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Bioactive peptides (BPs) generated by hydrolysis of food proteins exhibit a broad spectrum of biological

properties in both in vitro and in vivo models. In this research, variations in amino acid composition,

solubility, emulsifying, foaming and water/oil-holding properties and antioxidant capacity of hydrolysates

obtained from coconut meal protein (CMP) were investigated. The solubility of hydrolysates was

significantly increased (P < 0.05) from 11% (in CMP at pH = 4) to 79.7% (t = 180 min, pH = 4). Emulsifying

activity (EAI) and emulsion stability (ESI) indices of different hydrolysates ranged between 43.7 and 70.7 m2

g−1 and 38.7–82.7%, respectively at pH = 3–9. Primary CMP showed the lowest EAI, ESI, and foaming

capacity at pH = 5 (near pI). Limited hydrolysis (t = 30 min) of CMP resulted in the highest water-holding

(WHC, 6.0 g g−1) and oil-holding (OHC, 5.0 g g−1) capacities. Increasing hydrolysis led to a significant

decrease in WHC and OHC values. The extent of hydrolysis significantly increased the amount of essential,

antioxidant, hydrophobic, and negatively charged free amino acids in the hydrolysates. Generally, the

antioxidant activity of CMP reached the maximum value (DPPH = 74.1%, ABTS = 64.5%, OH = 66.7%,

reducing power = 0.87, total antioxidant = 1.29, Fe = 63.7% and Cu = 24.3% chelation) after 90 min of

hydrolysis. Overall, improved techno-functional, antioxidant and nutritional indicators of CMP hydrolysates

consider these polypeptides as natural sources of antioxidants in the food and pharmaceutical industries.
Sustainability spotlight

In recent years, the growing population (more than 9 billion people worldwide by the next 4 decades) on the one hand and the rise of various diseases
(cardiovascular diseases, diabetes, hypertension, various cancers, Alzheimer’s disease, Parkinson's disease, and multiple sclerosis) on the other hand redoubled
the need for producing and using functional foods. In the meantime, proteins play a key role in the diet and especially in the production of bioactive peptides.
Meanwhile, the production of proteins and peptides from animal sources is associated with environmental challenges, the limitation of energy resources and
the increase of greenhouse gases. On the other hand, more than 30% of globally produced foods are discarded during processing, storage, and transportation.
The importance of this issue is doubled, especially when considering the use of waste from the food industry to extract proteins and other health-promoting
compounds. Therefore, in this study, protein extraction from cold-pressed coconut meal (aer oil extraction) and production of bioactive peptides with high
techno-functional, nutritional and health-giving properties were investigated with the aim of enriching and producing benecial food products. Thus, this work
meets the Sustainable Development Goals (SDGs) established by the UN.
1 Introduction

Proteins are a major component of the food pyramid, playing
a crucial role in human diet and health. However, in recent
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years, consumers have shown growing interest in and
a tendency to use vegetable proteins.1 On the other hand, more
than 30% of globally produced foods are discarded during
processing, storage, and transportation.2 The importance of this
issue is doubled, especially when considering the use of waste
from the food industry to extract proteins and other health-
promoting compounds.3 This study aimed to use waste of the
coconut oil processing industry to extract its proteins and
convert them into added-value hydrolysates as health-
promoting compounds. There are numerous research studies
on protein extraction from by-products of oilseeds (e.g.,
pumpkin seed, sesame meal, chia, moringa, tomato seeds,
rapeseed meal, and sesame bran), legumes (e.g., soybean meal,
peanut cake, and pigeon pea waste), cereals (e.g., bran, wheat,
Sustainable Food Technol., 2024, 2, 1545–1557 | 1545

http://crossmark.crossref.org/dialog/?doi=10.1039/d4fb00085d&domain=pdf&date_stamp=2024-09-14
http://orcid.org/0000-0002-0838-4323
http://orcid.org/0000-0001-6026-8795
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fb00085d
https://pubs.rsc.org/en/journals/journal/FB
https://pubs.rsc.org/en/journals/journal/FB?issueid=FB002005


Sustainable Food Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 7
/3

0/
20

25
 8

:4
2:

37
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
and rice), and various fruits and vegetables (e.g., coconut pulp,
tomato pomace, artichoke waste, orange peel, apple pomace
and potato peel).4 Meals or cakes resulting from the oil extrac-
tion process comprise a major part of the production of waste
and by-products.5 These by-products are also rich in natural
bioactive compounds including vitamins, carotenoids, poly-
phenols, avonoids, fatty acids, salts, phytosterols, poly-
saccharides, tocopherols, and soluble bers.6

Coconut is a fruit that grows widely in various countries (over
92 countries), with an annual production of more than 60
million tons. Coconut cake, as a by-product of coconut pulp
cold-pressing, contains a large amount of protein (about 16–
20%).7 Coconut processing waste is mainly consumed as animal
feed, whereas it can be considered as a rich source of bioactive
compounds with a high nutritional value.1 In addition to the
nutritional importance of proteins, their techno-functional
properties (such as solubility, emulsication, and water- and
oil-holding capacity) play a key role in the stability, taste,
texture, and sensory acceptance of emulsions and food prod-
ucts.8 The functional properties of proteins are also affected by
their structural changes and denaturation during processing
stresses (such as shear or thermal stresses) or the properties
and composition of food products (acidic conditions or metal
ions).9 Different strategies are used to produce BPs. Microbial
fermentation and enzyme-catalyzed proteolysis are the most
widely studied and applied, while autolysis and acid hydrolysis
are less common. Also, technologies such as high hydrostatic
pressure (HHP), microwave, and pulsed electric eld (PEF) are
recognized as three of the most promising emerging technolo-
gies for the production of structurally modied proteins.10

Enzymatic hydrolysis is a way to modify the structure and
improve the functional properties of proteins.11 This modica-
tion allows the release of some bioactive peptides which are
generally composed of 2–20 amino acid residues and inactive in
the sequence of their native proteins,10 in addition to changes in
polar groups, molecular weight, and the degree of hydropho-
bicity. Antioxidant, antibacterial, anticancer, antithrombotic,
antihypertensive, immunomodulating, anticoagulant and
antithrombotic activities are some of the health-promoting
properties and physiological effects of bioactive peptides. These
advantages have been of core interest to researchers for the
extraction and production of these peptides from various plant
and animal sources (particularly waste and by-products).12,13

As far as the authors are aware, no comprehensive research
has been performed on the production of bioactive peptides
from coconut cake protein and investigating its functional and
biological properties. An important issue covered in this study
is the use of waste from the coconut oil processing industry to
extract proteins and convert them into hydrolysates as health-
promoting compounds. In this study, we have explored
different properties of hydrolysates obtained from enzymatic
hydrolysis of coconut meal protein including solubility, emul-
sication, foaming, water- and oil-holding properties, and
antioxidant capacity. Given the importance and advantages of
producing bioactive peptides from natural sources and by-
products of the food industry, the following steps were the
objectives of this study: (1) protein extraction from cold-pressed
1546 | Sustainable Food Technol., 2024, 2, 1545–1557
coconut meal; evaluation of the effect of enzymatic hydrolysis at
different times on (2) the DH and composition of amino acids;
(3) functional properties (solubility, emulsication, and foam-
ing at different pHs); (4) water- and oil-holding capacities; (5)
antioxidant indices (scavenging of free radicals DPPH and
ABTS+, Trolox equivalent antioxidant capacity (TEAC), OH,
reducing power, total antioxidant activity, and TBARS in the O/
W emulsion); (6) chelating pro-oxidant metal ions (Fe2+ and
Cu2+), proteins, and hydrolysates. Due to their functional,
nutritional and biological characteristics, they can be consid-
ered additives, antioxidants or natural preservatives for
enriching food formulations and dietary and pharmaceutical
supplements.
2 Materials and methods
2.1 Materials

Alcalase® 2.4 L ($2.4 U g−1) was obtained from Novo Nordisk
Co. (Bagsvaerd, Denmark). Chemicals including ABTS
(C18H18N4O6S4), DPPH (C18H12N5O6), Coomassie brilliant blue
(G250), ferrozine, sodium nitroprusside (SNP), sulphanilamide
(SA), Trolox, pyrocatechol violet, and naphthyl-ethylenediamine-
dihydrochloride (NEDD) were obtained from Sigma-Aldrich Co.
(St. Louis, MO, USA). Alpha-deoxyribose was supplied by Fluka
(Stockholm, Sweden). TCA (trichloroacetic acid), potassium
persulphate, ferrous chloride and other chemicals used were
purchased from Merck (Darmstadt, Germany).
2.2 Methods

2.2.1 Protein extraction. Coconut meal residues (CMRs)
le from the cold-pressing process were obtained from a local
market (July, 2023). CMRs were powdered using a laboratory
mill (Roter Grinder, Retsch GmbH, Haan, Germany) to produce
coconut meal powder. Protein concentrate was extracted from
coconut meal powder according to the method of Rodsamran
and Sothornvit1 with minor alteration described here. Briey,
the powder was defatted using N-hexane (1 : 5 w/v) for 4 hours.
Subsequently, protein extraction was carried out in a 0.1% w/v
saline alkaline solution with a pH of 9.5. Following this, the
protein was precipitated by adjusting the pH to 4.2 using 0.5 M
HCl, then neutralized with 0.5 M NaOH to achieve a pH of 7.0,
and nally freeze-dried at −20 °C. The resulting coconut meal
protein (CMP) was refrigerated until further use.

2.2.2 Protein hydrolysis with Alcalase. CMP was rst solu-
bilized with PBS (0.01 M) for 30 min at 50 °C to get a 5% (w/v)
solution. The proteolysis reaction was carried out with Alca-
lase at pH = 8 and T = 50 °C using a 2% (w/w) enzyme to
substrate (E/S) ratio for 30, 60, 90, 120 and 180 min. Then the
reaction medium was placed in a hot water bath (at 90 °C for 15
min) to stop the proteolysis process. Aer centrifuging (7000 ×

g for 10 min) the obtained dispersion, the supernatant
comprising the hydrolysates was collected, then freeze-dried at
−20 °C under a pressure of 0.1 mbar and kept frozen (at−18 °C)
until next characterization.9

2.2.3 Degree of hydrolysis (DH). The suspension of CMP
hydrolysate and TCA (0.44 M) were mixed at a 1 : 1 v/v ratio and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 HPLC chromatogram of coconut cake protein.
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kept refrigerated at 4 °C for 10 min. Aer centrifuging the
mixture (at 7000 × g for 10 min), the supernatant phase was
used to evaluate the concentration of soluble peptides, before
and aer precipitation using TCA using the Bradford method,14

using a standard curve drawn with bovine serum albumin (BSA).
DH (%) was calculated using the following equation:

DH ð%Þ ¼ protein ðTCAþ supernatantÞ
protein ðhydrolysate suspensionÞ � 100 (1)

2.2.4 Protein solubility. Solubility of proteins was deter-
mined according to the method described by Jamdar et al.15

with some modications. CMP and hydrolysate (200 mg) were
dissolved in double-distilled water (20 mL) and the pH was
regulated from 2 to 11 using 1–6 N HCl or NaOH. The solution
was then centrifuged at 7000 × g for 10 min. Aer adequate
dilution, the amount of protein in the supernatant was deter-
mined using a Bradford protein assay.14 Total protein content in
the sample was calculated aer solubilization of the sample in
NaOH (0.5 M).

2.2.5 Emulsifying properties. The emulsifying activity
index (EAI) and emulsion stability index (ESI) were determined
according to the method by Klompong et al. with slight modi-
cations as described here.16 Briey, 15 mL aliquots of a 1% (w/
v) hydrolysate solution were thoroughly mixed with 5 mL of
grape seed oil, and the pH was adjusted to 3, 5, 6, 7, and 9. The
mixture was then homogenized using a Polytron homogenizer
(PT 10-35, Kinematica, Switzerland) at 20 000 × g for 2 min to
create an oil-in-water (O/W) emulsion. A 50 mL aliquot of the
emulsion was taken from the bottom of the container at 0 and
10 min aer homogenization and mixed with 5 mL of 0.1%
sodium dodecyl sulphate (SDS) solution. The absorbance of the
diluted solution was measured at 500 nm using a spectropho-
tometer (PJ Instruments, model T80, England). The absorbance
values measured immediately (A0) and aer 10 min (A10) were
used to calculate the emulsifying activity index (EAI) and
emulsion stability (ES) as follows:

EAI
�
m2 g�1

� ¼ ð2� 2:303� A0Þ
0:25� protein weight ðgÞ (2)

ESI ð%Þ ¼ A0 � A10

A10

� 100 (3)

2.2.6 Foaming properties. The foaming capacity (FC) and
foaming stability (FS) of CMP and the hydrolyzed solution were
measured using the method by Klompong et al.16 with minor
alterations described here. Briey, an aliquot of 15 mL of
sample solution (0.5%, w/v) was adjusted to a pH of 3, 5, 6, 7 and
9, succeeded by homogenization at 28 500 × g for 2 min to
incorporate air bubbles. The whipped sample was instantly
poured into a 25 mL cylinder and the total volume was deter-
mined aer 45 s. The foaming capacity was calculated on the
basis of the following equation:

FC ð%Þ ¼ volume after whipping ðmLÞ
volume before whipping ðmLÞ � 100 (4)
© 2024 The Author(s). Published by the Royal Society of Chemistry
The whipped sample was kept at 25 °C for 10 min and the
volume of that was recorded. The foaming stability was calcu-
lated as follows:

FC ð%Þ ¼ volume after standing ðmLÞ
volume before whipping ðmLÞ � 100 (5)

2.2.7 Water (WHC) and oil holding capacity (OHC). The
water-holding capacity (WHC) and oil-holding capacity (OHC)
of both the CMP and hydrolysate sample were determined by
blending 0.5 g of each sample with 5 g of distilled water (DW) or
soybean oil in a centrifuge tube for 30 min, followed by
centrifugation at 4000× g for 20 min. The supernatant was then
removed, and the amounts of WHC and OHC were calculated by
determining the quantity of water and oil retained per gram of
the sample.3

2.2.8 Amino acid composition
2.2.8.1 Total amino acid analysis. The total amino acid

composition of CMP was determined using HPLC (Novapak
C18, 4 mm, Waters, Milford, MA) with a reversed-phase column
(150 mm × 4.6 mm × 0.5 mm, Teknokroma, RP-C18 ODS-A,
Barcelona, Spain) and a uorescence detector (LC305, Lab
Alliance, State College, PA, USA). Acetate buffer was applied as
the mobile phase with a ow rate of 1.3 mL min−1. The
composition of total amino acids in the samples was evaluated
aer 24 h of digestion with HCl (6 N, 110 °C) (Fig. 1). The
tryptophan content of hydrolysates was measured aer alkaline
hydrolysis. Total amino acid content was expressed as mg per g
dry protein.3
2.2.8.2 Free amino acid analysis. The free amino acid
content in the hydrolyzed samples at various time points was
determined by precipitating the sample with 10% v/v cold TCA
for 2 h and then centrifuging at 10 000× g for 15 min. The pH of
the supernatant was then adjusted to 2.0, and the solution was
ltered through a 0.45 mm microltration membrane. The
ltrate was subsequently analyzed using RP-HPLC to determine
the free amino acid compositions, following the method out-
lined by You et al.17 The free amino acid content was expressed
as mg per g dry hydrolysate. Amino acid composition can be
used as an indication of nutritional value (e.g., protein efficiency
ratio, PER) as well as an indication for the existence of func-
tional groups of AAs in the hydrolysates compared to their
native proteins. The following equations were used to calculate
the content of functional AAs:
Sustainable Food Technol., 2024, 2, 1545–1557 | 1547
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Essential amino acids (EAA) = Thr + Met + Val

+ Leu + Ile + Trp (6)

Antioxidant amino acids (AAA) = Trp + Met

+ His + Tyr + Lys (7)

Hydrophobic amino acids (HAA) = Ala + Val + Ile + Leu

+ Tyr + Phe + Trp + Met (8)

Negatively charged amino acids (NCAA) = Asx + Glx (9)

PER = −0.468 + 0.454 (Leu) − 0.105 (Tyr) (10)

2.2.9 Antioxidant properties
2.2.9.1 DPPH radical scavenging. A 2 mL portion of CMP/

CMP-Hs solution at a concentration of 40 mg mL−1 was
blended with 2 mL of 0.2 mM DPPH ethanolic solution. The
resulting mixture was then le in the dark for 30 min, followed
by centrifugation at 5000 × g for 10 min, and the absorbance of
the supernatant was measured at 517 nm. The percentage of
DPPH radical scavenging was computed using the following
equation:18

DPPH inhibition ð%Þ ¼ 1�Abssample

Absblank
� 100 (11)

2.2.9.2 ABTS+ radical scavenging. A mixture was created by
mixing 7 mM ABTS+ and 2.45 mM potassium persulfate. Aer
incubating in darkness for 12 h, the mixture was diluted with
0.2 M PBS (pH 7.4) until its absorbance at 734 nm reached 0.70.
Then, 20 mL of a 10 mg per mL CMP/CMP-Hs solution was
added to 2 mL of the ABTS+ solution and vortexed for 10 s. The
absorbance of the resulting mixture was measured at 734 nm
aer reacting in darkness for 6 min. The TEAC of the samples
was determined using a standard curve created using standard
solutions (ranging from 50 to 1000 mM) of Trolox, aer reacting
with ABTS in the same manner as mentioned above.9

2.2.9.3 Hydroxyl radical scavenging. A reaction mixture was
prepared by combining 0.2 mL of CMP/CMP-Hs at a concen-
tration of 40 mgmL−1, 0.5 mL of 10 mM a-deoxyribose solution,
0.2 mL of 10 mM FeSO4–EDTA solution, 0.9 mL of 0.2 M PBS at
pH 7.4, and 0.2 mL of 10 mM hydrogen peroxide solution. The
mixture was then incubated at 37 °C for 1 h. Aer incubation,
1.0 mL of 1.0% TBA and 3% TCA solutions were added. The
absorbance of the nal mixture, following boiling in water for
15 min and then cooling in an ice bath, was measured at
532 nm.19

2.2.9.4 Reducing power. A solution containing 0.5 mL of
40 mg per mL CMP/CMP-Hs, 0.5 mL of 1% potassium ferricy-
anide, and 0.5 mL of 0.2 M PBS at pH 6.6 was heated at 50 °C for
20 min. Subsequently, 0.5 mL of 10% TCA solution was added,
and the mixture was then centrifuged at 3000 × g for 15 min.
The absorbance of a mixture of supernatant (1.0 mL), DW (1.0
mL), and 0.2 mL of 0.1% FeCl3 solution was measured at
700 nm.20

2.2.9.5 Fe2+ chelating activity. A reaction mixture was
prepared by combining 1 mL of CMP/CMP-Hs solution at
1548 | Sustainable Food Technol., 2024, 2, 1545–1557
a concentration of 40 mg mL−1, 50 mL of 2 mM iron(II) chloride
solution, 1.8 mL of double DW, and 0.1 mL of 5 mM ferrozine
solution. The mixture was vortex-mixed and then le at room
temperature for 10 min, aer which the absorbance was
measured at 562 nm.18

2.2.9.6 Cu2+ chelating activity. Initially, 1 mL of CMP/CMP-
Hs solution at a concentration of 40 mg mL−1 was combined
with 1 mL of 0.2 mM CuSO4 solution and le to incubate at 25 °
C for 5 min. Subsequently, 1 mL of 10% TCA solution was
added, and the mixture was then centrifuged at 2000 × g for
10 min. Lastly, a mixture of 2 mL of the supernatant, 20 mL of
0.1% pyrocatechol-violet solution, and 1 mL of 10% pyridine
solution was vortex-mixed, and its absorbance was measured at
632 nm aer 5 min of incubation at room temperature.21

2.2.9.7 Trolox equivalent antioxidant capacity (TEAC). To
assess the TEAC, various concentrations of Trolox (ranging from
50 to 1000 mM) were prepared, and a standard curve was con-
structed based on the reaction with ABTS.

2.2.9.8 Total antioxidant activity (TAA). The total antioxidant
capacity was determined following the procedure outlined by
Aguilar et al.22 with some slight modications detailed here. In
short, a mixture consisting of 0.2 mL of peptide solution at
a concentration of 20mgmL−1 and 2mL of reagent (comprising
0.6 M sulfuric acid, 28 mM sodium phosphate, and 4 mM
ammonium molybdate) was incubated for 90 min in a water
bath set to a temperature of 90 °C. Aer cooling, the absorbance
of the mixture was measured at 695 nm. Higher absorbance
values in the samples indicate greater total antioxidant
capacities.
2.3 Statistical analysis

The SPSS soware (ver. 19.0, SPSS Inc., Chicago, IL) was utilized
to conduct a one-way analysis of variance. The tests were carried
out in triplicate, and Duncan's multiple range test was employed
at a signicance level of 5% to compare the mean values.
3 Results and discussion
3.1 Degree of hydrolysis

The degree of hydrolysis (DH) is an important criterion to
evaluate the functional and biological activities of bioactive
peptides and hydrolysates. Variation of the DH as a function of
proteolysis time using Alcalase is shown in Fig. 2. The DH
values were signicantly (P < 0.05) increased from 3.0% to
33.2% by an increase in the proteolysis time from 0 to 120 min.
Increasing the incubation time allowed extensive proteolysis
and cleavage of peptide bonds, thus increasing the peptide
solubility and DH. The chain length of the peptides becomes
shorter and the amount of free amino acids increases by
increasing the degree of hydrolysis.23 However, upon prolonged
hydrolysis time (>2 h), the reaction reached a plateau possibly
due to saturation of enzyme active sites or reduced amounts of
available substrates for the enzymatic reaction.24 There was no
signicant (P > 0.05) increase in the DH of hydrolysates aer
120 min. Similar results were obtained in research studies
performed on pea protein isolates,25 lentil proteins,26 black bean
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Effect of Alcalase digestion at different proteolysis times on the
degree of hydrolysis of CMP hydrolysates. T = 0 min corresponds to
primary CMP. Data are means of triplicate measurements. Error bars
indicate SD values. Different alphabetical letters indicate significant
differences between means (P < 0.05).
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proteins,27 and Bunium persicum press cake,24 where an increase
in DH values of hydrolysates was conrmed as a function of
proteolysis time using different enzymes.
3.2 Solubility of protein hydrolysates

Protein solubility is an important measure inuencing peptide
techno-functional properties i.e., surface activity and gel forming
ability. Protein solubility is mainly affected by protein–water
interactions or surface hydrophilicity.28 The increase in protein
solubility is themost distinguished effect of proteolysis on protein
functional properties.29 The results of protein solubility as
a function of hydrolysis time using Alcalase are shown in Fig. 3.
The results indicated that proteolysis time has a substantial
impact on the solubility of primary coconut meal protein (CMP)
and its hydrolysates. At a lower degree of hydrolysis shown by
shorter incubation time, there was a minimum solubility at pH
values 4–5, which is considered the coconut protein isoelectric
point, where the net charge of protein molecules is zero.30 It is
reported that proteins are positively and negatively charged at
a pH below and above their pIs, respectively,31 which on both
occasions positively inuences their solubility.
Fig. 3 Solubility of primary CMP (t = 0 min) and its different hydro-
lysates as a function of pH and hydrolysis time. Data are means of
triplicate measurements. Error bars indicate SD values.

© 2024 The Author(s). Published by the Royal Society of Chemistry
It can be seen from Fig. 3 that primary CMP exhibited
signicantly lower solubility compared to hydrolysates at
different incubation times. The minimum solubility of primary
proteins is related to low net surface charges and the electro-
static repulsions in the protein structure.32 Increasing the
proteolysis degree signicantly increased the solubility of
hydrolysates at any pH value. Specically, at the pH of the
isoelectric point of primary CMP, hydrolysates did not show
a different solubility when compared to other pHs. The Alcalase
treated sample at 120 min and 180 min had a solubility range of
75–85%, regardless of pH changes. Protein solubility is related
to hydrophilicity and, thereby, electrostatic repulsion forces in
the third structure of the protein. The effect of enzymatic
hydrolysis can be attributed to breaking disulde bonds of the
protein into low-Mw amino acids, exposing their charged
hydrophilic or hydrophobic groups, that would eventually result
in increased ionizable amino and carboxyl groups favoring the
formation of more hydrogen bonds that increase solubility.11 It
is reported that enzymatic hydrolysis can improve protein
solubility, which presents a close relationship with the decrease
in surface hydrophobicity.29 Our results are consistent with
those reported for hydrolysis of pea protein isolates25 and
lentil,26 black bean,27 legume,33 poppy-pollen23 and walnut20

proteins demonstrating an increase in protein solubility as
a function of enzymatic hydrolysis time.
3.3 Emulsifying and foaming properties

Hydrolysis can directly affect the functional properties of
proteins such as solubility, emulsifying and foaming abilities in
food systems. Emulsifying and foaming properties of primary
CMP and its hydrolysates were investigated as a function of
hydrolysis time and the results are shown in Fig. 4a–d. Variation
in the emulsifying activity index (EAI, Fig. 4a) and emulsion
stability index (ESI, Fig. 4b) is shown for primary CMP and its
hydrolysates obtained as a function of different hydrolysis times
and varying pH. These indices are helpful for preliminary
testing of the effects of enzymatic modication of proteins as
potential emulsifying agents.30

Primary CMP showed the lowest emulsifying (EAI and ESI)
and foaming (FC and FS) abilities at a pH point near pI (pH= 5).
Decreasing or increasing pH below or above this point
increased emulsifying and foaming properties. This is due to
the fact that the CMP molecule has positive and negative
charges at pHs below and above its pI, respectively, in which
both conditions can positively inuence its solubility. Hydro-
lysates obtained from the partial proteolysis conditions (t = 30
min) exhibited the highest EAI, ESI, FC, and FS values.

EAI and ESI ranged between 50 and 70 m2 g−1 and 40–80%,
respectively for different hydrolysates. Foaming capacity (FC)
ranged between 60 and 120%, while it was not signicantly
different as a function of proteolysis time (P > 0.05), and signi-
cantly declined as pH increased (P < 0.05). Foaming stability (FS)
varied in a range of 30–70%, with the variation being signicant
as a function of hydrolysis time at each pH point.

Looking at emulsifying and foaming properties of the ob-
tained hydrolysates as a function of hydrolysis time one could
Sustainable Food Technol., 2024, 2, 1545–1557 | 1549
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Fig. 4 Emulsifying (a and b) and foaming (c and d) properties of
primary CMP (t = 0 min) and its hydrolysates as a function of pH and
hydrolysis time. Data are means of triplicate measurements. Error bars
indicate SD values.

Fig. 5 Water holding capacity (WHC) and oil holding capacity (OHC)
of primary CMP and its hydrolysates as a function of proteolysis time.
Different lower-case and upper-case alphabetical letters indicate
significant differences (P < 0.05) betweenWHC andOHCmean values,
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conclude that low DHs and solubility correspond to enhanced
functional properties of the obtained hydrolysates. Improve-
ment in emulsifying/foaming properties of hydrolysates with
1550 | Sustainable Food Technol., 2024, 2, 1545–1557
lower DH and solubility can be ascribed to an increase in their
ability to rearrange and re-orientate at the interface by weak-
ening the interfacial tension forces.34 In another study, enzy-
matic hydrolysis led to an improvement in the emulsifying
activity of grass turtle protein. In this way, all the emulsions
produced with hydrolyzed ones had more stability (51–
81.33%).11 Our results are in line with ndings in other studies
on the effect of hydrolysis time on the techno-functional prop-
erties of soybean,35 lentil,26 black bean,27 and legume33 proteins.
3.4 Water- and oil-holding capacities

The extent of the proteolysis can affect water- and oil-holding
(WHC and OHC) properties of protein hydrolysates. OHC is
also a measure of oil quantity that can be directly bound by the
protein and is regarded as an important functional criterion,
especially in meat and confectionary products.32 The results in
Fig. 5 indicate that limited hydrolysis (t = 30 min) of CMP by
Alcalase resulted in the highest WHC (6.0 g water per g hydro-
lysate) and OHC (5.0 g oil per g hydrolysate) values. Increasing
hydrolysis time led to a signicant decrease in WHC and OHC
values of hydrolysates (P > 0.05). It is possible that the partial
hydrolysis conditions result in the exposure of hydrophilic
groups and hydrophobic amino acids, which were hidden in the
protein structure.36 This can eventually lead to increased WHC
and OHC of the hydrolysates. However, extensive hydrolysis can
promote the above mechanism in the opposite direction by
breaking down the protein tertiary structures leading to
reduced capacity to hold water and oil molecules.33

The decrease in the WHC and OHC by an increase in the DH
might have been due to the hydrolytic degradation of the
protein structure. It has been reported that protein hydrolysates
from grass carp skin with the lowest DH had signicantly higher
OHC due to the larger protein particle sizes.37 A decline in OHC
of shark muscle protein and red salmon head hydrolysates with
a DH increase has also been reported.38 In a number of inves-
tigations, the values of WHC (3.9–5.3 g g−1) and OHC (3.2–3.4 g
g−1) for legume peptides,33 OHC (2.6–9.7 g g−1) for wheat
respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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glutenin hydrolysates34 and WHC (1.2–5.4 g g−1) and OHC (5.3–
7.0 g g−1) for Spirulina protein hydrolysates21 under the inu-
ence of the primary protein, type of the enzyme and hydrolysis
conditions were emphasized.
3.5 Amino acid composition

The amino acid composition of proteins or polypeptides plays
an important role in their nutritional, biological, health-
promoting, and functional properties.10 Certain polypeptides
have functional groups (e.g., hydrophilic, hydrophobic, and
positively or negatively charged amino acids) in their structure
that possess techno-functional properties i.e., antioxidant, free
radical scavenging, emulsifying, foaming, and water- or oil-
binding properties. Therefore, amino acid composition of
hydrolysates was characterized as a function of hydrolysis time.
Table 1 shows changes in amino acid composition of primary
CMP and the hydrolysates obtained at different hydrolysis
times. The content of free amino acids (FFA) in hydrolysates
increased as a function of hydrolysis time indicating substantial
cleavage of the protein structure and liberation of small
peptides and amino acids in the hydrolysates. Different groups
of functional amino acids, including essential (EEA/TAA ratio),
antioxidant (AAA/TAA ratio), hydrophobic (HAA/TAA ratio), and
negatively charged (NCAA/TAA ratio) amino acids were charac-
terized as a function of hydrolysis time and the results are
shown in Table 1 and Fig. 6a–e. EAA content, and more
Table 1 Amino acid composition (mg per g DM) of coconut meal pr
hydrolysis timesa

Amino acids CMP (TAA)

Free amino acids (mg per g dry

0 min 30 min

Aspartic acid (Asp) 82.1 � 1.8 0.4 � 0.02e 5.2 � 0.15d

Glutamic acid (Glu) 161.9 � 2.7 2.0 � 1.5e 8.1 � 0.15d

Histidine (His)* 20.1 � 0.7 0 � 0f 7.5 � 0.2e

Serine (Ser) 39.8 � 1.6 1.1 � 0.1f 3.2 � 0.1e

Arginine (Arg) 112.1 � 3.6 0.4 � 0.02f 8.9 � 0.2e

Glycine (Gly) 41.2 � 1.8 0.8 � 0.1f 3.7 � 0.15e

Threonine (Thr)* 24.5 � 1.3 0 � 0f 3.6 � 0.2e

Alanine (Ala) 38.1 � 1.6 0 � 0f 10.1 � 0.4e

Tyrosine (Tyr) 21.1 � 0.6 0.3 � 0.02e 7.9 � 0.3d

Methionine (Met)* 13.3 � 0.5 0.2 � 0.01f 5.3 � 0.2e

Valine (Val)* 36.5 � 2.1 0 � 0e 8.3 � 0.2d

Phenylalanine (Phe)* 36.5 � 1.4 0.7 � 0.1f 12.6 � 0.7e

Isoleucine (Ile)* 24.4 � 0.9 1.1 � 0.1f 3.1 � 0.2e

Leucine (Leu)* 47.3 � 1.2 2.3 � 0.15f 10.6 � 0.7e

Lysine (Lys)* 32.1 � 1.5 1.2 � 0.1e 7.8 � 0.2d

Tryptophan (Trp)* 4.7 � 0.1 0 � 0e 1.8 � 0.2d

TAA in primary CMP 735.8 � 16.4
FAA — 9.6 � 1.4f 107.4 � 3.8e

EAA 230.9 � 8.2 5.5 � 0.3f 60.4 � 2.6e

AAA 90.4 � 5.3 1.7 � 0.1e 30.7 � 2.6d

NCAA 244.3 � 5.8 3.2 � 0.1d 13.3 � 0.6c

HAA 221.1 � 9.8 4.5 � 0.25e 59.6 � 2.6d

PER 2.1 � 0.1

a Data aremeans of duplicatemeasurements. TAA= total amino acids; * de
= hydrophobic amino acids; NCAA = negatively charged amino acids; PE
deviation. Different superscripts in the same row are notable differences
according to eqn (6)–(10) described in Section 2.2.8.1.

© 2024 The Author(s). Published by the Royal Society of Chemistry
specically, the ratio of EAA/TAA, as well as the protein effi-
ciency ratio (PER) are among the most important indicators of
polypeptide nutritional value. As can be seen in Fig. 6a, the ratio
of FAA/TAA signicantly increased from 1.5% in non-digested
CMP to 34.6% in the 180-min hydrolyzed sample (P < 0.05).
This can explain that at the early stage of enzymatic digestion,
the proteins were mainly broken into small fragments. Aer the
digestion was completed, these peptides were more hydrolyzed
to produce free amino acids. A similar trend was observed when
comparing the nutritional and functional amino acid groups
(EAA, AAA, HAA, and NCAA) in the samples hydrolyzed at
different times when compared to non-digested CMP (Fig. 6b–
e). The ratio of EAA/TAA signicantly increased from 2.3% in
non-digested CMP to 56.6% in the 180-min hydrolyzed sample
(P < 0.05).

The nutritional value (EAA/TAA ratio) of the latter hydrolysate
was in accordance with the values recommended by FAO/WHO
(32–36%).3 In our study, however, more than 65% of the nal
digests still remained in the form of peptides, which may
contribute to their techno-functional properties i.e., antioxidant,
emulsifying, and foaming activities.17 The existence of substan-
tial amounts of HAA, AAA and NCAA in the hydrolysate samples
(especially at t > 120 min) has a stronger reactivity with lipophilic
free radicals due to their greater solubility in lipid phases.39

Antioxidant amino acids can play a role in the antioxidant
capacity of the peptides by donating electrons to free radicals.40
otein (CMP) and its hydrolysates obtained using Alcalase at different

matter) at different proteolysis times

60 min 90 min 120 min 180 min

8.4 � 0.3c 10.5 � 0.4b 10.9 � 0.3b 11.5 � 0.2a

13.6 � 0.9c 15.7 � 0.7b 16.9 � 0.4ab 17.5 � 0.8a

10.5 � 0.5d 12.2 � 0.3c 13.5 � 0.4b 15.5 � 0.6a

6.7 � 0.4d 8.3 � 0.4c 9.1 � 0.3b 10.4 � 0.4a

14.1 � 0.9d 23.5 � 2.1c 26.1 � 1.3b 30.4 � 2.4a

5.9 � 0.3d 7.3 � 0.3c 8.4 � 0.4b 9.4 � 0.5a

5.1 � 0.1d 6.2 � 0.2c 7.9 � 0.3b 8.3 � 0.2a

15.3 � 0.5d 19.5 � 1.2c 21.2 � 0.9b 23.3 � 0.8a

11.8 � 0.4c 13.1 � 0.5b 13.2 � 0.3b 16.9 � 0.9a

7.2 � 0.2d 9.5 � 0.4c 9.9 � 0.3b 11.5 � 0.3a

12.1 � 0.4c 12.4 � 0.5c 14.1 � 0.8b 15.8 � 0.7a

18.7 � 0.8d 22.3 � 1.9c 24.8 � 0.9b 28.4 � 1.2a

5.4 � 0.2d 5.8 � 0.2c 6.2 � 0.2b 7.6 � 0.2a

17.9 � 0.8d 20.9 � 1.4c 23.6 � 1.4b 27.2 � 1.2a

13.2 � 0.4c 15.2 � 0.6b 15.9 � 0.7b 18.1 � 0.6a

2.1 � 0.1c 2.7 � 0.2b 2.8 � 0.2b 3.3 � 0.2a

167.8 � 7.2d 204.8 � 10.9c 224.6 � 9.1b 243.8 � 13.1a

91.7 � 2.7d 107.2 � 3.8c 119.7 � 5.8b 135.8 � 5.7a

44.3 � 3.5c 52.4 � 4.2b 54.8 � 4.3b 65.2 � 3.8a

22.1 � 2.7b 26.4 � 2.8a 28.1 � 3.5a 28.8 � 3.2a

90.4 � 3.2c 106.1 � 4.5b 106.5 � 5.2b 134.2 � 5.3a

notes EAA= essential amino acids; AAA= antioxidant amino acids; HAA
R = protein efficiency ratio. Data are displayed as the mean ± standard
(p < 0.05). Different functional groups of amino acids were measured

Sustainable Food Technol., 2024, 2, 1545–1557 | 1551
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Fig. 6 Functional amino acid groups of coconut meal protein (CMP) and its hydrolysates obtained at different proteolysis times using Alcalase.
Error bars represent standard deviations of duplicate measurements. Different alphabetical letters show significant (P < 0.05) differences
between means.
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The variation of the protein efficiency ratio (PER) in hydro-
lysates as compared to that of primary CMP is shown in Fig. 6f
as an indication of the nutritional value of the obtained
hydrolysates. The ratio of PER/PER of CMP strongly and
signicantly (P < 0.05) increased from 2.8% in non-digested
CMP to 56.5% in the 180-min digest (Fig. 6f) indicating the
liberation of essential amino acids during hydrolysis. Proteo-
lytic action of different enzymes including Alcalase as a function
of hydrolysis time in liberating functional amino acids in
hydrolysates has been reported in other studies.41 It was shown
that progressive proteolysis leads to higher contents of EAA,
AAA, and charged AAs in the obtained hydrolysates compared to
the primary protein. Because of the chemical structure and
functional groups present in these amino acids, they are able to
eliminate free radicals and serve as potent antioxidants within
biological cells.11 Consequently, it is anticipated that these
1552 | Sustainable Food Technol., 2024, 2, 1545–1557
hydrolysates will exhibit strong antioxidant activity against free
radicals.
3.6 Antioxidant characterization

In this study the effect of different hydrolysis times on inhib-
iting anionic (DPPH) and cationic (ABTS+) free radicals,
hydroxyl radicals (as initiators of lipid peroxidation), reducing
power (RP), Fe2+ and Cu2+ ion chelating activity, TEAC, and total
antioxidant activity of Alcalase hydrolysates was investigated
and the results are shown in Fig. 7a–h. Enzymatic hydrolysis,
especially at prolonged times, in general, led to a signicant
increase in antioxidant activity of hydrolysates assessed by
different protocols. However, different antioxidant activity
measurement protocols exhibited different results, which will
be discussed below.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 DPPH (a), ABTS+ (b), hydroxyl (c) radicals' scavenging activities, reducing power (d), Fe2+ (e) and Cu2+ (f) chelating activity, Trolox
equivalent antioxidant capacity (g), and total antioxidant activity (h) of coconut meal protein (CMP) (t = 0 min) and its hydrolysates obtained by
action of Alcalase at different proteolysis times (30–180 min). Data are mean of triplicate measurements. Error bars represent standard devia-
tions. Different alphabetical letters correspond to significant (P < 0.05) differences between means.

© 2024 The Author(s). Published by the Royal Society of Chemistry Sustainable Food Technol., 2024, 2, 1545–1557 | 1553
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3.6.1 DPPH/ABTS+ radicals' scavenging activity (RSA).
DPPH RSA (Fig. 7a) signicantly increased from 24.4% in
primary CMP to 75.5% in hydrolysates obtained at t = 120 min
(P > 0.05). There was a sharp increase in DPPH RSA activity
before 90 min, while the activity reached a plateau aer 90 min.
ABTS+ (Fig. 7b) RSA, however, showed a steep increase in RSA
aer 30 min, and the plateau was obtained already at 60 min.
The increment in antioxidant activity of hydrolysates at pro-
longed proteolysis relates to an increase in degrees of hydrolysis
(DH) and thereby reduction in the molecular weight of peptides.
We previously showed that increasing the incubation time
allows extensive proteolysis and cleavage of peptide bonds, thus
increasing the peptide solubility and DH.11,23 The chain length
of the peptides becomes shorter and the amount of free amino
acids increases by increasing the degree of hydrolysis. However,
upon prolonged hydrolysis time (>90 min), the reaction reaches
a plateau possibly due to saturation of enzyme active sites or
reduced amounts of available substrates for enzymatic reac-
tions.24 Similar results were obtained in other studies with
different proteins, where an increase in DH values of hydroly-
sates was conrmed as a function of proteolysis time using
different enzymes.27 The extent of ABTS+/DPPH RSA of hydro-
lysates obtained at prolonged hydrolysis time is in close relation
to the composition of free and hydrophobic amino acids,42

proton-donating amino acids,33 and antioxidant and charged
amino acids.43 It has also been reported that different hydro-
philic and hydrophobic amino acids with the ability to transfer
electrons and hydrogen atoms exhibit ABTS+ radical scavenging
activity.44

3.6.2 Hydroxyl radicals' scavenging activity and reducing
power (RP). In this research, the effect of the type and concen-
tration of peptide fractions on the inhibition of hydroxyl radi-
cals (as the initiator of lipid peroxidation and the destroyer of
biological systems) was investigated. OH-RSA (Fig. 7c) of
hydrolysates also signicantly increased upon prolonged
hydrolysis from 23.5% in primary CMP to 69.5% at t = 120 min
(P > 0.05). Increasing proteolysis beyond this point decreased
OH radical scavenging activity. Peptides containing aspartic
and glutamic amino acids have higher OH radical scavenging.45

Some sulfur amino acids, such as methionine, can donate
hydrogen sulde and neutralize free radicals. Antioxidant
amino acids stabilize free radicals by donating protons.18 In
a research study, enzymatic hydrolysis of stripped weaksh by-
products was performed with Alcalase (HA) and Protamex (HP)
enzymes and the antioxidant and antibacterial properties of
peptides were investigated. The highest inhibition of OH radi-
cals was observed in Alcalase hydrolysates (∼80%) and Prota-
mex (∼70%) and in 10 and 5% DH, respectively.46

The reducing power is an index to determine the ability of
peptides to donate electrons or hydrogen.46 The same behavior
was also observed in reducing power (RP) assay. Fig. 7d
demonstrates that RP antioxidant activities of hydrolysates
signicantly increased (from 0.62 to 0.87) until t = 90 min (P >
0.05), followed by a decrease aer this point. In another
research study, hydrolysates from Diplodus proteins were
prepared using Alcalase and Savinase enzymes under optimal
1554 | Sustainable Food Technol., 2024, 2, 1545–1557
conditions and their antioxidant and antibacterial activities
were evaluated. The hydrolysate generated by Savinase (DPH-S)
generally exhibited a greater antioxidant activity across all the
considered methods, in terms of ferrous chelating activity (IC50

= 2.19 mg mL−1), DPPH radical scavenging (IC50 = 3.76 mg
mL−1) and reducing power (1.92 ± 0.12) activity.47

3.6.3 Fe2+ and Cu2+ ion chelating activities. Metal ions
including ferrous and copper ions (Fe2+ and Cu2+) are among
many factors intensifying lipid oxidation in high-fat food
products.48 It is reported that certain polypeptides that are
considered natural antioxidants exhibit metal ion chelating
activity.49 In this study, Fe2+ (Fig. 7e) and Cu2+ (Fig. 7f) chelating
activity of hydrolysates obtained at different proteolysis times
signicantly (P < 0.05) increased as proteolysis time increased
from 30–90 min. Aer t = 120 min metal ion chelating activities
of hydrolysates either remained constant or decreased. As
shown in Table 1 and Fig. 6, extensive enzymatic hydrolysis
produces higher contents of functional amino acids (e.g.,
charged, hydrophobic, antioxidant, etc.) in the resulting
hydrolysates leading to greater metal ion chelating activity. For
example, a positive correlation between the amount of essential
amino acids (Fig. 6b), especially histidine, and copper chelating
activity of peptides has been reported.50 It has also been re-
ported that active carboxylic and amino groups are exposed and
become available as a result of extended hydrolysis leading to
an increase in metal ion chelation activity.51 The increase in
metal ion chelation activity of hydrolysates obtained from hone-
bee pollens,13 rice bran,52 mung bean,53 mushroom,18 and
calabash nutmeg54 proteins has been reported in a number of
investigations.

3.6.4 Trolox equivalent antioxidant capacity (TEAC) and
total antioxidant activity. The TEAC assay measures the anti-
oxidant capacity of a given substance, as compared to the
standard, Trolox. The results of TEAC (Fig. 7g) showed that an
increase in the hydrolysis extent led to an increase in TEAC of
hydrolysate. However, when hydrolysates became saturated on
prolonged hydrolysis, the TEAC value diminished. Total anti-
oxidant capacity in peptide fractions was evaluated as the
reduction power of molybdenum(VI) to molybdenum(V). This
index is mainly used to evaluate the antioxidant activity of
lipophilic and hydrophilic compounds.23 Total antioxidant
activity (TAA) of hydrolysates (Fig. 7h) exhibited the same trend.
However, there was a sharp increase in TAA until t = 90 min,
followed by a rapid decrease in antioxidant activity. Extensive
proteolysis by Alcalase led to increased DH values (Fig. 2) and
solubility (Fig. 3) indices. This is associated with liberation of
functional and antioxidant amino acids i.e., negatively charged
and hydrophobic types (Table 1) with strong antioxidant activ-
ities. However, in a certain degree of hydrolysis (in most cases at
t > 90 min), the antioxidant activity of hydrolysates diminished
possibly due to saturation of free amino acids and reduced
amounts of available substrates for the reaction.24

4 Conclusions

Bioactive peptides and hydrolysates derived from the enzymatic
action of plant proteins exhibit numerous functional
© 2024 The Author(s). Published by the Royal Society of Chemistry
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properties, including antioxidant, nutritional, techno-
functional, and health-promoting effects. This study focused
on the extensive proteolysis of coconut meal protein using the
Alcalase enzyme to produce hydrolysates with varyingmolecular
weights. The conditions of Alcalase hydrolysis signicantly
inuenced the degree of hydrolysis and the techno-functional
properties (solubility, emulsication, foaming, and water- and
oil-holding capacity) as well as the antioxidant activities of the
hydrolysates. All these factors were affected by the composition
and types of specic amino acids (hydrophobic, antioxidant,
and charged). Given their positive nutritional characteristics
and favorable techno-functional and antioxidant indicators,
coconut meal protein peptides can be regarded as a natural
source of antioxidant peptides, making them suitable for
applications in food and pharmaceuticals. However, further
studies are necessary to identify the specic peptides and amino
acid sequences that could enhance the functionality of the
hydrolysates.
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