ratio variation). The mixture was irradiated in an
enclosed microwave extractor (Sharp-R-3801, Japan). After the
extraction process, the mixture was centrifuged (CN-2060, Hsiang Tai
Co. Ltd., Taiwan) at 4,000xg for 10 min. The supernatant was filtered
through Whatman filter paper No. 1 (11 pm) and extracts were stored
at —20°C. Finally, the optimized conditions from peel portion were
applied to other pineapple wastes (core and crown).

24 | Response surface methodology

In the process of UAE and MAE, Box-Behnken design was
implemented by using Design Expert 7.0 (Stat-Ease Inc., Minneapolis,
MN). The three independent experimental factors for UAE were ultra-
sonic amplitude (X;, 60-100%), extraction time (X5, 10-30 min), and
solvent to material ratio (X3, 20-40 mL/g). Similarly, the three inde-
pendent experimental factors for MAE were microwave power (X,
100-300 W), extraction time (X5, 5-15 min), and feed-to-solvent ratio
(X3, 1:8-1:12 g/mL). The response variables were yield of total sugar
(mg/mL), protein content (mg/mL), and proteolytic activity (U/mL)
(Table 1). The influence of independent factors on response variables

was evaluated by second-order polynomial model (Equation (1)):

3 3 2 3
Y=Ao+ Y AXi+ > AXI+Y Y AXX; (1)
i=1 i=1

=1 j=it1

Where Y is the predicted response; Ag is a constant, A; is linear coeffi-
cient, A;; is quadratic coefficient, and Aj; is interaction coefficient. X;
and X; are coded independent variables.

241 | Total sugar

Total sugar content was determined by following the method
described by Nor, Ramchandran, Duke, and Vasiljevic (2016) with
slight modifications. Briefly, the extract (1 mL) was mixed with 1 mL
of 5% (v/v) phenol followed by the addition of 5 mL of a concent-
rated sulfuric acid (98%, v/v). The mixture was allowed to stand for
10 min at 25°C. The mixture was then placed in a water bath for
20 min at 25°C. Color developed was read as absorbance at 480 nm
using a UV-Vis spectrophotometer (UNICAM, UV/Vis Spectro-
photometer, UK).

24.2 | Protein content determination

The total protein content was analyzed by Bradford (1976) assay
using bovine serum albumin (BSA) as a reference standard. The
extract was centrifuged (CN-2060, Hsiang Tai Co. Ltd., Taiwan) at
4000xg for 10 min and 100 pL of the supernatant was added to Brad-
ford reagent and kept for 10 min at 25°C. The absorbance was mea-
sured at 595 nm using UV-Vis spectrophotometer (UNICAM, UV/Vis
Spectrophotometer, UK) and protein concentration was determined
by using BSA standard curve.

TABLE 1 Box-Behnken design with independent variables and analytical responses for UAE
X1 Xz X3 Analytical responses
Ultrasonic Ultrasonic Liquid to material Total sugar (mg/mL Total protein (mg/mL Proteolytic activity
Run  amplitude (%) time (min) ratio (mL/g) extract) extract) (U/mL extract)
1 100 30 30 16.74 3.52 178.51
2 60 10 30 9.03 3.26 172.36
3 80 10 40 4.76 297 158.56
4 80 20 30 11.60 3.28 172.81
5 60 20 20 10.43 3.58 182.62
6 80 30 40 6.17 3.19 162.56
7 100 20 20 15.34 391 199.77
8 80 20 30 10.28 3.32 174.87
9 80 30 20 12.18 3.74 192.57
10 60 20 40 5.41 3.35 171.31
11 100 10 30 11.40 3.28 174.26
12 100 20 40 6.00 3.19 165.66
13 60 30 30 11.77 3.25 174.91
14 80 20 30 10.46 3.30 174.81
15 80 10 20 11.85 3.58 182.27
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2.4.3 | Proteolytic (bromelain) activity
determination

The proteolytic activity of the extracts was evaluated by following
Nor, Ramchandran, Duke, and Vasiljevic (2015) with slight modifica-
tions, using casein and (-tyrosine as a substrate and a standard,
respectively. The assay was based on proteolytic hydrolysis of the
casein by the enzyme. Bromelain hydrolyzed the casein to release L-
tyrosine. One unit of enzyme activity was defined as the amount of
enzyme, releasing a product equivalent to 1 pg of tyrosine
min~? mL™? under the standard assay conditions and expressed as
units per milliliter. The enzyme solution (1 mL) was mixed with 5 mL
0.65% (w/v) of casein, in 0.05M potassium phosphate buffer
(pH 7.5). The reaction was carried out in a water bath at 37°C for
10 min. The reaction was stopped by the addition of 5 mL of 110 mM
trichloroacetic acid. The mixture was then filtered through 0.45 pm fil-
ter (SC13P045S, HyundaiMicro, Korea). The obtained supernatant
was mixed with 5 mL of 500 mM sodium carbonate solution and 1 mL
of 20% (v/v) Folin Ciocalteu's phenol reagent and further incubated in
water bath at 37°C for 30 min. The solution was filtered through
0.45 pm (SC13P045S, HyundaiMicro, Korea) and the absorbance was
read at 660 nm by UV-Vis spectrophotometer (UNICAM, UV/Vis
Spectrophotometer, UK).

2.5 | Partial purification of proteins/peptides

The partial purification of enzymes/peptides was conducted by fol-
lowing the method described by Gautam, Mishra, Dash, Goyal, and
Rath (2010) with some modifications. Ammonium sulfate (50 g) was
added pinch by pinch to the extract (100 mL) and maintained at 5-
8°C and the sample was incubated for 45 min with continuous stirring
to allow precipitation. The samples were centrifuged (CN-2060,
Hsiang Tai Co. Ltd., Taiwan) for 30 min at 4,000xg. The supernatant
was discarded and the tubes containing pellets were kept in invert
direction for 15 min to remove the extra liquid containing salt and
contaminants. Then pellets were reconstituted in 0.01 M phosphate
buffer (pH 7.0) and used to measure the total protein content and
proteolytic activity.

2.6 | Determination of molecular weight

The sample pellets (4 g) were dissolved in 100 mL lysis buffer (pH 8.5
containing 7 M urea, 2 M thiourea) and washed by using 2-D clean-up
kit (GE Healthcare, Chicago, IL) followed by reconstitution of protein
pellets in a lysis buffer. After measuring the protein concentration
(Bio-Rad protein assay, Bio-Rad Laboratory, California, CA), the pro-
tein sample (15 pg) was loaded into SDS-polyacrylamide gel (12.5%,
w/v) for characterizing the molecular weight of pineapple extracts.
Separation of protein was executed at voltage of 15 mA and the gels
were stained with colloidal Coomassie blue stain followed by imaging
using Image scanner Il (GE Healthcare). The molecular weight was
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FIGURE 1 Response surface plots of interactive effects of UAE

variables on total sugar, protein content, and proteolytic activity

estimated by using Bio-Rad's pre-stained broad range molecular stan-
dard marker.

2.7 | Surface morphology of processed
pineapple waste

Scanning electron microscope (SEM) was used to evaluate the mor-
phological changes in pineapple wastes samples (core, peel and crown,
particle size <1 mm) before and after using UAE and MAE. Samples
were dried in freeze dryer and sputtered with a thin layer of gold, and
observed under vacuum at accelerating voltage of 5.0 kV at 500x
using SEM (SU5000 EM Wizard, Hitachi, Japan).
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28 |
activity

Evaluation of the effect of pH on proteolytic

The pH profile of protein extract was determined by evaluating the
proteolytic activity in different pH (3-10) conditions. Glycine (pH 3),
sodium acetate (pH 4-5), sodium phosphate buffer (pH 6-7), and
Tris-HCI buffer (pH 8-10) were used according to Ketnawa
et al. (2012) and Janior et al. (2016) with slight modifications. The
extract from pineapple waste was evaluated in terms of relative pro-
teolytic activity. To determine the pH stability, the protein extract
was incubated at a given pH for an hour at 25°C and residual protease
activity was determined. The relative proteolytic activity was calcu-

lated by using the following equation:

Enzyme activity of treated samplesx 100
Enzyme activity of untreated sample

(2)

Relative proteolytic activity (%) =

2.9 | Evaluation of the effect of temperature on
proteolytic activity

Influence of temperature on proteolytic activity of pineapple extracts
was performed by exposing them to various temperatures (30, 45,
60, 73, 90, and 95°C) for an hour following the method described by
Junior et al. (2016), with some modifications. The proteolytic activity
was determined as described earlier by using casein as a substrate.
The relative proteolytic activity was expressed as a percentage of the
value recorded with the untreated sample, according to Equation (2).

2.10 | Statistical analysis

The experiments were performed in three replicates and the data
were reported as means with SD. Statistical analysis was conducted
using a commercial statistical package (SPSS Version 22, Chicago, IL)
where ANOVA and Tukey's HSD test were used to determine the sig-
nificant differences (p < .05) among mean observations.

3 | RESULTS AND DISCUSSION

3.1 | Ultrasound-assisted extraction

The total sugar content, protein content, and proteolytic activity of
the extracts obtained by UAE from pineapple peel (Ananus comosus L.)
were in the range of 4.76-16.74 mg/mL, 2.97-3.91 mg/mL, and
158.56-199.77 U/mL, respectively (Table 1). The second order poly-
nomial models were applied to calculate the predicted responses (total
sugar, total protein, and proteolytic activity of pineapple peel) as func-
tions of ultrasonic amplitude (X4), ultrasonic time (X5), and liquid to

material ratio (X3) as shown in Equations (3)-(5).

Yrotal sugar/uae = 10.79 + 1.60x1 +1.23x, - 3.43x3 -2.49x3  (3)

Yprotein content/UAE = 3.30 +0.057x1 +0.077x; - 0.27x3
+0.064x1x2 - 0.12x1x3 + 0.084x§ + 0.12x§ (4)

YProteontic activity/UAE = 17416 +2.12x1 +2.64x, - 12.39x3 - 5.70x1X3
+3.35x2

()

TABLE 2 Box-Behnken design with independent variables and analytical responses for MAE
X X2 X3 Analytical responses
Microwave Irradiation Feed to solvent Total sugar (mg/mL Total protein (mg/mL Proteolytic activity
Run  power (W) time (min) ratio (mL/g) extract) extract) (U/mL extract)
1 200 10 10 33.84 141 107.03
2 300 10 8 47.69 1.69 102.28
3 300 5 10 36.77 151 102.28
4 200 10 10 32.22 1.34 92.78
5 300 10 12 47.50 1.33 118.12
6 200 15 8 37.32 1.69 103.86
7 100 5 10 29.90 2.55 164.04
8 200 10 10 33.35 1.62 124.45
9 200 5 8 31.64 207 126.03
10 200 15 12 35.39 1.33 122.87
11 300 15 10 49.58 144 110.20
12 200 5 12 31.28 1.33 124.45
13 100 15 10 33.66 1.72 154.54
14 100 10 12 33.03 1.86 198.88
15 100 10 8 33.19 243 160.87
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FIGURE 2 Response surface plots of interactive effects of MAE
variables on total sugar, protein content, and proteolytic activity

The applied regression models were significant (p < .05) for total sugar
content, protein content, and proteolytic activity. All the independent
variables significantly (p <.05) influenced the response variables. For
total sugar, protein content, and proteolytic activity, coefficient of cor-
relation (R?) values were 0.960, 0.986, and 0.985, respectively
(Supporting Information, Table S1). Lack of fit was insignificant which
indicated that models were well fitted to experimental data.

Figure 1 illustrates the response surface plots for the interactive
effects of extraction parameters (ultrasonic amplitude, ultrasonic time,
and liquid to material ratio). The total sugar, protein content, and

MALA ET AL.

proteolytic activity increased with the increasing ultrasonic amplitude.
In ultrasonic treatment, the high frequency sound waves generate
cavitation, mechanical force and thermal impact which increase the
mass transfer by disrupting the cell walls and increase the rate of dif-
fusion into the solvent (Belwal et al., 2018; Wang, Liang, &
Yuan, 2011). The shear effect generated due to mechanical forces
rupture the plant cell wall and thus, increases the extraction efficiency
during ultrasonication (Sharmila et al., 2016; Zekovi¢ et al., 2017).
Moreover, higher ultrasonic power increases the extraction tempera-
ture and finally leads to the solubility of analytes in the solvent making
it easier for diffusion from the sample matrix to the outer region
(da Rosa et al., 2019; Esclapez, Garcia-Pérez, Mulet, & Carcel, 2011).

Solvent to material ratio is an important factor in the optimization
of UAE (Hadidi et al., 2020). Total sugar, protein content and proteo-
lytic activity decreased when the liquid to material ratio increased
from 20 to 40 mL/g. As the ratio of liquid to material was
increased markedly, the ultrasonic energy associated with the unit
volume decreases, resulting in decrease of extraction yield
(Szydtowska-Czerniak, Dianoczki, Recseg, Karlovits, & Sztyk, 2008).
However, an increase in the liquid to material ratio enhanced the
osmotic pressure and contact area, resulting in more solvent being
pushed into the plant matrix, and enhancing the penetration of bioac-
tive chemicals through the cell wall into the solvent (Prasad, Yang, Vi,
Zhao, & Jiang, 2009).

3.2 | Microwave-assisted extraction

The total sugar, protein content, and proteolytic activity of the pine-
apple peel extract obtained by MAE were in the range of 29.90-
49.58 mg/mL, 1.33-2.55 mg/mL, and 92.78-198.88 U/mL extract,
respectively (Table 2). The second order polynomial models were
applied to calculate the predicted responses (total sugar, protein con-
tent, and proteolytic activity of pineapple peel) as a function of inde-
pendent MAE parameters; microwave power (X4), irradiation time (X5),
and feed to solvent ratio (X3) (Equations (6)-(8)).

YTotal sugar/MAE = 33.14 + 6.47x1 +3.29%2 +2.26x1x2 +5.39%3  (6)

Y brotein content/MaE = 1.46 — 0.32x1 — 0.16x, - 0.25x3 +0.19x1x,
+0.29x2 (7)

Y broteolytic activity/MaE = 108.09 — 30.68xy + 25.20x (8)

The applied regression models were significant (p <.05) for total
sugar, protein content, and proteolytic activity. All the independent
variables significantly (p < .05) influenced the response variables. For
total sugar, protein content, and proteolytic activity, coefficient of
correlation (R?) values were 0.979, 0.962, and 0.929, respectively
(Supporting Information, Table S2).

The interactive effects of MAE independent extraction parame-
ters (microwave power, irradiation time, and feed to solvent ratio) on

response variables were presented by response surface plots
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TABLE 3 Total sugars, protein content and proteolytic activity of optimized pineapple peel, core and crown extracts

UAE MAE
Pineapple Total sugar Protein content Proteolytic activity Total sugar Protein content Proteolytic activity
byproducts (mg/mL extract) (mg/mL extract) (U/mL extract) (mg/mL extract) (mg/mL extract) (U/mL extract)
Core 32.55 +0.022 1.73 +0.08° 120.45 + 3.29¢ 83.76 + 0.06* 0.47 +£0.01° 51.29 + 2.59¢
Peel 15.71 £ 0.03° 4.01 0.04° 196.46 + 3.29° 33.87 £ 0.03° 2.50 £ 0.01° 154.08 + 1.49°
Crown 6.20 £ 0.01°¢ 4.75 + 0.05° 289.57 + 5.70° 13.41 £ 0.03¢ 3.47 £ 0.01° 22491 + 2.59°

Note: Superscript (a-c) letters within column indicate significant differences between mean observations.

Protein Marker (a)

kDa g o p—

175
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46

30

a2 BN
aB

17

M 1 2 3 4

Protein Marker
kDa (b)

175

80
58 =

46
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o e e

17

M 1 2 3 4

FIGURE 3 Protein patterns of enzyme extracts after UAE (a) and
MAE (b) from pineapple wastes. M = molecular weight marker (kDa);
lanes 1 = core; lanes 2 = peel; lanes 3 = crown; lanes

4 = pineapple pulp

(Figure 2). The microwave power had significant effect (p < .05) on
total sugar, protein content, and proteolytic activity. The interactive
effect of microwave power and irradiation time had significant effect
on total sugar and protein content; however, none of interaction
terms had significant effect on proteolytic activity.

The total sugar content increased with increasing microwave
300 W. During the

microwave treatment, the energy of microwave radiation rapidly

power until the power reached to

transferred to plant material and solvent through ionic conduction

and dipolar rotation, which swiftly warmed plant cells (Moreira
et al,, 2017; Yan et al., 2010), and increase pressure inside the cells
and accelerated the destruction of cell wall matrix and epidermal tis-
sue (Rodsamran & Sothornvit, 2019). This phenomenon led to perme-
ation channel for intracellular plant solutes to enter the periphery
solvent thereby contributing to the rapid dissolution of solute and
high yield of oligosaccharides (Zhang, Yang, & Liu, 2008). On the other
hand, it was observed that the protein content and proteolytic activity
were decreased with increase in microwave power from 100 to
300 W and increase in irradiation time. It could be explained by the
fact that, high power microwave irradiation can degrade the thermola-
bile bioactive compounds and decrease their yield (Dahmoune
et al., 2014; Mandal & Mandal, 2010).

3.3 | Optimization of UAE and MAE conditions

UAE optimal extraction conditions were determined by desirability
function of Design Expert as ultrasonic amplitude 99.96%, extraction
time 26.83 min, and liquid to material ratio 20.96 mL/g. At this condi-
tion, the total sugar, protein content, and proteolytic activity were
predicted as 16.77 mg/mL, 4.01 mg/mL, and 201.85 U/mL, respec-
tively. At optimized UAE of pineapple peel, the experimental values
for the total sugar, protein content, and proteolytic activity were
15.71 £ 0.03 mg/mL, 4.01 £ 0.04 mg/mL, and 196.46 + 3.29 U/mL,
respectively.

The optimal conditions for MAE were determined by using desir-
ability function of Design Expert as microwave power 100 W, irradia-
tion time 8.99 min, and feed to solvent ratio 1:8 g/mL. At this
condition, the total sugar, protein content, and proteolytic activity
from pineapple peel were predicted as 33.87 mg/mL, 2.55 mg/mL,
and 163.81 U/mL, respectively. At optimized MAE of peels, the
experimental values for total sugar, protein content, and proteolytic
activity were 33.87 £ 0.03 mg/mL, 2.50 + 0.01 mg/mL, and 154.08
+ 1.49 U/mL, which were close to the predicted values and confirm
the validity of the optimized model. The extraction of pineapple core
and crown was also carried out at optimized extraction conditions (for
peels) and total sugars, protein content, and proteolytic activity of the
extracts are summarized in Table 3.

The core of pineapple showed the highest total sugars contents
with the values of 32.55 and 83.76 mg/mL extract in UAE and MAE,
respectively, whereas pineapple crown was found with lowest total
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sugar contents of 6.20 and 13.41 mg/mL extract in UAE and MAE,
respectively. The total soluble content in terms of °Brix value was
reported to be high in pineapple core (4.73-6.27 °Brix) as compared
to peel (4.33-4.43 °Brix) and crown (3-3.43 °Brix) in Nang Lae and
Phu Lae pineapple, respectively (Ketnawa et al., 2012). The results
showed that at optimum condition MAE provided higher total sugar
content than UAE. During MAE, increasing temperature resulted in
increases in intra-cellular pressure which causes the cell rupture,
thereby increased the extraction rates (da Rosa et al., 2019; Khajeh,
Akbari Moghaddam, & Sanchooli, 2010; Rafiee, Jafari, Alami, &
Khomeiri, 2011).

The extract from the pineapple crown exhibited significantly
higher total protein contents in UAE and MAE (4.75 and 3.47 mg/mL
extract, respectively) and proteolytic activity (289.57 and 224.91 U/
mL extract, respectively) in comparison to other pineapple byproducts.
Silvestre et al. (2012) reported that protein content of 2.2-3.1 mg/
mL and proteolytic activity of 6.7-10.6 U/mL in crude extract of pine-
apple peel after precipitation with different concentrations of ammo-
nium sulfate (40-80% w/v).

MAE extraction resulted in high total sugar contents in short
extraction time, whereas UAE provided higher values for protein con-
tent and proteolytic activity than the MAE. MAE resulted in low
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protein content and proteolytic activity, due to high temperature
treatment associated with MAE, which resulted in degradation of

thermolabile proteins (Dahmoune et al., 2014).

3.4 | Characterization of protein components by
SDS-PAGE

Figure 3 illustrates the diffused bands of the main protein compo-
nents with the molecular weight of about ~17, 23-28, and 39 kDa.

The molecular weight of bromelain is about 23-26 kDa depending on
the parts (stems, fruits, core, peels) of pineapple (Maurer, 2001;
Umesh Hebbar, Sumana, & Raghavarao, 2008). Moreover, Ketnawa
et al. (2012) reported that the bromelain extracted from pineapple
stems and crowns showed high intensity protein band around
~28 kDa. Similarly, the main protein components obtained from pine-
apple byproducts by MAE showed bands at MW ~17, and 20-
26 kDa. Plant-based bioactive peptides have been reported to pre-
vent metabolic disorders and lifestyle-related diseases (Mazorra-
Manzano, Ramirez-Suarez, & Yada, 2018). Bromelain enzyme was
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reported to reduce the allergenicity in raw peanuts (Yu &
Mikiashvili, 2020).

3.5 | Surface morphology of processed
pineapple waste

The structure and surface morphology of the pineapple byproducts,
before and after the extraction are presented in Figures 4 and 5. Com-
pared with UAE, MAE had a more drastic effect on the cell walls of
the plant tissues and it is due to high temperature and intracellular
pressure associated with MAE (Cheng et al., 2015; Wang et al., 2009).
After MAE treatment sample surface became disorganized and rup-
tured completely, with irregular pores and cavities (Figure 5). Micro-
wave irradiation made a rapid temperature increase in a short time
within the cellular structures, which led to the rupture of cellular
structures to facilitate the rapid release of target substances
(Hu et al., 2018). Pineapple byproducts after UAE treatment showed
disruptions on surface (Figure 4) but the cell surfaces were partly

affected as compared to MAE treatment (Figure 5). Disintegration
patterns in samples were different after UAE and MAE. The high yield
of target compounds after UAE and MAE methods is attributed to the
disruption of cellular structure followed by better penetration of sol-
vent inside the matrix with acoustic cavitation/enhanced temperature
(Sarkar et al., 2021).

3.6 |
activity

Effect of pH and temperature on proteolytic

The proteolytic activity of pineapple crown was significantly higher
than the peel and core, therefore the influence of pH and temperature
on proteolytic activity of crown proteins was evaluated. The effect of
pH (3-10) on proteolytic activity of the crown extract was measured
and reported as a relative proteolytic activity against the control
(Figure 6a). The extract from pineapple crown exhibited a variable pH
activity profile and a high proteolytic activity was observed within a
pH range of 6-8. The maximum proteolytic activity was found at
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neutral around pH 7. Silvestre et al. (2012) also reported that the pro-
teolytic enzymes from the pineapple peel (Ananas comosus) exhibited
high enzymatic activity at pH values of 6.0 and 7.0. The activity of
bromelain was markedly decreased at high acidic (pH 3-4) and alka-
line conditions (pH 9-10). Xue et al. (2010) reported optimum pH
range for stem bromelain as 6-7. While the optimum pH range for
bromelain from pineapple peel was reported at pH 6 for crude enzy-
matic extract and 7 for precipitated enzymatic extract. (Silvestre
etal, 2012).

Effect of temperature on proteolytic activity of crown extract
was evaluated in the range of 30-95°C for 0-3 min. As the incubation
temperature was increased, the relative proteolytic activity also
increased and reached the highest point at 60°C followed by a
decrease with further increase in temperature (Figure 6b). The opti-
mum temperature was reported to be 63°C for the proteolytic
enzymes from ripe fruits of B. antiacantha Bertol (Bromeliaceae)
(Vallés, Furtado, & Cantera, 2007). Koh, Kang, Kim, Cha, and
Kwon (2006) also reported that the enzyme activity of pineapple pro-
duced in jeju-island was optimal at 60°C. At each incubation tempera-
ture from 30 to 60°C, relative proteolytic activity (%) was increased as
the incubation time increased from O to 3 min and at the high temper-
ature (73-95°C), the relative proteolytic activity from O to 3 min was
decreased.

4 | CONCLUSIONS

Pineapple byproducts are good source of bioactive peptides and func-
tional proteins. Optimized extraction by UAE and MAE indicated that
the high yield of proteins and good proteolytic activity can be
obtained within a short period of time. However, UAE of pineapple
byproducts presented high proteolytic activity which was associated
with the UAE operation at low temperature. Among pineapple
byproducts, crown presented significantly high protein yield and pro-
teolytic activity. Bromelain and bioactive peptides extracted from
pineapple byproducts can be used for food and feed product

development.
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