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Abstract

Plant-based proteins have shown great potential as an alternative substitute for animal proteins to meet the increasing global
demand. Nevertheless, several limitations mitigate plant-based protein application and utilization. As a panacea to meeting
the market demand, it is imperative to modify plant-based proteins to produce improved quality and techno-functionalities
compared to conventional animal protein ingredients. Enzymatic, chemical, and physical modifications have been used for
plant-based proteins, which have shown exciting results in improving their techno-functional properties, digestibility, and
inherent allergenicity. Among these modification methods, the low-cost, limited time, high sensitivity, and high reproduc-
ibility give enzymatic modification leverage over chemical and physical methods. This review gave a concise summary of
the advantages and disadvantages of enzymatic modifications. The efficacy of enzymatic modification in producing protein
ingredients from plant sources with improved techno-functional properties, digestibility, and alleviated allergenicity was
discussed. Furthermore, the application of enzymatic modification in the production of bioactive compounds with health-
beneficial properties adds in no small measure to the novelty of this review.

Keywords Enzymatic modification - Plant-based proteins - Allergenicity - Fermentation - Techno-functional properties -

Protein hydrolysates

Introduction

The global demand for plant-based proteins has grown tre-
mendously over the years owing to several factors, includ-
ing sustainability, minimal environmental impact, and other
beneficial health claims (Akharume et al., 2021). Although
plant-based proteins are deficient in one or more essential
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amino acids, they have found wide applications in human
diet supplementation, pet foods, and pharmaceuticals, in
addition to producing functional and value-added products
(Gengdag et al., 2021; Hewage et al., 2022; Ismail et al.,
2020; Nadeeshani et al., 2022). However, the application
of plant proteins, particularly in food industries, has been
stunted owing to their low techno-functional properties,
inherent allergenicity, and poor digestibility, especially
when compared to animal proteins. Protein modification has
been implemented to circumvent these limitations by con-
formation modification or polypeptide chain fragmentation.
Conformation modification could either be through thermal
or non-thermal processes (Nasrabadi et al., 2021), which
excessive polypeptide unfolding, aggregation, and irregular
crosslinking has been reported in the former.

Chemical modifications, including acylation, methyla-
tion, phosphorylation, sulfation, farnesylation, ubiquitina-
tion, glycosylation, etc., are the most common non-thermal
protein modifications for plant-based proteins, which have
yielded promising results for improving protein function-
ality for food and non-food applications (Akharume et al.,
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2021; Boutureira & Bernardes, 2015; Bandara et al., 2018).
Nonetheless, chemical modification has been associated with
environmental pollution, difficulty in recycling, and high
cost of production. Additionally, consumers’ demand for
chemical-free natural products has limited utilization
of chemically modified proteins. To circumvent these, atten-
tion has been drawn to alternative non-thermal technologies
such as ultrasound, high pressure, pulse electric field, and
high voltage cold atmospheric plasma, which have also pro-
duced remarkable structural and functional modifications of
plant-based proteins (Akharume et al., 2021; Li et al., 2017).
However, their low sensitivities have created a major bottle-
neck for industrial scale-up and commercialization. Hence,
a green and sustainable protein modification method with
high sensitivity for industrial scale-up is urgently required.

Over the years, enzymatic modification has gained
massive attention as an effective, highly sensitive, highly
reproducible, green, and cost-effective modification for
plant-based proteins (Aluko, 2008; Barac et al., 2011).
This approach revolutionized the application of plant-based
proteins in the food industry via improved digestibility and
techno-functional properties, as well as reduced intrinsic
allergenicity (Fig. 1). Additionally, enzymatic modification
has been used to produce value-added products and pep-
tides with health-beneficial properties such as antioxidative,
antihypertensive, anticancer, antimicrobial, hypocholester-
olemic, and immunomodulatory (Aondona et al., 2021;
Gorgii¢ et al., 2020; Udenigwe & Aluko, 2012). Thus, this

Fig.1 The role of enzymatic
modification of plant-based
protein as a sustainable food
production approach
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review meets the necessity to assemble the recent informa-
tion on the process parameters and conditions for enzymatic
modification of plant-based proteins and the resultant impact
on techno-functional properties, digestibility, allergenicity,
and production of bioactive peptides.

Fermentation and Enzymatic Modification

It is worth noting that enzymatic modification of plant-
based proteins started from fermentation via the activi-
ties of microorganisms, which involves the breakdown of
macromolecules into smaller fragments or molecules such
as disaccharides, monosaccharides, and peptides, that are
easily digested or absorbed in the body (Campbell-Platt,
1994). Depending on the method of preparation, fermenta-
tion can be spontaneous (indigenous microorganisms) or
non-spontaneous (starter culture) (Fadimu et al., 2022).
In the case of plant-based proteins, proteolytic enzymes
produced by fermenting organisms (bacteria, yeasts, or
molds) break down proteins into amino acids and peptides
with varying molecular weights. The resulting products
have been associated with improved techno-functional
properties, digestibility, and reduced allergenicity (Fadimu
et al., 2022; Meinlschmidt et al., 2016). Additionally, fer-
mented plant-based proteins have superior organoleptic
properties. For example, the bitterness of pea protein iso-
lates was reduced after 24- and 48-h fermentation with
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Lactobacillus plantarum DSM-20174, L. perolens DSM-
12744, L. fermentum DSM-20391, L. casei DSM-20011,
Leuconostoc mesenteroides subsp. Cremoris DSM-20200,
and Pediococcus pentosaceus DSM-20336 (Garcia Arteaga
et al., 2020b). Schlegel et al. (2019a) reported that lupin
fermented by Lactobacillus brevis TMW 1.1326 had supe-
rior sensory properties when compared to the unfermented
counterpart.

Lactic acid bacteria (LAB) including Lactobacillus,
Staphylococcus, Pediococcus, Enterococcus, Staphylococ-
cus, Micrococcus, and Leuconostoc are mostly used for
plant-based proteins fermentation (Biscola et al., 2017; El
Mecherfi et al., 2021; Lu et al., 2022; Meinlschmidt et al.,
2016). Apart from these microorganisms, some fungi, such
as Candida spp have also been used for fermenting plant-
based proteins (Arte et al., 2015). The proteolytic system
of these microorganisms comprises proteases (proteinases
and peptidases), that cleave protein into peptides, which are
further broken down to release peptides and amino acids
(Kieliszek et al., 2021). Biscola et al. (2017) demonstrated
that fermentation of soymilk using Enterococcus faecalis
VB43 at 37 °C for 24 h, led to the reduction in immunore-
activity of allergenic proteins. Likewise, the allergenicity
of gluten was reduced after fermentation with Lactococcus
lactis LLGKC18 at 37 °C for 24 h (El Mecherfi et al., 2021).
However, the complexity of biological materials, which

Fig.2 Proteolytic and non-
proteolytic enzymatic modifica-
tion of plant-based proteins
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might vary depending on the nature or geographical loca-
tion and the processing conditions, contributes significantly
to the limitations of fermentation. Additionally, the long fer-
mentation time and non-uniformity of the final product were
drawbacks of this method. Hence, enzymatic hydrolysis was
developed to overcome these limitations.

The enzymatic hydrolysis process, which is widely used
to modify proteins (Fig. 2), involves the direct addition of
proteolytic enzymes for either cleaving the peptide bonds in
proteins to produce short-chain peptides or amino acids with
lower molecular weights protein or crosslinking polypeptide
chains (Eckert et al., 2019; Olatunde & Benjakul, 2018). The
type of protein and the high sensitivity of enzymes influence
the modification process and, consequently, the size, amino
acid sequence, digestibility, techno-functional properties, and
in some cases, their bioactivities (Akharume et al., 2021).
Proteolytic enzymes, e.g., papain, Alcalase, Neutrase, Flavor-
zyme, Trypsin, Thermolysin, Pepsin, Alcalase, Pronase, and
Ficin are capable of splitting peptide bonds, consequently lead-
ing to the release of peptides of varying sizes and free amino
acids from proteins (Olatunde & Benjakul, 2018; Zamani
et al., 2017). The extent of enzymatic hydrolysis, specificity
of enzyme action (Endo, Exo, Carbo and Aminopeptidase
activities), ionic strength of the solution, duration of the treat-
ment, and other environmental (pH, temperature, and pressure)
conditions alter the mechanical properties (performance and
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behavior) of the proteins and hence, the technological appli-
cation in the industry. Depending on the mechanism of action
and catalytic site, proteases can be categorized as endopepti-
dases or exopeptidases, in which the latter cleaves the protein
at the N- and C- terminal while the former cleaves within the
polypeptide chain at specific or random sites. For example,
peptide bonds made by basic residues such as lysine and argi-
nine are cleaved by trypsin, while those formed with aromatic
residues including phenylalanine, tyrosine, and tryptophan are
cleaved by chymotrypsin (Akharume et al., 2021). The degree
of hydrolysis (DH) measured by the ratio of the cleaved pep-
tide bonds to the total number of peptide bonds is an important
parameter in determining the efficacy of an enzyme for protein
modification, which in turn depends on the yield and charac-
teristics of the produced peptides. Aluko (2018) documented
that the potential inactivation of hydrolytic enzymes occa-
sioned by excessive reductions in pH during hydrolysis could
be prevented by adding the appropriate base to achieve the
optimum pH level. Several factors, such as the type of enzyme,
the nature of the protein substrate, the enzyme-to-substrate
ratio, process conditions (pH, temperature, and pressure), and
presence/absence of proteolytic inhibitors, influence the enzy-
matic hydrolysis of proteins (Ahmadifard et al., 2016). Table 1
summarizes the commonly used enzymes, optimal conditions,
substrates, and intended purpose in plant-based protein enzy-
matic modification.

In addition to protein hydrolysis, non-proteolytic enzy-
matic modification with transglutaminases (TG), peroxi-
dases, laccases, sulfhydryl oxidases, and tyrosinase are used
for protein build-up via protein—protein crosslinking and/or
polymerization (Buchert et al., 2010). Glutamine and lysine
residue in protein are linked by TG, the only commercially
available food-grade crosslinking enzyme used for crosslink-
ing plant-based proteins. This crosslinking modification
has found application in improving the techno-functional
properties of plant-based proteins. In the early 2000s, the
efficacy of TG in producing tofu from soybean milk protein
with improved textural properties and shelf stability was dis-
closed (Matsuura et al., 2000; Nonaka et al., 1991). Addi-
tionally, Baugreet et al. (2018) optimized the development
of a novel restructured beef steak using rice protein, pea pro-
tein isolate, and lentil flour with TG. The restructured beef
steak improved nutritional and chemosensory requirements
for older adults. Similarly, Sah and Alisha (2018) demon-
strated the efficacy of TG in the production of restructured
meat from a mixture of soy proteins, which yielded a meat
analog with improved textural properties. The modification
of vegetable proteins using TG for improved textural proper-
ties in food applications has been extensively documented
(Dube et al., 2007).

Several strategies/techniques have been developed and
documented for assessing the extent of protein modification
via crosslinking and peptide bond breakage. DH is used to

measure the extent of hydrolysis during proteolytic enzy-
matic modification (Zamani et al., 2017). Nevertheless,
FTIR, SDS-PAGE, chromatographic separation, and mass
spectroscopic analyses of crosslinked protein products have
also shown promising potential in assessing and confirming
proteolytic and non-proteolytic enzymatic modifications.
MALDI-TOF-MS is a very sensitive method for protein
analysis. It is robust and relatively tolerant to salts and buff-
ers. Extensive studies have been conducted on applying
MALDI-TOF-MS in the analysis of crosslinked protein
products (Pearson et al., 2002; Trester-Zedlitz et al., 2003;
Wine et al., 2002). Li et al. (2021) applied fluorescence spec-
troscopy to evaluate the tertiary conformational changes in
the microenvironment of aromatic amino acid residues fol-
lowing modification of potato protein crosslinking by lac-
case. The authors reported a reduction in the fluorescence
signal and an increase in wavelength of maximum emission
intensity (4,,,,), which correlated with the relocation of tryp-
tophan residues to the hydrophilic solvent environment and
the presence of compounds with shielding effect (Jia et al.,
2019). Furthermore, SDS-PAGE has also shown potential in
showing the patterns of enzymatically modified proteins as
compared to the unmodified molecules. Kasera et al. (2015)
confirmed the hydrolysis of high molecular weight proteins
(>29 kDa) in kidney beans, peanuts, and black gram by
sequential treatment with Alcalase and Flavourzyme for a
minimum of 30 min, suggesting the cleavage of most of the
proteins into smaller peptides. Similarly, the reduction of
Arah 1 and Ara h 2 in peanut protein subjected to combined
ultrasonic and enzymatic (a«-chymotrypsin and trypsin) treat-
ments were further confirmed by SDS-PAGE, via the disap-
pearance of these bands after treatments (Li et al., 2013).
Meinlschmidt et al. (2015) reported effective enzymatic
hydrolysis using SDS-PAGE when soybean protein isolate
was treated with Alcalase, pepsin, and papain as a panacea
to degrade its major allergens.

Applications of Enzymatic Modification
in Plant-Based Protein Utilization

Improving Techno-functional Properties

The techno-functional properties such as gelation, emul-
sification, foaming, water holding capacity, and others are
mostly dependent on the degree of the protein’s second-
ary, tertiary, and quaternary structures (Singh et al., 2021)
as well as the amino acid composition, molecular weight,
and protein charge. The variations in these intrinsic protein
structures generally influence hydrophobicity, flexibility,
and other functionalities. Generally, plant-based proteins
has been associated with poor techno-functional proper-
ties. However, enzymatic hydrolysis has proven to be an

@ Springer
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Table 1 (continued)

References

Targeted purpose

Process conditions

Enzymes used

Substrate

(Lietal, 2016)

Reduced allergenicity

The enzyme to substrate (dry flour)

Flavourzyme, pepsin, trypsin, papain,

a-chymotrypsin, or alcalase

Wheat protein

ratio (E/S) was 25430U/100 g. The
pHs of buffers varied, depending

on the type of enzyme: papain and

flavourzyme

alcalase
Samples containing trypsin,

7.0, for a-chymotrypsin;

=6.5

8.0 and trypsin

a-chymotrypsin, and pepsin were

incubated for 1 h at 37 °C, and other
enzymes were incubated for 1 h at
temperatures ranges of 50, 65, and
37 °C for alcalase, papain, and fla-

vourzyme, respectively

(Sung et al., 2014)

Reduced allergenicity

an enzyme-to-buckwheat protein ratio

Alkaline protease, GC106, papain,

Buckwheat proteins

of 10% at individual optimum pH and

temperature for four hours

bromelain, collupulin, Flavourzyme,

and Protamex

environmentally friendly method to circumvent this limi-
tation (Gorgiic et al., 2020). For instance, the emulsifying
property of soy protein isolates (SPI) was enhanced by trans-
forming the SPI into nanoparticles (80—170 nm) through
enzymatic hydrolysis (Shen et al., 2020). Furthermore,
Meinlschmidt et al. (2016) documented superior techno-
functional properties for SPI hydrolysate prepared using
Alcalase, Papain, and the enzyme combination (Papain and
Flavourzyme) subjected to controlled liquid state fermenta-
tion using Actinomucor elegans DSM 1174, Rhizopus oryzae
DSM 2200, and Lactobacillus perolens DSM 12,744.

Different enzyme actions affect the treated proteins' pep-
tide chain length, electrostatic charges, and rigidity (a-helix
to B-sheet and lower random coils in secondary structures).
Such modifications can simultaneously influence the stabil-
ity, surface hydrophobicity, and interfacial activity of pro-
tein formulations. The changes in the structural sub-units
(a-helix, p-sheet, random coils) can also systematically be
correlated with the change in extruded protein functional
groups like -NH,, -COOH, and -CO-NH,, -OH, -C-O-C-,
hydrocarbon (-CH,) chains/ units, etc. The application of
enzymatic modification for improving the techno-functional
properties of plant-based proteins has been summarized in
Table 2.

Protein Solubility

Protein solubility has been documented as a prerequisite
for other techno-functional properties. The solubility of
any protein is influenced by the molecular weight, charge,
amino acid composition, and conformational structure. For
plant-based proteins, applications in the food industry are
limited mainly by poor solubility. To circumvent this defi-
ciency, enzymatic modification has been applied. The major
mechanism for improved solubility has been associated with
decreased molecular weight and protein structure changes.
In Meinlschmidt et al. (2015), soybean protein hydrolysates
were produced with Alcalase, Flavourzyme, Corolase 2TS,
Pepsin, Corolase 7089, and Papain, and the solubility of
the hydrolysate was evaluated at pH 4 and 7. The authors
reported a high solubility for the hydrolysate compared to
the unhydrolyzed protein regardless of the enzymes used,
which was attributed to the lower molecular weight of pep-
tides produced from enzymatic hydrolysis. However, solubil-
ity at pH 4 was highest in hydrolysates prepared with pepsin,
while those prepared with Corolase 7089 showed the highest
solubility at pH 7 (Meinlschmidt et al., 2015). Furthermore,
Beaubier et al. (2021) attribuited the two fold increase in
the solubility of sunflower protein hydrolysate prepared by
Alcalase and Prolyve to the induced structural changes, via
the decreased surface hydrophobicity, which exposed the
polar groups initially buried in the native protein to the aque-
ous solvent.

@ Springer
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Emulsifying Properties

The observed emulsifying property of proteins is due to their
amphiphilic nature, which reduces the interfacial tension at
the oil-water interface in oil-in-water (O/W) or water-in-
oil (W/O) emulsion systems. The conformational changes
in protein molecules after exposure to certain enzymatic
actions could improve or sometimes reduce the emulsifying
properties of plant-based proteins. The higher DH of protein
molecules tends to produce lower molecular weight pep-
tides, which might increase protein solubility but could have
a less stearic effect at the oil-water interface. Hence, the
enzymatic hydrolysis parameters must be carefully selected
to produce polypeptides with optimum emulsifying proper-
ties. Furthermore, the efficacy of enzymatic treatment can
also be increased by treatment with combined processing
techniques. For instance, the extrusion pretreatment of SPI
improved the emulsifying properties of subsequent protein
hydrolysates obtained by pancreatin hydrolysis. The emul-
sion prepared with and without the pre-extrusion phenom-
enon showed lower emulsion stability due to the bridging
flocculation and creaming phenomenon. Whereas higher
emulsification ability was achieved with SPI pretreatment
followed by enzymatic activity, which was associated with
lower surface hydrophobicity, molecular chain length, and
higher unfolding flexibility at the O/W interface (Akharume
et al., 2021; Chen et al., 2011; Shekarforoush et al., 2022).
Therefore, the DH, solubility, molecular weight, and com-
position of a protein hydrolysate, which are all influenced by
the parameters of enzymatic hydrolysis have a direct impact
on the emulsification properties of enzymatically treated
plant-based proteins.

Foaming Properties

The use of plant-based proteins as foaming agents over
synthetic agents in the food industry could provide health
and economic benefits without compromising the desir-
able texture properties of foods (ice cream, coffee, whipped
cream, cakes, beers, etc.). Being thermodynamically unsta-
ble, foams are affected by diffusion and coalescence, which
are influenced by the interfacial properties of proteins. The
optimum charge distribution, ionic strength, and interface
distribution ability of protein isolates results in improved
foaming ability of the hydrolysates. The foaming ability of
protein isolates is relatively lowered in most protein iso-
lates/ hydrolysate at pH near or at the isoelectric point due
to reduced solubility. Nevertheless, the specificity of dif-
ferent enzymes used for hydrolysis primarily results in
the differences in the foaming capability and stability of the
produced hydrolysate. For example, the treatment of oat
protein isolates using trypsin, and Alcalase resulted in faster
and higher foaming ability when compared to the untreated

protein isolates. However, these properties were higher in
the hydrolysate prepared with trypsin even at pH 4, which is
close to the isoelectric point of oat protein when compared
to hydrolysis prepared with Alcalase (Briickner-Githmann
et al., 2018). Many authors have reported that DH has a
lower impact on the foaming ability of plant-based proteins;
however, extensive hydrolysis should be avoided to ensure
that the resulting molecular weights of the peptides favor
the formation of cohesive or viscous films at the water and
air interfaces (lamella). Partial enzymatic hydrolysis of soy
globulin (B-conglycinin, fraction 7S) using endopeptidase
improved the interfacial adsorption (air—water), surface dila-
tational, and foaming properties of the protein hydrolysate
(Ruiz-Henestrosa et al., 2007). Although higher enzymatic
activity is reported to lower the mechanical strength of the
released peptide units, interestingly, high concentrations of
such protein hydrolysates (with low molecular weight pep-
tide chains) may compensate for the poor foam stability of
the individual small-size peptides and can find application
in the food industry (Ivanova et al., 2018; Ruiz-Henestrosa
et al., 2007; Urbizo-Reyes et al., 2019). To circumvent low
foaming properties in protein hydrolysate, enzymatic hydrol-
ysis has been combined with non-thermal technologies. For
example, the forming properties of chia seed protein sub-
jected to enzymatic combined with microwave treatment
were higher than that treated with the conventional hydroly-
sis methods (Urbizo-Reyes et al., 2019).

Gelation

The gelling property, defined by the ability of the protein
to form a three-dimensional continuous network that can
immobilize or trap liquids, is one of the most important
properties of proteins in promoting their application as a
structuring agent in the food industry. Enzymatic modi-
fication via hydrolysis often may decrease plant-based
proteins ' ability to make or form a gel with good mechan-
ical strength (Galante et al., 2020). This is mostly associ-
ated with the lower chain length of the peptides, which
reduces the strength of the 3-dimensional network struc-
ture. Recently, Chen and Campanella (2022) reported
improved gelation properties for pea protein hydrolysate
prepared using Alcalase, which was associated with the
augmented surface hydrophobicity of peptides. This pro-
moted hydrophobic-hydrophobic interaction resulting in
stronger gel structure. However, enzymatic modification
via crosslinking has improved the gelling properties of
plant-based proteins. Zhang et al. (2022) demonstrated
the gel formation with improved mechanical properties
prepared from heat-denatured pea protein (10%, w/w) and
different concentrations of pectin (0—1%, w/w) using trans-
glutaminase (2%, w/w). Similarly, Djoullah et al. (2018)
demonstrated the efficacy of transglutaminase in producing
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gel from denaturated pea albumin and globulin fractions.
The authors reported that only the globulin fraction in a
native or denatured state could make gels, whereas no gel
was formed when the albumin fraction was used. The enzy-
matic crosslinking reaction was attributed to the polypep-
tides composition and protein conformation. The gelation
properties of the canola protein isolates were enhanced by
enzymatic crosslinking using transglutaminase. However,
the gel strength was dependent on the protein concentra-
tion, enzyme concentration, and treatment temperature
(Pinterits & Arntfield, 2008).

Enhanced Digestibility

Despite the increasing demand for plant-based proteins,
researchers are working assiduously to confirm that the high
protein content of most plant sources is available to humans
in terms of protein digestibility and bio-accessibility of
essential amino acids (Joshi & Varma, 2016; Pal et al., 2016).
Proteins need to be digested into amino acids and small pep-
tides to be useful for the growth and maintenance of the
human body. However, the poor digestibility of plant-based
proteins, which is mediated by complex molecular weight,
amino acid sequence, and the presence of antinutritional
factors, has contributed to the limited food applications.
Enzymatic modification has shown promising potential in
influencing some properties, such as improved amino acid
profile, conformation, molecular weights, and antinutritional
factors, thus enhancing the digestibility of plant-based pro-
teins (Tapal & Tiku, 2019).

The increased digestibility of plant-based proteins is
based on the enzymatic breakdown of peptide bonds to pro-
duce peptides with lower molecular weight. Venuste et al.
(2013) investigated the efficacy of enzymatic hydrolysis
using Protamex, Alcalase, Neutrase, or Flavourzyme to
improve pumpkin meal's protein digestibility. The authors
reported significant increases in the amino acid score, bio-
logical value, essential amino acid/total amino acid ratio
(EAA/TAA), and protein efficiency ratio (PER) of pump-
kin meal when Alcalase was used for hydrolysis. Dias et al.
(2010) reported that enzyme hydrolysis of bean powder with
trypsin increased protein digestibility from 54.4% for the
untreated flour to 81.6%, which favored absorption of amino
acids and short-chain peptides.

The improvement of plant-based protein digestibility
via reduced antinutritional factors caused by enzymatic
modification has also been investigated. Condensed tan-
nins in 19 traditional Italian legumes belonging to Lathy-
rus sativus, Pisum sativum, Cicer arietinum, Phaseolus
vulgaris, and Lens culinaris species were reduced via
fermentation at 30 °C for 24 h with Lactobacillus plan-
tarum C48 and Lactobacillus brevis AM7 when com-
pared to the unfermented counterpart (Curiel et al., 2015).

@ Springer

Furthermore, the fermentation of favabean with Lacto-
bacillus plantarum VTT E-133328 reduced the contents
of vicine and convicine, trypsin inhibitor activity, and
condensed tannins and increased the amount of free fatty
acids, essential amino acids, and y-aminobutyric acid in
the fermented product (Coda et al., 2015). Pontonio et al.
(2020) documented increased protein digestibility for
hemp seed subjected to fermentation using Lactobacillus
plantarum 18S9 and Leuconostoc mesenteroides 12MM1.
Similarly, phytic acid and trypsin inhibitory activity levels
were lower in grass pea flour fermented with lactobacillus
plantarum DSM 20,174 than in the unfermented counter-
part (Starzynska-Janiszewska & Stodolak, 2011). Further-
more, raffinose, phytic acid, trypsin inhibitory activity,
and condensed tannins were decreased in sprouted wheat,
barley, chickpea, lentil, and quinoa grains fermented with
Lactobacillus sanfranciscensis DE9, Lactobacillus plan-
tarum 1A7, and Lactobacillus rossiae LB5 (Montemurro
etal., 2019).

Apart from fermentation, proteolysis has also signifi-
cantly reduced antinutritional factors in plant-based proteins.
In the work of Pontonio et al. (2020), food-grade protease
and xylanase were used to hydrolyze hemp seed proteins.
The authors reported the release of protein fractions with
high biological value and increased digestibility. Phytic
acid, raffinose, and condensed tannins were decreased while
digestibility was increased in hemp, chickpea, and milling
by-products after enzymatic treatment using xylanase and
proteases (Schettino et al., 2019). Similarly, higher protein
digestibility was documented for wheat bran subjected to
the combined treatment of starter cultures (Lactobacillus
brevis E-95612 and Candida humilis E-96250) and cell wall
degrading enzymes (Depol 761P and Viscoferm) (Arte et al.,
2015). Increased protein digestibility and absorption were
documented for hydrolyzed cowpea proteins using Alcalase
or Flavourzyme, which was comparable to hydrolyzed casein
(Segura-Campos et al., 2012).

Alleviating Allergenicity

Plant-based protein allergens, which are mostly more life-
threatening when compared to other food allergens, affecting
at least 1 in 100 adults and 1 in 10 children (Mills & Shewry,
2004), are one of the major limitations in plant-based pro-
teins applications, particularly in the food and pharmaceuti-
cal industries. Undoubtfully, several interventions, including
thermal (boiling, roasting, microwave, and ohmic heating)
and non-thermal (enzymatic modification, cold plasma,
high-pressure processing, ultrasound, radiation) treatments
have been implemented to circumvent this limitation, which
yielded plant-based protein products with reduced levels or
no allergens (Fadimu et al., 2022). In addition, the enzy-
matic modification process, either by natural fermentation or
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enzymatic hydrolysis alleviates plant-based protein allergens
via the degradation of allergenic epitopic sequences.

Natural/non-spontaneous fermentation has been used for
alleviating allergens in plant-based proteins. In the study
by Yang et al. (2018), soybean meal was fermented with a
mixture of Bacillus subtilis CICC No. 20641, Lactobacil-
lus casei CGMCC No. 1. 539, and yeast at a ratio of 2:1:1
(v/v/v) using solid-state fermentation at 30 °C for 3 days.
The authors reported a significant reduction in the aller-
gen of soybean meal after fermentation, which was attrib-
uted to the breakdown of allergenic epitopic sequences of
p-conglycinin and glycinin into smaller molecular-weight
polypeptides. IgE-binding proteins (albumins/globulins and
gliadins mainly) in wheat and rye dough were degraded after
fermentation with several species of LAB, including Lacto-
bacillus brevis 14G, L. sanfranciscensis TA, L. alimentarius
15 M, and L. hilgardii 51B (Rizzello et al., 2006). In addi-
tion, Enterococcus faecalis isolated from Tunisian fermented
wheat was effective in hydrolyzing gliadin, an allergen in
wheat (M’hir et al., 2008). Furthermore, gliadins and gluten-
ins in wheat were decreased after fermentation with 9 strains
of Enterococcus faecalis and Lactococcus lactis. However,
L. lactis LLGKC18 showed the highest degradation of the
main gluten allergenic proteins (El1 Mecherfi et al., 2021).
The immunoreactivity of f-conglycinin (7S) and glycinin
(11S) in soymilk was reduced after fermentation with Ente-
rococcus faecalis VB43 (Biscola et al., 2017). Soymilk fer-
mented with a cocktail of L. brevis CICC 23,474 and L.
brevis CICC 23,470 had lower antigenicity and potential
allergenicity than the unfermented counterpart (Lu et al.,
2022).

The impact of enzymatic hydrolysis on the allergenic-
ity of plant-based proteins has also been elucidated. Two
major peanut allergens (Ara h 1 and Ara h 2) in roasted
peanut kernels and peanut butter were subjected to enzy-
matic hydrolysis using chymotrypsin and trypsin either indi-
vidually or in combination significantly reduced, particularly
when the combined enzymes treatment was used (Yu et al.,
2011, 2013). Additionally, Cabanillas et al. (2010) docu-
mented proteolytic destruction of IgE-binding epitopes in
lentil protein hydrolyzed with Alcalase and Flavourzyme.
Shi et al. (2013) documented the efficacy of Alcalase, pep-
sin, and Flavourzyme under different conditions in reduc-
ing allergens in peanut flour. The authors reported a lower
IgE binding capacity regardless of the peptidase used for
hydrolysis compared to non-hydrolyzed counterparts. IgE
binding fractions in the insoluble protein extract from kidney
beans, black gram, and peanuts were degraded to varying
degrees after hydrolysis with Alcalase and Flavourzyme
(Kasera et al., 2015).

The enzyme used for hydrolysis influences its effi-
cacy in reducing the allergenicity of plant-based proteins.

Allergenic gliadins in wheat flour hydrolyzed with Alcalase
from Bacillus licheniformisas, and papain from the latex of
papaya fruit was degraded more effectively when compared
to the use of Flavourzyme, pepsin, trypsin, or chymotrypsin
for hydrolysis, which is associated to the differences in
enzymes proteolytic specificity and hence nature of the pep-
tide products (Li et al., 2016). Different enzymes, including
alkaline protease, GC106, papain, Bromelain, Collupulin,
Flavourzyme, and Protamex showed promising potential
in reducing allergenicity in buckwheat proteins, in which
alkaline protease, classified as serine peptidase, displayed
the highest efficacy (Sung et al., 2014). Cabanillas et al.
(2012) documented a higher reduction in IgE reactivity for
roasted peanut soluble protein hydrolyzed with Alcalase
than those hydrolyzed with Flavourzyme, which was related
to the breakdown of peptide bonds at nonterminal amino
acids by Alcalase.

To further increase the efficacy of enzymatic hydrolysis
in reducing allergenicity in plant-based proteins, combined
treatments with other non-thermal technologies have been
documented. These treatments are effective because they
induce exposure to enzyme cleavage sites. To loosen the
peanut kernel structure, roasted peanut kernels were pre-
treated with ultrasound for 1 h at 50 Hz before hydroly-
sis with Alcalase using different concentrations (Yu et al.,
2015). The authors reported decreased Arah 1 and Arah 2
concentrations in both insoluble and soluble peanut portions
compared to the control (untreated peanuts). Furthermore, Li
et al. (2013) investigated the efficacy of ultrasonic-assisted
enzymatic treatment in reducing allergens in peanuts. The
authors reported a significant reduction in Ara h 1 and Ara
h 2, as well as lowered IgE binding for roasted peanut ker-
nel when subjected to the combined treatment of sonication
(1-5 h) and hydrolysis using trypsin or chymotrypsin at dif-
ferent enzyme/peanut ratios (0.0- 0.3% w/w).

Production of Bioactive Peptides
with Health-Beneficial Properties

A broad range of health benefits or bioactivities such as
antimicrobial, antioxidant, anticancer, antihypertensive,
hypocholesterolemic, immunomodulatory, and opioid-like
properties have been studied and reported for plant-based
proteins derived bioactive peptides. However, these bio-
logical activities are significantly influenced by the kind
of peptide, especially the nature of the amino acid, their
sequence, and molecular weight, which are all determined
by the enzymes (types and concentration) as well as other
processing parameters, including pH, temperature, and time
used during enzymatic hydrolysis. A summary of the bioac-
tive peptides derived from plant-based proteins using enzy-
matic hydrolysis is presented in Table 3.
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Antioxidant and Anti-inflammatory Activity

Several clinical investigations have evaluated the relation-
ship between the oxidative stress triggered by the reactive
oxygen species (ROS) and the development of different
chronic diseases, including diabetes, inflammation, rheuma-
toid arthritis, and cancer (Ibrahim et al., 2018). Therefore,
dietitians, clinicians, and health organizations highly recom-
mend the consumption of an antioxidant-rich diet. Currently,
the food industry is also interested in natural ingredients
with antioxidant properties due to their ability to delay and/
or inhibit oxidative degeneration of macromolecules in food
components, like lipids and proteins, in addition to enhanced
shelf-life and quality of the food (Nwachukwu & Aluko,
2019). Bioactive peptides show varying antioxidant proper-
ties, which are dependent on their conformational structure,
amino acid composition, and hydrophobicity. For instance,
among the 20 amino acids studied by Xu et al. (2017), his-
tidine, tryptophan, methionine, lysine, arginine, cysteine,
and tyrosine exhibited stronger antioxidant activities than
others. Some of the works carried out on the antioxidant
properties of bioactive peptides are shown in Table 3. The
protein hydrolysate produced from defatted peanut kernel
protein was demonstrated to exhibit antioxidant properties.
The study found that the pea protein hydrolysate derived
after treatment with Esperase showed the strongest antioxi-
dant capacity regarding linolenic acid peroxidation when
compared to other proteases, including protease A, protease
N, pepsin, and Neutrase (Samtiya et al., 2021). Recent work
by Idowu et al. (2021) evaluated the sesame seed hydrolysate
generated using pepsin and pancreatic enzymes for their
antioxidant properties. The results established that the high-
est hydroxyl radical scavenging and metal-binding activity
was found with the sesame seed protein hydrolysate in con-
trast with the unhydrolyzed protein. IQDKEGIPPDQQR, a
bioactive peptide derived from lupin, was evaluated using a
macrophage inflammatory cytokine production assay. The

Fig.3 A diagrammatic repre-
sentation of the blood pressure
regulating renin-angiotensin
system (RAS) mechanism
with the possible molecular
targets (renin and angiotensin-

Renin
converting enzyme, ACE) for
bioactive peptides. The inhibi- 4
tion of renin decreases the rate /
of ACE-dependent synthesis of !

angiotensin-II (Samtiya et al.,
2021; Udenigwe & Aluko,
2012)

Bioactive peptides —

Nitric oxide-mediated
vasodilation
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outcome revealed that the peptide suppressed monocyte che-
moattractant protein-1, IL-1, IL-6, and TNF-a synthesis by
40.43, 44.70, 38.52., and 51.20%, respectively (Gao et al.,
2020).

Antihypertensive Activity

Hypertension is one of the major public health concerns in the
world. This disease is diagnosed when systolic and diastolic
blood pressure rise beyond > 140 and 190 mmHg, respectively
(Oparil et al., 2018). Diabetes, obesity, and kidney diseases
are well-established risk factors for hypertension. Health con-
ditions involving disorders of the renin-angiotensin system
(RAS) are also contributing factors in the development of
hypertension. Within the RAS, the angiotensin-converting
enzyme (ACE) plays a crucial role in converting inactive
angiotensin I to vasoactive angiotensin II (Fig. 3). Conse-
quently, extreme activities of ACE can result in strong vaso-
constrictions with weak vasodilation, thus developing high
blood pressure. The suppression of ACE activity by drugs
has proven to be an effective pharmacological strategy for
decreasing blood pressure. Nonetheless, the side effects
linked to the present-day antihypertensive ACE-inhibitory
drugs could bring about compromised health conditions for
the patient with significant negative effects on life expectancy
or quality in addition to the associated high cost of health-
care (Samtiya et al., 2021). Therefore, there is a rising inter-
est in applying natural ACE inhibitors such as plant-based
protein derived bioactive peptides in replacing or comple-
menting drugs as antihypertensive agents (Aluko, 2015). Ma
et al. (2019) studied the exceptional ACE-inhibiting peptides
produced from Ginko Biloba seed. Using LC-MS/MS, they
detected three unique ACE-inhibitory peptides, including
TNLDWY (IC5,=1.932 mM), RADFY (IC5p=mM), and
RVFDGAV (IC5,=1.006 mM). Aondona et al. (2021) evalu-
ated the in vitro antihypertensive properties of sesame seed
protein hydrolysate and its fractionated peptides using pepsin
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and pancreatin. The results demonstrated that the < 1 kDa pep-
tide fraction was the most effective (75-85%) renin inhibitor,
suggesting sesame seed protein hydrolysate food products
as potential antihypertensive agents. Other antihypertensive
evaluations of peptides from plant sources have been carried
out on peas (Li & Aluko, 2010), hemp seed (Girgih et al.,
2014), and wheat bran (Zou et al., 2020) protein hydrolysates.

Anticancer Activity

Bioactive peptides possess cytotoxic activity in various
cancer cell lines and could be applied as anticancer agents
with minimum or no adverse effects. Additionally, these
peptides could function as carriers of cytotoxic agents in
targeting cancer cells directly without harming normal
cells (Boohaker et al., 2012). Peptides can inhibit specific
molecular signaling pathways of cancer cells associated
with the mechanism of oncogenesis, cancer stem cell self-
revitalization, and pathways of differentiation. Previous
reports have established the inhibitory activities of adzuki
bean, mung bean, black soybean, and soybean meal pro-
teins against cancer cells (ovarian cancer cell line SKOV3
and hepatocellular carcinoma cells SMMC-7721) within
the range of 200—600 pg/mL (Chen et al., 2017). Another
study assessed and reported the anticancer properties of qui-
noa peptides, such as IFQEYI, DVYSPEAG, RELGEWGI
(F-3), DKDYPK (F-2), and LWREGM (F-1), using human
colorectal cancer cell lines (Vilcacundo et al., 2018). Taniya
et al. (2020) also investigated the anticancer activity of an
amaranth seed protein hydrolysate. The hydrolysate was
produced through simulated gastrointestinal tract diges-
tion and was further studied for anticancer activity using an
in vitro breast cancer cell line. The outcome established that
the hydrolyzed amaranth sample suppressed the growth of
cells with a 50% growth inhibition concentration of 48.3 ug/
mL. A previous work reported on the antitumor properties
of an olive seed-derived peptide (LLPSY) confirmed that
this peptide exhibited antiproliferative activity in a dose-
dependent manner, using MDA-MB-468 and PC-3 cancer
cells (Vasquez-Villanueva et al., 2018).

Antidiabetic Activity

Various strategies have been successfully applied in man-
aging diabetes in the last few years. Bioactive protein
hydrolysates from different edible seeds have demonstrated
antidiabetic effects with promising potential as an alterna-
tive therapy to synthetic drugs. Peptides can impart hypo-
glycemic effects via one or more pathways, including the
inhibition of dipeptidyl peptidase IV (DPP-1V), leading to a
lowered blood glucose level and a peak in the physiological
insulin level (Samtiya et al., 2021). Aside from the inhi-
bition of DPP-1V, the consumption of natural ingredients

embedded with compounds that inhibit a-glucosidase and
a-amylase is another important approach to controlling
diabetes. This is because a-glucosidase and a-amylase
enzymes mainly take part in the digestion of dietary carbo-
hydrates. Olagunju et al. (2021) reported pigeon pea pep-
tides' in vitro antidiabetic activity. In their study, pigeon pea
protein was hydrolyzed with Thermoase and the hydrolysate
was divided into different peptide fractions (< 1, 1-3, 3-5,
5-10, and > 10 kDa) by ultrafiltration. The in vitro results
observed that all the peptide fractions suppressed a-amylase
and a-glucosidase activities, with the 3—5 and > 10 kDa pep-
tides being the most effective. Lammi et al. (2016) observed
that TAVPTGVA (soybean) and LTFPGSAED) (lupin) are
the most potent inhibitors of dipeptidyl-peptidase IV with
IC5, values of 106 and 228 pM, respectively. Other bioactive
peptides and protein hydrolysates with antidiabetic activities
are included in Table 3.

Mineral-Binding Activity

Minerals, including iron, zinc, and calcium, are significant
inorganic micronutrients that play important roles in the
management of human health (Silva et al., 2019). Therefore,
mineral deficiencies are a serious public health issue glob-
ally. For example, iron is a crucial part of erythrocyte hemo-
globin, muscle myoglobin, and liver ferritin and functions as
a cofactor for various cellular enzymes. Ion-binding peptides,
especially from plant seeds, can be used as potential carri-
ers of mineral supplements to prevent mineral deficiencies
(Caetano-Silva et al., 2021). Different organic compounds,
such as amino acid binders, that form complexes with metal
ions have decreased the interactions of minerals with food
matrices. Currently, a wide range of metal-chelating peptides
has been produced and identified from several edible seed
proteins (Cui et al., 2018). Wang et al. (2018) demonstrated
that a pentapeptide FVDVT from wheat germ protein hydro-
lysate exhibited significantly (86%) better calcium-binding
activity than crude hydrolysate. Lv et al. (2017) also reported
the separation of iron-binding peptides VEDELVAVYV and
LAGNPDDEFRPQ from defatted walnut flakes. Another
study by Chunkao et al. (2020) on mung beans confirmed the
iron-chelating ability of mung bean protein-derived peptides.

Limitations of Enzymatic Modification

The bitterness caused by the exposure to the hydrophobic
amino acid residues such as isoleucine, tyrosine, phenyla-
lanine, and tryptophan via the alteration of the structural
integrity of proteins by proteolytic enzymes is one of the
major limitations of enzymatic modification (Akharume
et al., 2021; Idowu & Benjakul, 2019). Several factors,
including hydrophobicity, DH, molecular weight, the posi-
tion of proline residues, the type of enzymes used, and an
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amino acid sequence, influence the bitterness of protein
hydrolysates (Yarnpakdee et al., 2015). The bitterness of
plant-based protein has been reported. Gromann et al.
(2020) documented varying degree of bitterness for hydro-
lysate prepared from soy, canola protein, and pea protein
using Flavourzyme 1000L, Deltazym APS-M-FG, Protease
P, Promod278, Peptidase R ProteAX-K, and “Amano” 6SD.
Similarly, pea protein hydrolysate prepared using Flavour-
zyme, a-Chymotrypsin, papain, Trypsin and Alcalase show
different intensities of bitterness (Humiski & Aluko, 2007).

Bitterness in hydrolysate is mostly evaluated by trained
sensory panelists using the hedonic scale sensory evalua-
tion. Sensory panelist are trained with different intensities of
standard solution such as caffeine and quinine HCI (Idowu &
Benjakul, 2019). In addition, taste dilution analysis (TDA)
based on the determination of the relative taste thresholds of
compounds in serial dilutions of samples has also proven to
be an effective method for the determination of bitterness in
plant-based protein hydrolysate (Seo et al., 2008).

Most reports have shown that the DH of protein enzy-
matic hydrolysis process is directly proportional to the bit-
ternesss of the resulting hydrolysate. However, the enzy-
matic hydrolysis with a DH < 10% produces peptides that
exhibit improved techno-functional properties and low or
no bitterness (Akharume et al., 2021; Eckert et al., 2019).
In addition, several interventions, such as treatment with
alcohol, activated carbon, conjugation via Maillard reaction,
chromatographic separation, and plastein reaction, have been
developed to mitigate the bitterness of protein hydrolysates
(Idowu & Benjakul, 2019).

Conclusions

To meet the demand for protein with improved quality and
functionalities, it is imperative to employ chemical, physi-
cal, or biological modification methods, which can alter
the structure, chemical, surface-active, and biophysical
properties of plant-based proteins as a panacea for improv-
ing digestibility, functionalities, sensory property, and
allergenicity. Simply put, modification of plant-based pro-
teins is crucial in augmenting their industrial applications.
Enzymatic modification has shown promising potential in
addressing the low digestibility, poor techno-functional
properties, and inherent allergenicity of plant-based proteins.
In addition, the enzymatic modification of plant-based pro-
teins has been exploited in developing functional ingredients
with beneficial health properties, including antioxidants,
antimicrobial, anticancer, antiproliferative, antidiabetic
properties, etc., which also serve as a value-added approach.
The high sensitivity, reproducibility, low cost of produc-
tion, and environmental friendliness of enzymatic hydrolysis
give this method leverage when compared to other protein

@ Springer

modification methods. Although this is true for most plant-
based proteins, commercialization and optimization of
the process conditions (type of enzyme, concentration,
hydrolysis time, protein source) are imperative to achieve
an improved protein ingredient. Otherwise, enzymatic modi-
fication may unintentionally cause undesirable changes such
as suppressed techno-functionalities, reduced nutritional
quality, and loss of desirable organoleptic properties.
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