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Insects have been considered alternative foods, mainly as sources of protein. The inclusion of insects in the

human diet can help meet the growing demand for food, whether consumed directly or as ingredients in

other formulations. In recent years, there has been great interest in using insect proteins as a substrate

to obtain bioactive peptides. This review provides an overview of obtaining bioactive peptides,

addressing the advantages of using insects as a protein substrate, as well as the challenges associated

with their use. Techniques for simulating gastrointestinal digestion, microbial fermentation and

application of commercial enzymes were described as suitable methods for obtaining peptides. The

principles of antioxidant, antidiabetic and antihypertensive properties have been elucidated. Considering

an alternative use of peptides as ingredients in other food formulations, possible changes in their

bioactivities were reported. This could result from the interaction of peptides with phenolic compounds

and their involvement in the Maillard reaction. Finally, allergenic and regulatory aspects were discussed

as the main challenges in using insects as a hydrolysis substrate.
Sustainability spotlight

Edible insects are rich in proteins and obtained by more sustainable processes compared to conventional livestock. Insect production has low greenhouse gas
emissions, little water, and space are required, and food waste can be used as animal feed. In this context, addressing the use of insects as a substrate for
obtaining bioactive compounds is an incentive to use them in food, mainly as an alternative source of protein. The consequences of this practice are aligned with
some of the UN's Sustainable Development Goals., such: ensure food security, adopt practices of more sustainable production processes, reduce of environ-
mental damage, and improve the management of water resources.
1. Introduction

Bioactive peptides are low molecular weight protein fragments
that cause signicant physiological effects in living organisms.
These physiological properties encompass antiobesity, antihy-
pertensive, antithrombotic, antioxidant, hypocholesterolemic,
antimicrobial, opioid, cytomodulatory, and immunomodula-
tory activities.1 Due to their diverse functions, high bioavail-
ability, minimal or no toxic effects, and efficacy even at low
concentrations, bioactive peptides have received signicant
attention.2 Although some peptides occur naturally in isolation,
many are hidden within the intact structure of protein mole-
cules. As a result, several food proteins, including those derived
from milk, eggs, soy, sh, and meat, have been extensively
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studied and identied as potential sources of bioactive
peptides.1

Insects are rich in proteins and their cultivation offers
convincing environmental and economic advantages when
compared to systems used to obtain traditional protein sources,
such as meat and plants.3 Although insect consumption is
a common practice for more than two billion people, it has not
yet become widespread worldwide.4 Some strategies to improve
acceptance are the use of insects as pastes, powders, and
protein concentrates or isolates, which can also be incorporated
as ingredients or fortifying agents in food products. Consid-
ering this, edible insects have also been widely explored as
a protein substrate to obtain bioactive peptides.5

Antioxidant, antidiabetic and antihypertensive properties
have been the most investigated bioactivities in insect protein
hydrolysates.6 Published works mention the use of various
methods, including the application of commercial enzymes,7

simulated digestion,8 fermentation,9 and the adoption of new
processing technologies, such as ultrasound10 and microwave,11

to release or produce these peptides. The most commonly
Sustainable Food Technol., 2024, 2, 19–31 | 19
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employed insects as protein substrates to obtain bioactive
peptides include mealworms,12 house crickets,13 the silkworm14

and black y soldier.15

In this review article, the advantages of the use of edible
insects as a substrate for enzymatic hydrolysis to obtain bioac-
tive peptides were approached. This section describes the main
methods employed to obtain bioactive peptides and explores
emerging processing technologies. Additionally, it describes
several bioactive properties and their potential mechanisms of
action. In the context of using these compounds as ingredients
in other formulations, a discussion about the potential inter-
actions of bioactive peptides with phenolic compounds and
their involvement in the formation of Maillard reaction prod-
ucts was presented. These interactions can potentially lead to
modications in the structure and properties of bioactive
peptides. Lastly, the challenges associated with using insects as
a substrate, including allergenic and regulatory factors were
addressed.

2. Edible insects

By 2050, the world population is expected to be approximately
10 billion people, and there may be an increase of more than
50% in the demand for food, mainly those of animal origin.16

Although agro-livestock production is sufficient to meet current
demand, this practice is considered one of the main threats to
the environment, being responsible for problems such as
deforestation, loss of biodiversity, eutrophication of water
bodies, and overexploitation of natural resources. Therefore,
the adoption of sustainable food systems is essential to guar-
antee the food supply for future generations.17

In the last years, the use of insects in human food has been
extensively studied, as they are rich in proteins and obtained by
more sustainable processes compared to breeding systems to
obtain conventional proteins (e.g., poultry, swine, and cattle).18

In conventional livestock, there is usually low feed conversion
efficiency, and enteric fermentation in ruminants, as well as
manure, are responsible for the emission of polluting gases
such as methane. On the other hand, insect production has low
greenhouse gas emissions, little water and space is required,
and food waste can be used as animal feed.19 This last charac-
teristic allows the use of insects as a bioconversion tool in insect
bioreneries, which also represents an economic advantage. In
this system, insects convert organic matter into a value-added
source of proteins and fats, and produce other benecial
products, including biofertilizers, biodiesel, biopolymers,
enzymes, animal feeds and edible foods.20

Due to cultural habits, insects are already used as food in
many regions, mainly in countries of Africa, Southeast Asia, and
Central America. There are over 1 million known insect species,
of which about 2111 are traditionally consumed in over 100
countries.21 Worldwide, the most consumed insects are meal-
worms (31%); caterpillars (17%), wasps, bees, and ants (15%);
and crickets and grasshoppers (14%).22 Besides having an
average protein content that varies from 30% to 65% on a dry
basis, insects are sources of lipids, carbohydrates, vitamins, and
minerals, such as iron, zinc, and calcium.23,24
20 | Sustainable Food Technol., 2024, 2, 19–31
The digestibility of insect proteins can vary from 76 to 96%,
being lower than the digestibility of eggs (95%) and beef (98%),
however, superior to the digestibility of vegetable proteins (13–
60%).24,25 Regarding the amino acids present in the protein
fraction, 35 to 50% of these are essential. The content of
unsaturated fatty acids can represent more than 70% of the
lipid fraction, with oleic, linoleic, and palmitic acids the most
abundant in insects. Despite this, these composition charac-
teristics of insects may vary according to the species, stage of
development, the diet of insects, and environmental factors
related to breeding.26

Although the consumption of insects has numerous advan-
tages, acceptance by consumers is the biggest obstacle to use in
the human diet. The lack of familiarity with insects as food
(neophobia) is one of the factors associated with rejection,
especially in Western countries, where people do not consider
insects to be edible and suitable for consumption.27 One of the
strategies to improve the acceptance of edible insects is to use
them as ingredients in other formulations, modifying visual
appearance, and thus obtaining more attractive and value-
added products.22

Recently, many insect-based products have been introduced
into the food market. Companies such as Circle Harvest (Aus-
tralia) and Future Food (England), in addition to selling dehy-
drated insects, have used insect our in the preparation of
pasta, corn snacks, granola, and marshmallows.28,29 In Brazil,
the startup Hakkuna has carried out the artisanal production of
protein bars based on cricket our (Gryllus assimilis), while
haute cuisine chefs have used insects in the preparation of
sophisticated recipes, such as rack of lamb with ant farofa,
spring rolls stuffed with vegetables and crickets, fried rice with
mealworms, and cricket covered in Belgian chocolate.30

Concerning academic research, it is possible to nd works
that study the characterization of food products that have had
insects added to their formulation, such as bakery products,31

emulsied meat products,32 and fermented foods.33 On the
other hand, insects have been extensively studied as a protein
substrate in enzymatic hydrolysis processes, in order to obtain
products with biological properties of interest: the bioactive
peptides.34,35
3. Bioactive peptides of insect
proteins

Bioactive peptides are protein fragments containing between 2
and 20 amino acids that positively modulate physiological
functions.36 As part of the native protein sequence, these
peptides are initially inactive and their bioactive potential is
harnessed upon release.37Hydrolysis of proteins to release these
peptides can occur during the digestion process, but can also be
obtained through fermentation, use of commercial enzymes or
chemical hydrolysis. However, chemical hydrolysis is generally
considered unsuitable due to its nonspecic cleavage, low
yields, and generation of chemical waste.36,38,39 Fig. 1 provides
an overview of the various processes for producing bioactive
peptides from insect proteins.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Processes for obtaining bioactive peptides from insect proteins.
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Among the various possible bioactivities, antioxidant, anti-
diabetic and antihypertensive properties are the best charac-
terized in peptides.3 These properties depend on the size of the
peptides, the composition of the amino acids and their
© 2024 The Author(s). Published by the Royal Society of Chemistry
sequence in the protein structure, with hydrophobicity and
amino acid charge being important factors.40 Table 1 provides
examples of various treatments that have been employed to
Sustainable Food Technol., 2024, 2, 19–31 | 21
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Table 1 Bioactive peptides from insect proteins: treatments applied and biological properties

Insect specie Treatment Enzymes Activity References

Spodoptera littoralis Hydrolysis Thermolysin Antioxidant, ACE inhibition 41
Alcalase

Simulated gastrointestinal
digestion

Pepsin
Trypsin
a-Chymotrypsin

Digestion with mucosal
peptidases

Mucosal peptidases

Hermetia illucens Sonication — Antioxidant 42
Hydrolysis Alkaline protease

(Novozymes)
Gryllodes sigillatus Hydrolysis Alcalase DPP-IV inhibition, ACE

inhibition
11

Conventional heating —
Microwave radiation —

Tenebrio molitor Ultrasound — a-Glucosidase inhibition 10
Hydrolysis Trypsin

Alcalase
Tenebrio molitor, Schistocerca
gregaria, Gryllodes sigillatus

Heat treatment — ACE inhibition, pancreatic
lipase inhibition, a-
glucosidase inhibition

8
Simulated gastrointestinal
digestion

Pepsin
Pancreatin

Antheraea assamensis Hydrolysis Alcalase ACE inhibition, DPP-IV
inhibition, antioxidant

43
Flavourzyme
Thermolysin
Papain

Simulated gastrointestinal
digestion

Pepsin
Trypsin
a-Chymotrypsin

Gryllus bimaculatus Fermentation with
Leuconostoc mesenteroides,
Lactobacillus plantarum and
Bacillus amyloliquefaciens
strains

— Antioxidant 44

Gryllus assimilis Hydrolysis Flavourzyme a-Amylase inhibition, a-
glucosidase inhibition, ACE
inhibition

45
Alcalase
Neutrase
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obtain bioactive peptides from insect proteins. ESI Table S1†
contains an extensive list of research using the same approach.
3.1 Methods for obtaining bioactive peptides

3.1.1 Gastrointestinal digestion. When ingested, proteins
undergo hydrolysis by pepsin in the stomach, followed by
further digestion by the action of pancreatic enzymes (e.g.,
trypsin, chymotrypsin, elastase, and carboxypeptidase) in the
small intestine. Furthermore, enzymes in the brush border
membrane play a role in this process.46 Digestion of dietary
proteins leads to the release of a multitude of peptides and
amino acids.47 If some of these peptides have bioactive prop-
erties, they may exert local effects by interacting with receptors
and digestive cells, or they may have systemic effects if they
reach their target tissues/organs actively.48

Although gastrointestinal digestion of proteins in vivo is
possible, assessment of released bioactive peptides requires
removal of intestinal contents from living organisms that have
been fed a protein diet, making it a rarely used approach.47

Instead, in vitro digestion models have been developed to
simulate digestion, offering a more practical alternative.49 The
methodologies used are based on human physiology and are
22 | Sustainable Food Technol., 2024, 2, 19–31
oen more economical, faster and do not require approval from
ethics committees when compared to carrying out clinical
tests.50 These tests involve replicating the conditions of the
gastrointestinal tract in terms of pH, temperature, presence of
enzymes and bile salts.49

Obtaining digestive enzymes from the human body and
microvilli from the intestinal epithelium is a challenging and
expensive process. As an economical alternative, the enzymes
and bile salts used in in vitro digestion are typically sourced
from the digestive systems of other mammals. This includes
bile bovine, porcine gastric mucosa pepsin and porcine
pancreatin.51 Porcine pancreatin is an extract from the
pancreas, comprising several enzymes, including proteases,
lipases and amylases. In Fig. 2, the digestion process is simu-
lated accordingly with the INFOGEST protocol is illustrated.52

During the intestinal phase, the protease activity of pancreatin
can be replaced by the enzymes trypsin and chymotrypsin.52

In a study carried out by Zielińska et al.,53 peptides with
antioxidant activities were obtained through in vitro gastroin-
testinal digestion of ve species of edible insects (Blaptica
dubia, Gromphadorhina portentosa, Locusta migratoria, Zophobas
morio and Amphiacusta annulipes). The digestion process
involved simulating the oral phase using a salivary solution with
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Diagram of the INFOGEST in vitro digestion method for food.
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pH 6.75 and the enzyme a-amylase. For simulated gastric
digestion, samples were hydrolyzed with pepsin at pH 2.5, and
for simulated intestinal juice, the solution was adjusted to pH 7
with the addition of pancreatin and bile extract solutions. Aer
digestion, the peptide concentration increased in all samples.
The hydrolysates obtained aer digestion of A. annulipes
exhibited greater antiradical activity against DPPH (with an IC50

value of 19.1 mg mL−1), greater capacity to chelate Fe2+ (58.82%)
and greater reducing power value (Abs700 nm = 0.652).

3.1.2 Fermentation. Microbial fermentation is typically
used for the production of enzymes, but this biotechnological
process can also simultaneously improve the biological and
functional properties of dietary matrices. In the context of
obtaining bioactive peptides, the expectation is that proteolytic
enzymes produced by microorganism cultures hydrolyze
substrate proteins.54 Some advantages of this approach include
a wide diversity of protease-producing microorganisms, the
production of a wide range of peptides and other metabolites
with diverse functionalities, the simultaneous modication of
sensory and technological attributes alongside the production
of bioactive peptides, as well as the synthesis of compounds
that can extend the shelf life of the fermented product.
However, it is important to highlight that fermentation can be
vulnerable to issues related to undesired contamination,
increased costs when compared to enzymatic hydrolysis
© 2024 The Author(s). Published by the Royal Society of Chemistry
processes, longer processing times and, consequently, greater
expenses and investments.55

The two main fermentation systems used are submerged
fermentation and solid state fermentation, with microorgan-
isms naturally present in the substrate or introduced as a starter
culture. Submerged fermentation is suitable for microorgan-
isms that thrive in a nutrient-rich medium with plenty of free-
owing water, such as bacteria. In this method, fermentation
occurs in a liquid medium, which facilitates the purication of
the generated peptides and the measurement of process
parameters.56 On the other hand, solid state fermentation is
more appropriate for the cultivation of fungi and microorgan-
isms that require less water. This technique offers advantages
such as lower risk of contamination, greater productivity,
simplied processing, reduced energy needs and less waste-
water production.57

Among bacteria, lactic acid bacteria are highly valuable for
obtaining bioactive peptides. In addition to their safety prole,
with several strains recognized as ‘generally recognized as safe’
(GRAS), lactic acid bacteria have an efficient proteolytic system
characterized by the presence of cell membrane-associated
proteinases and intracellular peptidases.58 Aspergillus oryzae
and Kluyveromyces marxianus are examples of fungi and yeasts
used in the generation of bioactive peptides. Although their
proteolytic systems are not as elaborate as those of lactic acid
Sustainable Food Technol., 2024, 2, 19–31 | 23
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bacteria, they are still capable of cleaving peptide bonds and
generating bioactive peptides through limited hydrolysis.59

In a study carried out by Cruz et al.,60 peptides with antiox-
idant properties were obtained from a protein concentrate from
black cricket (Gryllus assimilis), which served as substrate for
a submerged fermentation process conducted by the lamen-
tous fungus Aspergillus tubingensis. During the initial 24 hours
of fermentation, a reduction in antioxidant properties was
observed, which was attributed to the use of released peptides
as a source of nitrogen. However, the most favorable properties
were achieved aer 72 and 96 hours of fermentation, with
DPPH, ABTS radical inhibition activities and ferric reducing
antioxidant power reaching levels of 290.79 mmol TE per g,
862.82 mmol TE per g and 1020.11 mmol TE per g, respectively.

Mealworm and locust ours were subjected to fermentation
using strains of Lactococcus lactis (NRRL B-50571 and NRRL B-
50572) to evaluate the production of peptides with antioxidant
and antihypertensive properties. For the fermentation process,
mealworm and locust ours were dispersed in a buffer solution
(0.5% w/v) at pH 7, containing 3.5% dextrose. Each our was
individually inoculated (3%) with strains of Lactococcus lactis. In
general, the highest antioxidant activity was observed in grass-
hopper fractions fermented with Lactococcus lactis NRRL B-
50572. Aer 24 hours of fermentation, there were increases of
about 55%, 34% and 190% in antioxidant activities measured
by ABTS, DPPH and ORAC methods, respectively. This fraction
was also evaluated for ACE inhibition activity, showing an
inhibition of 23.47% with an IC50 of 0.97 mg mL−1.9

3.1.3 Commercial enzymes. Bioactive peptides can also be
released from parental proteins through the action of
commercial proteases. This technique is the most used due to
the high specicity of the enzymes, the mild pH and tempera-
ture conditions, as well as the absence of organic solvents and
the formation of toxic residues during the reactions.61 The
specicity of proteases is linked to its degree of affinity in
binding to the substrate, mainly in relation to the amino acid
sequence that directly involves the bond that is cleaved.62

Although proteolytic enzymes can be obtained from animal
and plant sources, their use presents certain limitations, espe-
cially with regard to extraction. Therefore, it is more common to
use microbial enzymes, obtained through fermentation.
Hydrolysis can be carried out under traditional batch condi-
tions, using immobilized enzymes, or with ultraltration
membranes.59 Throughout these processes, the cleavage of
peptide bonds leads to an increase in charge density and
a decrease in the molecular mass of the substrate proteins, thus
increasing the solubility of the resulting products. By centri-
fuging the solutions, the precipitate (non-hydrolyzed proteins)
is separated from the supernatant (which contains soluble
peptides).35

As seen in Table 1, many studies combine the use of
commercial proteases with other technological processes. In
a study conducted by Mintah et al.,42 proteins from Hermetia
illucens larvae was pretreated and hydrolyzed using alkaline
protease under swept frequency ultrasound, resulting in
hydrolysates with greater solubility and enhanced antioxidant
properties. According to Rivero-Pino et al.,10 ultrasonic
24 | Sustainable Food Technol., 2024, 2, 19–31
treatment is capable of modifying the native structure of
proteins, breaking interactions between amino acids and
exposing hydrophobic residues. On the other hand, Hall et al.11

examined the effects of microwave radiation on the hydrolysis
of cricket (Gryllodes sigillatus) proteins with the protease Alca-
lase. The hydrolysates showed superior DPP-IV and ACE
inhibitory activity compared to samples pretreated with
conventional heating. Furthermore, microwave treatment
generated samples with lower reactivity to tropomyosin-IgG.
These effects are believed to be the result of simultaneous
thermal and non-thermal interactions during the radiation
process.
3.2 Bioactive properties

The antioxidant properties of peptides are linked to their ability
to inactivate reactive oxygen species, scavenge free radicals,
chelate pro-oxidative transition metals and reduce hydroper-
oxides.63 In biological systems, these reactive oxygen species are
produced during metabolic processes and play essential roles in
protecting cells against infections and regulating intercellular
signaling pathways.64 However, its excessive accumulation in
cells can lead to aging and pose a risk for the development of
cardiovascular problems, diabetes and cancer. Consequently,
there is signicant interest in obtaining antioxidant peptides,
whether for use as nutraceuticals or for industrial purposes as
inhibitors of lipid peroxidation in foods.64

According to the literature, low molecular weight peptides
(<3 kDa) and those containing hydrophobic amino acids tend to
have superior antioxidant properties.65 This is attributed to the
increased exposure of amino acid side groups for interaction
with free radicals, while hydrophobic amino acids readily
donate electrons for free radical scavenging.66

Bioactive peptides with antidiabetic properties exert their
effects mainly by regulating important enzymes in carbohydrate
metabolism.67 Enzymes such as a-amylase and a-glucosidase
participate in the conversion of carbohydrates into absorbable
sugars. On the other hand, glucagon-like peptide 1 (GLP-1)
slows gastric emptying and stimulates insulin release, but is
degraded by the enzyme dipeptidyl peptidase-IV (DPP-IV).
Inhibition of these digestive enzymes and DPP-IV can reduce
postprandial hyperglycemia, contributing to the treatment of
individuals with type II diabetes mellitus.68

The production of bioactive peptides with antihypertensive
properties has been extensively explored.69 This biological effect
is associated with the ability of specic amino acid sequences to
inhibit the action of the angiotensin-converting enzyme (ACE).
ACE plays a crucial role in regulating blood pressure through
the renin-angiotensin and bradykinin pathways. Its main
function is to convert angiotensin I (an inactive decapeptide)
into angiotensin II, a vasoconstrictor octapeptide. ACE can also
cleave bradykinin, which has vasodilatory properties.70 ACE
inhibition attenuates the increase in blood pressure it
promotes.

Although peptides possess several other properties, those
mentioned above are the most extensively investigated in insect
protein hydrolysates.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.3 Potential changes in bioactivities during processing and
digestion

The chemical structure, composition and amino acid sequence
of peptides play a fundamental role in their bioactive proper-
ties. These characteristics allow peptides to modulate the
activity of enzymes, inhibiting or activating them, stabilizing or
eliminating free radicals and establishing various interactions.
Consequently, when incorporating peptides as ingredients in
food formulations, it is essential to consider their interactions
with other compounds, which can lead to changes in previously
identied bioactive properties. For example, the interaction
between peptides and phenolic compounds can result in
different products, potentially modifying their properties and
digestibility.71,72

Likewise, in the presence of reducing sugars and at elevated
temperatures, peptides can participate in the Maillard reaction,
which can have both negative effects, such as the reduction of
their biological properties, and positive effects, such as the
production of melanoidins, which have it has been reported to
have benecial functions.73 Several modications can occur
before peptides reach their site of action and carry out their
physiological activities.74

In this sense, the bioaccessibility of bioactive peptides can be
assessed by simulating gastrointestinal digestion, allowing us
to understand how the action of digestive enzymes modies the
structure and properties of peptides when administered
orally.75

3.3.1 Peptide–phenolic interaction. Phenolic compounds
are secondary metabolites found in plant tissues, synthesized
by pathways such as shikimic acid, phenylpropanoids and
pentose-phosphate pathways.76 Due to the presence of hydroxyl
groups in their structure, phenolic compounds have the ability
to donate hydrogens or electrons and chelate metal ions,
causing them to act as antioxidant compounds.77 Although their
antioxidant properties are the most extensively studied, poly-
phenols can also inuence the activity of several metabolic
enzymes, inhibiting the actions of the enzymes a-amylase, a-
glucosidase and dipeptidyl peptidase IV, conferring antidiabetic
properties.76 Phenolic compounds may also possess antihyper-
tensive properties, as they can competitively, non-competitively,
or non-competitively inhibit the action of ACE.78

Due to the properties mentioned, as well as many others
(anti-ulcer, anti-inammatory, anti-allergic, antimicrobial,
analgesic activities), the benecial effects provided by phenolic
compounds are mainly due to their interactions with proteins.
These interactions involve digestive enzymes, salivary proteins,
plasma proteins, or proteins involved in the development of
disease.79 According to scientic research, these interactions
can occur through hydrogen bonds, hydrophobic and ionic
interactions and van der Waals forces. The nature of these
interactions depends on the structural characteristics of poly-
phenols and proteins, as well as their concentrations, propor-
tions and environmental conditions, including pH, ionic
strength and temperature.79,80 Fig. 3 illustrates noncovalent
interactions between proteins and phenolic compounds.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Recognizing that the interaction between proteins and
phenolics can result in diverse outcomes, including inhibition
or denaturation of enzymes, protection against degradation of
phenolic compounds, restriction of their bioactive action,
changes in metabolism, absorption and transport in the
bloodstream, the formation of complex aggregates and modi-
cations of protein structures,79 it becomes apparent that
interactions between phenolics and peptides could similarly
impact the bioactive properties of these compounds. Although
such studies are relatively scarce, some have explored this
approach.

Sardine (Sardinella sindensis) protein hydrolysates demon-
strated improved antioxidant properties when combined with
a green pistachio shell extract. According to the authors, the
interaction with phenolic compounds may have exposed
hydrophobic amino acids in the hydrolysate, increasing its
ability to scavenge DPPH radicals. When evaluating the antidi-
abetic properties of the samples, the study found that the
interaction between the hydrolysate and phenolic compounds
led to a reduction in the inhibition activities of the enzymes a-
glucosidase and a-amylase. It is suggested that this interaction
may have limited the chemical groups that were previously
available for interaction with digestive enzymes.71

In a study conducted by Su et al.,82 the interaction between
walnut phenolic compounds and walnut protein hydrolysates
resulted in a reduction in tryptophan uorescence intensity.
This reduction indicated that phenolic compounds can bind to
regions hydrophobic properties of the peptides, leading to the
extinction of tryptophan. The study found that as the phenolic-
to-peptide ratio increased (ranging from 1 : 120 to 1 : 18), there
was a gradual increase in the average particle size. However,
when this ratio exceeded 1 : 18 (increasing from 1 : 12 to 1 : 6),
there was a signicant reduction in the average particle size,
suggesting a potential saturation of the peptide binding sites
and the formation of compact peptide-phenolic complexes.
Regarding the scavenging activity of the DPPH radical of the
hydrolysates, this increased with the greater proportion of
phenolics. However, this property was lower than the activity of
phenolics alone, indicating a negative impact of the interaction
on the activity of phenolics. On the other hand, for the Fe2+

chelating capacity, the interaction between the compounds, up
to a ratio of 1 : 12, had a synergistic effect.

When evaluating the effect of the interaction between
hydroxycinnamic acids (HCAs) from green coffee extract and
whey protein hydrolysates (WPH), egg ovalbumin (EOH) and soy
protein (SPH), it was observed that heating of hydrolysates at
90 °C with HCAs resulted in the formation of interaction
products. These products exhibited greater scavenging capacity
for DPPHc and OHc radicals than those hydrolyzed alone.
However, these properties were even more pronounced when
the interaction occurred with HCAs in the form of b-cyclodex-
trin inclusion complexes.83 This study suggests the use of
encapsulation of bioactive compounds to incorporate them into
fortied foods, aiming to prevent undesirable interactions and
changes during processing and storage.

In summary, the increase in the bioactive properties of
peptides when complexed with phenolics may result from
Sustainable Food Technol., 2024, 2, 19–31 | 25
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Fig. 3 Non-covalent interactions between proteins and phenolic compounds. Figure adapted from ref. 81 with permission from Elsevier,
copyright 2019.
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synergistic effects between these compounds. However,
changes resulting from complexation can also decrease the
bioactivity of the nal products, since critical structures
necessary for biological activities may become unavailable for
reaction.84 Considering the use of insect proteins to obtain
bioactive peptides and their application as ingredients in food
formulations, it is intriguing to evaluate the interaction of these
bioactive peptides with phenolic compounds. Although this
approach has already been applied to other protein hydroly-
sates, it remains an emerging eld and has yet to be explored
extensively in the context of insect protein hydrolysates.

3.3.2 Maillard reaction. TheMaillard reaction is a chemical
reaction initiated by the complexation of carbonyl groups of
reducing sugars and amino groups, whether of free amino
acids, peptides or proteins. This rst pathway is followed by
26 | Sustainable Food Technol., 2024, 2, 19–31
several cascade reactions, which lead to the formation of
numerous products, which include volatile compounds,
aromatics and brown polymers of high molecular weight. The
various compounds generated from this reaction are called
Maillard reaction products.85

The reaction between reducing sugars and proteins is
induced mainly by increasing temperature, but the rate of
reaction is also inuenced by water activity, pH, type of sugars
and amino acids involved, ratio between compounds, among
other factors.86 The next three stages of the reaction include the
formation of the Schiff base products, the Amadori reaction
products and the irreversible advanced glycation products
(melanoidins), which have a brown color and can lead to
changes in the sensory, functional and biological properties of
foods.87
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Considering that the Maillard reaction is of great importance
in the development of color, avor and odor of food products,
specically those that are baked, roasted or grilled,88 many
studies have already been carried out with the aim of evaluating
the inuence of reaction conditions and the interaction
between specic amino acids and sugars on the development of
these sensory properties.89 As food proteins are also recognized
for their functional properties, the effects of the Maillard reac-
tion on the solubility, thermal stability,86 emulsifying and
foaming capacity90 of food proteins and their derivatives have
also been investigated.91

As for the biological properties, the most described for the
products of the Maillard reaction are the antioxidant and anti-
microbial properties.92 The antioxidant activity of these prod-
ucts is mainly associated with compounds derived from the
Amadori reaction and melanoidins, which are able to scavenge
free radicals, chelate metal ions and act as reducing agents,
characteristics associated with the presence of hydroxyl groups
and the ability to donate electrons.86

For the antimicrobial properties, melanoidins tend to
chelate the magnesium ion (Mg2+) of the bacterial cell
membrane, causing its rupture.92 Furthermore, these
compounds tend to chelate iron from the growth medium and
the siderophore-Fe3+ complex produced by bacteria, leaving this
ion unavailable for use by microorganisms. Finally, in the most
advanced stages of the Maillard reaction, hydrogen peroxide is
generated and can act as an antimicrobial agent.93 Other
properties already associated with the Maillard reaction prod-
ucts include antihypertensive, antitumor, anti-cariogenic, anti-
inammatory, and anti-osteoporosis activities, besides to act
regulating intestinal ora and improving immunity.91,94

When considering the bioactivities acquired by the hydro-
lysis of protein substrates and the structural changes resulting
from the Maillard reaction, there has been a great interest in
evaluating the effects of the latter on the bioactive properties of
peptides. In the work performed by Zhang et al.,95 Maillard
products were obtained by reacting galactose with isolated and
hydrolyzed whey protein, through heat treatment at 95 °C for up
to 4 h. The highest antioxidant properties were obtained for the
hydrolyzed sample submitted to the Maillard reaction, and its
reducing power was 9 times higher than the activity of the only
hydrolyzed sample. Casein hydrolysates also had their ACE-
inhibiting properties increased by approximately 30% aer
a 2 h reaction at 110 °C with xylose.96

The bioactive properties of many other protein hydrolysates,
such as vegetable seed hydrolysates,97 exotic meats,98 sh99,100

and cereals,101 were evaluated aer induction of the Maillard
reaction. In general, these studies involve the production of
hydrolysates using isolated or combined proteases, the Maillard
reaction, which has variables such as the type of reducing
sugars used, the relationship between hydrolysate and saccha-
rides, time and temperature conditions, as well as the evalua-
tion of the effects of the reaction. These effects include changes
in bioactive and techno-functional properties, the formation of
intermediates and dark compounds, changes sensory and
identication of Maillard reaction products. A list of studies
from the last ve years that investigated the impact of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
Maillard reaction on the bioactivity of hydrolysates can be
found in the ESI (Table S2†). Although the positive effects of the
Maillard reaction on the bioactivities of peptides are reported,
few works deal with the identication of the complexes/
products formed and their association with the bioactive
properties. Additionally, there are few studies that approach of
negative effects associated with advanced glycation products.94

In a study performed by Grossmann et al.,102 proteins from
crickets (Acheta domesticus) and mealworms (Tenebrio molitor)
were hydrolyzed using the proteases Flavourzyme and Protease
A “Amano.” The hydrolysates were then subjected to heating at
98 °C for 30 minutes in the presence of xylose (1% w/v).
Subsequently, the hydrolysates were evaluated for their avor
potential, including the identication of odor-active molecules
through gas chromatography-olfactometry. To date, this is the
only study that combined the production of protein hydroly-
sates from insects with the formation of Maillard reaction
products. However, it's worth noting that this study did not
assess the formation of bioactive compounds. In this regard,
exploring the formation of bioactive compounds in such
a context could be an important area for further research.

3.3.3 Bioaccessibility. Although in vitro tests allow the
identication of bioactive peptides, their properties may be lost
or altered when these compounds are ingested, therefore, it is
important to evaluate how gastrointestinal digestion affects the
bioaccessibility of peptides.103 This bioaccessibility relates to
the ability of an ingested compound to be readily absorbed by
the intestinal endothelium aer digestion, being properly
released from the food matrix and maintaining the structure
that gives it the physiological effects of interest.104

The bioaccessibility of bioactive peptides could be deter-
mined by in vitro digestion. Aer that, it is also possible to verify
the bioavailability of the bioactive compounds, that is, to
quantify the compounds that were absorbed and reached the
systemic circulation, being available to perform their bioactive
properties in the target tissues.104 In the human body, the
absorption of the digested compounds occurs in the intestinal
epithelium, thus, the in vitro evaluation of the bioavailability of
compounds can be performed by dialysis, by centrifugation
followed by ltration, or using cell models (Caco-2 or co-
cultures of Caco-2/HT29-MTX).105

In a study of Nongonierma et al.,106 protein hydrolysates
from tropical crickets (Gryllodes sigillatus) were obtained
through enzymatic hydrolysis using the enzyme Protamex®.
Process parameters studied included temperature, time and
enzyme: substrate ratio. The hydrolysate with the greatest
ability to inhibit the enzyme dipeptidyl peptidase IV (DPP-IV)
had an IC50 of 0.47 mg mL−1, while the IC50 of the unhydro-
lyzed protein isolate was 3.57 mg mL−1. Aer submitting both
samples to simulated digestion, it was found that the hydroly-
sate retained 68% of its inhibition activity (IC50 = 0.71 mg
mL−1), which was even higher than the inhibition activity of the
control sample (IC50 = 0.78 mg mL−1), which had a signicant
increase in its activity.

In general, digestion tends to increase the degree of hydro-
lysis of the pretreated samples. When there is an improvement
in the bioactivities, it could be due to the release of fragments
Sustainable Food Technol., 2024, 2, 19–31 | 27
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with a structure more favorable for the property of interest.107 If
the digestion reduces the bioactivities, it is supposed that more
bioactive peptides are degraded than new ones are formed (can
reach extensive peptide cleavage), being the results expressed in
terms of activity retention.14 An aspect that helps to understand
these modications promoted by digestion is to consider the
specicity of the digestive enzymes, as the position of specic
amino acids is essential for some bioactive properties.41
4. Challenges associated with insect-
based production

Although numerous studies focus on obtaining bioactive
peptides from insect proteins, there are challenges related to
the use of this substrate, particularly safety and regulatory
aspects. A signicant safety concern associated with insect
consumption is the potential for allergic responses.108 Insects
belong to the class Hexapoda (Insecta), a subphylum of the
Arthropoda. The taxonomic similarities between insects and
other arthropods, such as crustaceans and mites, help explain
the occurrence of allergic reactions. The main allergen
responsible for this cross-allergenicity is tropomyosin, a myo-
brillar protein.107 Other allergens that may also be present in
insects include arginine kinase, sarcoplasmic calcium-binding
protein, myosin light chain, troponin C, sarcoplasmic endor-
eticulum calcium ATPase, hemocyanin, and phospholipase.109

In addition to enzymatic hydrolysis, applied in the produc-
tion of bioactive peptides, several other technological processes
have been used with insects as ingredients in food products.108

Some studies have evaluated the effects of processes such as
heating, microwaves, enzymatic hydrolysis and acid–alkali
treatment as strategies to reduce food allergenicity.11,110 In
a study performed by De Marchi et al.,111 the tropomyosin
allergen present in crickets (Acheta domesticus) remained stable
aer heat treatment at 180 °C for 10 minutes and remained
immunoreactive aer simulated digestion. In another study,
frozen Tenebrio molitor larvae were subjected to different treat-
ments. Freeze-dried or cooked mealworm proteins induced
allergic responses in crustacean-allergic patients, but the aller-
gens did not show immunoreactivity aer frying for 5 minutes
at 180 °C.112 A study conducted by Hall et al.107 demonstrated
that hydrolysis of crickets (Gryllodes sigillatus) with Alcalase
altered the IgE binding characteristics of shrimp-allergic
human sera to tropomyosin, with samples exhibiting 60–85%
DH showing no reactivity. However, despite the different
approaches applied, the information available on the allerge-
nicity of edible insects is still limited and there is no consensus
regarding the positive or negative effects caused by
treatments.109

In terms of regulation, the European scenario has been at the
forefront in recent years and shows promise in the use of insects
in human food. The European Food Safety Authority (EFSA) is
responsible for assessing the safety of using insects in food for
human consumption. In January 2021, the institution issued
a positive opinion on the yellow mealworm (Tenebrio molitor),
marking the rst approval of an insect as food by the European
28 | Sustainable Food Technol., 2024, 2, 19–31
Commission.113,114 Subsequently, in November 2021, the Euro-
pean Commission authorized the use of the migratory grass-
hopper (Locusta migratoria) as a new food, followed by the
approval of domestic crickets in February 2022 and the use of
mealworm (Alphitobius diaperinus larvae) in April 2022.115

Despite the progress made in the eld, the regulatory process
for insects as food faces several challenges, including the vast
diversity of insect species, variations in breeding, processing
and use, and safety concerns associated with their consumption
by humans or animals.116 However, even in the absence of
comprehensive legislation, insect-based products are already
used in many countries, both in traditional dishes and as arti-
sanal products.117 In the European Union, certain insects
currently under evaluation, such as the tropical cricket (Gryll-
odes sigillatus), the black soldier y (Hermetia illucens) and the
European bee (Apis mellifera), may continue to be traded until
EFSA issues its opinion on its safety.118
5. Conclusion

This review showed that insects are a viable alternative source of
proteins, which can be used to produce peptides with several
biological properties. The diversity of insect species, the life
stages for use, and the diversity of techniques and enzymes
available for hydrolysis provide a wide scope for generating
different peptide structures with multiple functionalities.
However, this diversity, while presenting opportunities for new
research, also poses challenges such as: few species of insects
are approved for human consumption, data on allergenic
factors are limited and the effects of different treatments on the
potential allergenicity generated by insects' consumption are
controversial.

When considering the incorporation of protein hydrolysates
into food formulations, the review provided relevant evidence
that these compounds can interact with other ingredients,
potentially altering the biological potential of the peptides.
These interactions may lead to synergistic effect between
compounds, the formation of new bioactive compounds, or
even the reduction of peptide properties. Some of these inter-
actions, such as those between peptide-phenolics and the
formation of Maillard reaction products, have received limited
attention and could emerge as a signicant approach in the
study of bioactive peptides.
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2019, 381–389.

2 M. Akbarian, A. Khani, S. Eghbalpour and V. N. Uversky, Int.
J. Mol. Sci., 2022, 23, 1445.

3 C. S. S. Teixeira, C. Villa, J. Costa, I. M. P. L. V. O. Ferreira
and I. Mafra, Foods, 2023, 12, 2026.

4 R. Ordoñez-Araque and E. Egas-Montenegro, International
Journal of Gastronomy and Food Science, 2021, 23, 100304,
Contents.

5 H. C. D. Tuhumury, IOP Conference Series: Earth and
Environmental Science, 2021, 883, 012029.

6 Z. Ma, M. Mondor, F. Goycoolea Valencia and
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87 H. Kchaou, N. Benbettäıeb, M. Jridi, O. Abdelhedi,
T. Karbowiak, C.-H. Brachais, M.-L. Léonard,
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