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ABSTRACT

The growing population and industrialization have led to significant production in agro-industrial sectors, result-
ing in large amounts of agro-industrial residues often left untreated, posing potential environmental issues. There-
fore, finding effective ways to utilize these bio-based residues is crucial. One promising approach is to use these
low- or no-value agro-industrial wastes as raw materials for producing renewable biomaterials, including proteins
and peptides. Research has extensively explored peptide extraction using plant and animal-based agro-industrial
residue. Due to lower processing costs and beneficial bioactive properties, peptides derived from waste could
replace synthetic peptides and those extracted from food sources. The isolation, purification, and analysis pro-
cesses of these peptides are thoroughly examined to optimize their extraction and ensure their purity and efficacy.
These peptides’ bioactive properties and mechanisms are being analyzed for their potential applications in the
biomedical field. Additionally, the applications of bioactive peptides in medical fields, such as drug delivery sys-
tems, tissue engineering, and bioprinting, are discussed.
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Nomenclature

CE Circular economy

ACE Angiotensin-converting enzyme

MIC Minimum inhibitory concentration

1Csg Half maximal inhibitory concentration

MALDI-TOF = Matrix-assisted laser desorption/ionization time-of-flight
LC-MS Liquid chromatography-mass spectrometry

ESI-MS Electrospray ionization—mass spectrometry

FAB-MS Fast atom bombardment mass spectrometry
MALDI-MS Matrix-assisted laser desorption/ionization mass spectrometry
EGFR Epidermal growth factor cells
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1 Introduction

The surge in waste generated by both agricultural and industrial sectors worldwide has pushed linear
economic models to their limits. Reports estimate that global waste production will reach 2.59 billion
tons by 2030, and this number will continue to rise [1]. Particularly in the food and agricultural sectors,
about 33 percent of food produced for human consumption is wasted across the supply chain, totaling
around 1.6 billion tons annually. The food and agriculture sectors are the largest producers of industrial
waste. By 2025, they are expected to account for approximately 44 percent of global waste and by-
products [2]. Tremendous amounts of agro-industrial waste end up in landfills or are incinerated.
Additionally, the rising population exacerbates waste issues [3]. Improper waste management leads to
significant environmental consequences, including severe water and land pollution. Substantial investment
is required for treatment and pollution control, and inadequate waste management can result in financial
losses and additional expenses. In response, the circular economy (CE) has been emphasized and
implemented in several countries to replace the linear economic model. CE focuses on regenerative
actions, minimizing resource and waste utilization, emissions, and energy usage through long-lasting
design, maintenance, repair, reuse, remanufacturing, refurbishing, and recycling [4].

Achieving a circular economy requires implementing zero waste practices. However, in reality, waste
cannot be eliminated but can be converted, recycled, or dissipated within the environmental system [5].
Significant challenges in CE implementation include constraints on material properties and manufacturing
and reprocessing technologies. During the initial stages of CE implementation, aspects related to
economic feasibility should have been considered. Effective and environmentally friendly methods to
reuse, convert, and improve waste must be developed alongside CE to enhance the value of waste.
Consequently, waste valorization processes, which convert low- or non-value waste into high-value
products, are essential in implementing CE practices.

To recycle and develop high-value products from agro-industrial residues, several aspects were observed
to examine the potential of the waste, which ultimately led to a better understanding of the organic structure
of the agro-based residues. Most agricultural wastes contain rich organic compounds such as proteins,
carbohydrates, fats, fibers, and several bioactive ingredients. Specifically, agro-industrial residues with
high protein content are suitable for food and medical applications. Consequently, extensive research on
using these wastes to produce bioactive compounds and functional foods is conducted through waste
valorization processes. An exciting approach involves synthesizing bioactive peptides using bio-based
wastes as substrates. An exciting approach involves synthesizing bioactive peptides using bio-based
wastes as substrates. For example, antioxidant peptides have been extracted from chicken feathers, a
major bio-waste from animal farming and processing [6]. Other examples of seafood-based wastes used
include shrimp shells [7], fish skin [8], and fishbone [9]. Plant-based wastes also provide sufficient
protein for producing bioactive peptides [10]. For instance, bioactive peptides have been extracted from
brewer’s spent grain, a significant by-product of the beverage industry [11].

2 Bioactive Peptides from the Agro-Industrial Wastes

2.1 Brief Overview of Peptides

The advancement of wellness has encouraged trends that theoretically improve the concept of food.
Beyond serving as a source of energy or satisfying hunger, an enhanced diet can significantly improve
health and prevent nutrition-related diseases [12]. This concept has led to the development of functional
foods, which are diets consisting of active ingredients that benefit consumers [13]. As a result, several
bioactive compounds, such as peptides and polyphenolic compounds, have been extensively explored and
used as active ingredients [14]. A tremendous amount of protein-based waste is generated daily, generally
underutilized and traditionally sold as low-value animal feed or buried in soil, potentially leading to
environmental issues. Utilizing low- or non-value protein-based wastes and by-products as protein
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sources for peptide production presents a promising solution [15]. The categorization of peptide production
from agro-industrial wastes, illustrated in Fig. 1, identifies many waste sources.

[ Animal-based ] Plant-based Microbial-based

Beverage & Alcohol Starch & Rice production
Meat Industry Dairy Industry Seafood Industry production Fermentation process
Oil production = Rice processing: Residue
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Figure 1: Categorization of bioactive peptide production from the agro-industrial wastes

Due to their unique bioactive properties, peptides are among the most investigated functional
ingredients. Peptides are defined as short-chain proteins composed of 2—20 amino acids linked by peptide
bonds. These oligopeptides are inactive within complex food proteins. However, hydrolysis through
biological, chemical, or enzymatic reactions releases the oligopeptides from complex protein structures,
activating them. Oligopeptides exhibit various biologically active properties, such as angiotensin-
converting enzyme (ACE) inhibition, antimicrobial, anti-inflammatory, antithrombotic, antioxidative,
antidiabetic, anticancer, antiadhesive, dipeptidyl-peptidase IV-inhibitory, opioid, immunomodulatory, and
mineral-binding activities, depending on their amino acid compositions, number of molecules, and
sequences [16]. Generally, peptides are inactive in complex protein structures. However, enzymatic
hydrolysis occurs in gastrointestinal tracts, potentially breaking down protein structures and releasing
active peptides [17]. Producing bioactive peptides from the in vivo hydrolyzation process is impractical
and inefficient. Therefore, fermentation using microorganisms and in vitro enzymatic hydrolysis are the
primary production methods for acquiring bioactive peptides [18].

2.1.1 Animal-Based Wastes

Animal-based waste is one of the most promising sources of peptides. This waste is generated at all
levels of food production, from farming to food processing. The meat, seafood, and dairy industries
produce significant amounts of protein waste annually. The meat industry, a crucial industrial sector,
produces approximately 330 million tons of meat worldwide [19]. However, over half of a live animal’s
weight is not suitable for human consumption and is considered waste. The meat processing industry
generates by-products such as bone [20], blood [21], shredded meats and muscle, and feathers [6]. These
high-protein wastes have potential as sources of bioactive peptides. For example, the poultry industry
generates various wastes, including poultry feathers [22], eggshell membranes [23], poultry blood [24],
and poultry bone [25]. Several bioactive peptides have been identified and extracted from these materials.

Processing raw fish and seafood also produces substantial waste and by-products with high protein
content, making them potential sources of peptides. By-products from fish processing, such as fishbone
[26], fish skin [27], fish viscera [28], and fish wastewater [29], have been tested as protein sources for
bioactive peptide production.

The seafood industry generates significant waste and by-products. For instance, by-products (heads and
hard carapaces) from crustacean processing account for 45%—60% of the original materials [30]. Shrimp
waste, which contains abundant organic components, particularly protein, includes shrimp heads and
shells with protein contents of 54.4% and 47.43%, respectively [31]. Due to their high production volume
and protein content, shrimp shell wastes have been explored as sources of bioactive ingredients,
especially peptides. Peptide production from shrimp shell wastes has yielded peptides with various
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bioactive properties, such as antioxidant [32], antimicrobial [33], and ACE-I inhibitory peptides [7]. The
hydrolysis of shell wastes and shrimp cooking juices also produces bioactive peptides [34].

The dairy industry is a leading sector in the food industry, generating vast amounts of by-products and
waste that significantly impact the environment. Annually, 4—11 million tons of fat and protein-rich dairy
waste are released into the environment, causing severe environmental issues [35]. Therefore, appropriate
valorization of dairy waste is essential. These protein-rich wastes include whey protein [36] and skim
milk [37]. The production of bioactive peptides from animal-based wastes is illustrated in Table 1.

Table 1: Bioactive peptides from animal-based wastes and by-products

Source of Protein Predominant Sequence of peptide Bioactive properties References
peptides  content protein
Chicken  61%—  B-keratin LPGPILSSFPQ Antioxidant activity [38]
feather 78%
Chicken  15%—  Avian Serum GPF, IGL, GGGW DPP-1V inhibitory [39]
Blood 20% Albumin, activity
Globulins
Bovine 15%— Bovine Serum  LSFPTTKTYFPHF, Antimicrobial activity, [40]
blood 20% Albumin, KLLSHSL Antihypertensive
Globulins activity
Eggshell 70% Type I, 111 YPEPPPQ, HDGADVS, DPP-IV inhibitory [41,42]
membrane collagen VTDGQPH activities, Antioxidant
activity
Shrimp 35%— Type I collagen KLVRGSKS, Antioxidant activity,  [43]
shells 40% LPKKCLSARPG Antihypertensive
activity
Fish skin  20%—  Type I, 11 VGLFPSRSF Antihypertensive [44]
30% collagen activity
Fish 12%—  Type I collagen GITDLRGMLKRLKKMK Antimicrobial activity [28]
viscera 14%
Fishbone 15%— Type I collagen SSGPPVPGPMGPMGPR Antioxidant activity [26]
25%
Bovine 15%—  Type L, 1II - Antioxidant activity [45]
Bone 30% collagen
Marrow
Sheep 16% Type I collagen GPSGLPGERG, Calcium-binding [46]
bone GAPGKDGVRG activity
Whey 90% B-lactoglobulin, AFLDSRTR, Antimicrobial activity, [47]
protein a-lactalbumin ILGAFIQIITFR Antihypertensive
isolated activity
Skim milk 3.3%— asl-casein, GA Antihypertensive [48]
4.1%  P-casein activity

Note: The sequence of peptides shown in the table follows the standard one-letter amino acid code. For instance, the peptide sequence GPF can be
decoded as a small peptide with the sequences of Glycine (G), Proline (P), and Phenylalanine (F) linked. The peptide sequence in the table represents a
specific combination of amino acids, contributing to their unique bioactive properties.
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2.1.2 Plant-Based Wastes

Due to changing consumer consumption behavior and habits from animal-based diets toward plant-
based diets, the production of plant-based foods has been steadily growing. This shift has led to the
generation of a tremendous amount of by-products from plant sources. Among these, cereal and legume
by-products are the most explored due to their high protein content and essential amino acids [49]. For
example, the worldwide production of brewers’ spent grain, a by-product of beer production, is
approximately 1900 million tons annually. This waste, with an adequate protein content of 18.6%, has
potential as a protein source for peptide production [50]. Researchers have extensively studied this waste
as a primary ingredient for plant-based peptide production [11]. The waste has been hydrolyzed to
produce antioxidant and ACE-inhibitory peptides. Additionally, peptides from brewers’ spent grain,
exhibiting significant antioxidant properties, have been obtained through bacterial fermentation using
Bacillus cereus and Bacillus lentus [51].

Similarly, in the oil-producing industries, most of the seeds, cereals, beans, nuts, and fruits such as rape
seed, soybean, peanut, sunflower seed, olive, rice, corn, and palm, utilized in the oil extraction process,
resulting in oil cake or meal considered as by-products or waste [52,53]. For instance, soybean meal, a
by-product of oil production, is produced globally at approximately 243 million tons annually. With a
protein content of 30.58%, soybean meal is suitable for peptide production [54]. Consequently, soybean
meal has been widely explored and subjected to fermentation processes to develop bioactive peptides
[55,56]. The antioxidant peptide production from rapeseed, another by-product of oil production, has also
been studied [57]. Rapeseed waste, generated from mechanical pressing, contains 30%-40% protein,
making it highly suitable for peptide production [58]. The antioxidant mechanism of the peptide
WDHHAPQLR, derived from rapeseed protein, was tested in animal models, revealing its ability to
inhibit the apoptosis of oxidative stress cells, key to its antioxidant mechanism [57].

Lastly, agro-industrial sources of plant-based protein wastes are linked to juice and beverage processing.
During juice extraction from fruits, the by-products generated are primarily seeds, which are protein-rich and
can be potential materials for peptide production. For example, tomato seeds, a by-product of tomato
processing, contain around 28% protein [59]. These protein-rich wastes were fermented using Bacillus
subtilis A14h strains, resulting in a mixture of peptides exhibiting both antioxidant and angiotensin-
converting enzyme (ACE)-inhibitory activities [60]. Another example is watermelon seeds, which contain
adequate protein. Five different peptides were extracted from watermelon seed protein through enzymatic
hydrolysis, followed by separation and purification. The extracted peptide RDPEER exhibits high
antioxidant capacity and can significantly inhibit reactive oxygen species (ROS), minimizing oxidative
damage to HepG2 cells [61]. Peptides extracted from orange seeds have shown various bioactive
properties, including antioxidant activities, gastrointestinal resistance, and ACE inhibitory activities [62].
The production of bioactive peptides from plant-based wastes is illustrated in Table 2.

Table 2: Bioactive peptides from plant and microbial-based wastes and by-products

Source of  Protein Predominant Sequence of peptide Bioactive properties  References
peptides content protein
Soybean 44%—  Globulins GPNAY, PNAY, CQ, QC ACE-inhibition and a [63]
meal 48% (Glycinin, dose-dependent
B-Conglycinin), vasorelaxation effect
Albumins

(Continued)
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Table 2 (continued)

Source of  Protein Predominant Sequence of peptide Bioactive properties  References
peptides content protein
Caulifiower 15%—  Globulins SKGFTSPLF, ACE-inhibition and  [64]
by-products 20% (legumin, vicilin), APYDPDWYIR, Antioxidant activity
Albumins SKGFTSPLF,
LRAPPGWTGR
Olive meal 6%— Globulins LLPSY, ALMSPH, ACE-inhibition and  [65]
10% (legumin, vicilin), LYSPH Antioxidant activity
Albumins
Brewer’s 20%—  Glutenin, Gliadin, APLP, IPLQP, IPVP, IPY, ACE-inhibition and  [66]
spent grain  30% Albumins LPY, VPIP Antioxidant activity
Peanut meal 40%—  Globulins - ACE-inhibition [67]
50% (Arachin,
Conarachin),
Albumins
Rape meal 30%—  Globulins WDHHAPQLR Antioxidant activity  [57]
40% (Cruciferin,
Napin), Albumins
Rice bran 12%—  Globulins YSK Antioxidant activity ~ [68]
15% (Oryzenin),
Albumins
Tomato seed 15%—  Globulins DGVVYY, GQVPP ACE-inhibition and  [60]
20% (vicilin), Antioxidant activity
Albumins
Mungbean  40%—  Globulins YADLVE ACE-inhibition [69-71]
meal 50% (Phaseolin, Antioxidant activity
Vicin), Albumins
Watermelon 25%—  Globulins RDPEER, KELEEK, Antioxidant activity  [61]
seed 35% (Conalbumin, DAAGRLQE,
Phaseolin), LDDDGRL,
Albumins GFAGDDAPRA
Algae waste 20%—  Globulins - Antioxidant activity = [72]
40% (Rubisco) and Anticancer

activity

Note: The sequence of peptides illustrated in the table is related to the standard one-letter amino acid code. For example, the peptide sequence LSK can
be explained as a short-chained peptide with the sequences of Tyrosine (Y), Serine (S), and Lysine (K) binding together. The peptide sequence listed in
the table is made up of a specific arrangement of amino acids, which gives rise to their unique bioactive properties.

3 Isolation, Purification, and Analysis of Peptides from Agro-Industrial Wastes

Native proteins are inactive and present in an encrypted form, preventing the release of bioactive
peptides from complex protein structures. Thus, an extraction process that breaks down the protein
structure into small chains of amino acids is required. Several hydrolysis methods, such as enzymatic
hydrolysis, microbial fermentation, and acid-alkaline solvent extraction, are generally utilized depending
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on the desired bioactive properties. However, current practices mainly favor green-based methods to avoid
the environmental consequences of chemical residues.

The enzymatic hydrolysis process typically involves using commercial enzymes to break peptide bonds
in proteins, thereby releasing active peptides. Traditionally, this process was performed under batch
conditions, often leading to lower yields and the production of undesirable secondary metabolites [18]. To
address these issues, advanced enzymatic hydrolysis techniques, such as enzyme immobilization and
ultrafiltration membranes, have become more popular. Enzyme immobilization creates a two-phase
system, simplifying the purification process, while membrane filtration separates small hydrolyzed
fractions and recycles larger molecules back into the hydrolysis chamber for further processing [73].
Enzymatic hydrolysis offers several advantages, including faster reaction times compared to uncatalyzed
processes and operation under mild conditions, leading to lower operational costs and energy
consumption [74]. Additionally, enzyme specificity enhances the selectivity of desired peptides and
controls amino acid structures. Despite its potential in laboratory settings, the industrial application of
enzymatic hydrolysis is often limited by enzyme costs and low yields [75]. For example, enzymatic
hydrolysis of fish viscera using a protamex enzyme produced peptides with antibacterial and antioxidant
activities [76]. Similarly, enzymatic hydrolysis of leg shrimp (Litopenaeus vannamei) with an alcalase
enzyme yielded peptides with strong antibacterial properties [33]. Anticancer peptides were also extracted
from tuna by-products using protease XXIII and papain [77]. Enzymatic hydrolysis of salmon bone
residues with trypsin was conducted and produced peptides with high ACE inhibitory effects [78], and
shortfin scad wastes hydrolyzed with alcalase resulted in potent ACE inhibition peptides [79].

Several auxiliary methods have been developed to enhance extraction efficiency and promote greener
technologies, including ultrasonic-assisted extraction, pulsed electric fields, and high-pressure processing.
Ultrasonic-assisted extraction uses high-frequency ultrasound to induce chemical and physical changes in
proteins, such as cavitation and thermal reactions, increasing reaction rates and yields [80]. Combining
ultrasonic technology with enzymatic hydrolysis has improved peptide production efficiency. For
example, ultrasonic-assisted enzymatic hydrolysis of peanut protein significantly enhanced hydrolysis
efficiency and antioxidant activities [81]. Pulsed electric fields apply low-intensity voltage to cells,
creating tiny pores in cell membranes (electroporation), allowing enzymes to permeate cells more rapidly
and cleave intracellular proteins [82]. This method increases hydrolysis rates while consuming less
energy. High-pressure processing, another nonthermal method, uses high pressure to denature proteins
and improve enzyme binding [83]. While these innovative methods can boost yield and reduce
production time, the additional costs of these pre-treatment processes must be considered.

Microbial fermentation is another prominent method for producing proteins and peptides. This process
utilizes living microorganisms that secrete proteolytic enzymes to cleave peptide bonds, releasing short
amino acid chains. Fermentation involves controlling environmental factors like pH, temperature, and
oxygen levels to optimize microbial activity. High protease activity during fermentation can lead to
shorter production times compared to enzymatic hydrolysis, depending on the microorganisms and
conditions used [84]. For example, brewer’s spent grain waste fermented with Bacillus cereus and
Bacillus lentus produced antioxidant peptides [51]. Soybean meal fermented with Bacillus subtilis
E20 yielded peptides with high antibacterial properties [63]. Tomato seed fermentation using Bacillus
subtilis Al4h strains produced peptides with both antioxidant effects and ACE inhibition [59]. For
rapeseed by-product fermentation, a mixed solid-state process using Bacillus subtilis and A. elegans
resulted in peptides with antiproliferative activities against cancer cells [85]. Fermentation also has cost
advantages, as microbial cells and substrates are generally cheaper than commercial enzymes.
Additionally, it is an environmentally friendly process with no chemical residues. However, maintaining
consistent product quality requires careful environmental control and monitoring.
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The purification and analytical process of bioactive peptides is essential for separating them from protein
mixtures or impurities and determining their structure and sequence. Purification involves processes that
classify peptides based on chemical properties, physical properties, structure, size, amino acid residues,
charge, and solubility [86]. Several analytical processes, such as membrane filtration systems,
chromatography techniques, and capillary electrophoresis, are used to separate bioactive peptides while
retaining their functionality [87]. The key challenge in peptide purification is the structural similarity
between desired peptides and impurities. Therefore, understanding peptide properties, such as charge,
sequence composition, and hydrophobicity, is essential for selecting the suitable separation method. For
instance, ion exchange chromatography is effective for purifying charged peptides. The stationary phase
of chromatography is coated with opposite charge groups compared to the active charge on desired
peptides, resulting in the binding and separation of peptides from impurities [88]. Membrane filtration
systems separate peptides based on specific molecular weight cut-offs, using permeation and retention in
a membrane system driven by pressure differences [89]. To improve peptide selection specificity,
multimodal or mixed-mode chromatography combines selective ligands and multiple measures, such as
size exclusion, ion exchange, and hydrophobic reactions, carefully separating desired peptides based on
several chemical and physical properties. Mixed-mode chromatography provides better separation output
and can separate polar species not typically separated by standard reversed-phase liquid chromatography
[90]. Mixed-mode chromatography exhibits better separation output and also separates polar species that
cannot be normally separated with standard reversed-phase liquid chromatography [91]. For analyzing
peptides to determine their sequences and purification degree, several analytical methods are used,
including  matrix-assisted laser  desorption/ionization time-of-flight (MALDI-TOF), liquid
chromatography-mass spectrometry (LC-MS), electrospray ionization—mass spectrometry (ESI-MS), fast
atom bombardment mass spectrometry (FAB-MS), and matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS). The accuracy of these techniques depends on the ratio, chemical structure,
sensitivity, and mass-to-charge ratio of peptides [92].

4 Bioactive Properties of Peptides from Protein-Based Wastes

4.1 Antibacterial Peptides

Antibacterial peptides are protective compounds secreted by the animal immune system to control and
prevent foreign compounds that induce inflammation. These peptides can be constitutively active or induced
by contaminants. Antibacterial peptides function in two ways: directly affecting and disrupting bacteria by
damaging their cell walls and enhancing the immune system’s response to bacterial infiltration. Antibacterial
peptides are short-chained molecules composed of 12 to 50 amino acids. Generally, around seven to eight
amino acids are required in the peptide structure to maintain surface activity [93]. However,
approximately 15-20 amino acids are necessary for membrane-spanning in helical peptides. The
molecular weight of antibacterial peptides is usually lower than 10 kDa, ranging from 1 to 5 kDa [94].
Antibacterial properties of the peptides are related to a cationic nature, which interacts with bacterial
cytoplasmic membranes [95].

The interaction mechanisms with bacterial membranes involve net positive charge, hydrophobicity, and
flexibility. The first mechanism involves the peptide’s positive charge and its binding ability to anionic lipids
on the bacterial membrane. The second mechanism affects the membrane insertion of peptides. The third
mechanism involves the peptide-protein flexibility to conform to the membrane [96]. These characteristics
vary depending on the peptide and its amino acid sequence. The relationship between peptide charge and
antimicrobial activity is complex. Increasing the positive charge in the peptide chain above a certain
threshold does not necessarily enhance antibacterial properties due to reduced hydrophobicity [97]. High
hydrophobicity of a-helical peptides is required to adsorb and penetrate the hydrophobic membrane of
bacterial cells, increasing antibacterial properties [98]. Antibacterial peptides require over 30%
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hydrophobic residues, and the ratio between hydrophobic and uncharged amino acid residues to charged
residues can vary between 1:1 and 2:1 [99]. Initially, the permeabilization of bacterial cell membranes
was considered the sole mechanism of antibacterial action. However, evidence shows that peptides have
other functions to destroy bacterial cells. In all modes of action, the interaction between the peptide and
the microbial cell occurs at the bacterial cell membrane. The ionic interaction between the positive charge
peptide and anionic charge residues on the bacterial lipopolysaccharide of gram-negative bacteria and
lipoteichoic acids of gram-positive bacteria attracts the peptide to the bacterial membrane. The peptide
insertion into the bacterial membrane disrupts membrane structure due to hydrophobic interactions [95].
Defensins and cathelicidins are significant compounds secreted for membrane-disrupting peptides in
vertebrates. Antibacterial properties result from electrostatic interactions between positive charge residues
on defensin structures and anionic phospholipid groups on bacterial membranes, forming pores that
destroy membrane integrity and promote cell lysis [98]. Human cathelicidin peptide LL37 reacts with
bacterial membranes through electrostatic interactions, peptide insertion, and membrane disruption.
Besides electrostatic interactions, some antibacterial peptides disrupt bacterial membranes through
enzymatic hydrolysis. For instance, the lysozyme enzyme hydrolyzes the beta-glycosidic linkage between
N-acetylmuramic acid and N-acetylglucosamine in bacterial cell walls [100]. The phospholipase
A2 enzyme, secreted by human platelets, can terminate bacterial cells. The disruption of bacterial cell
walls also enhances the permeability of other peptides to target cells [101]. Some peptides translocate into
cells without disturbing membranes and act as inhibitors to prevent essential cellular processes in
bacterial cells.

As mentioned in the previous sections, agro-industrial wastes possess properties such as adequate
protein content, cost-effectiveness, and availability, making them suitable for the production of
antibacterial protein hydrolysates and peptides. Various animal-based and plant-based wastes have been
utilized as ingredients for peptide production. For instance, fish viscera (yellowfin tuna) was hydrolyzed
using the protamex enzyme, further fractionated using ultrafiltration, and tested for antibacterial and
antioxidant activities [76]. The lowest molecular fraction (less than three kDa) exhibited the highest
antibacterial properties against Gram-positive (Listeria and Staphylococcus) and Gram-negative (E. coli
and Pseudomonas) pathogenic and fish spoilage-associated microorganisms. Antibacterial peptides were
extracted from white leg shrimp (Litopenaeus vannamei) using alcalase enzyme, ultrafiltration, and
purification methods [33]. The antimicrobial results showed higher inhibition zones with protein
hydrolysate smaller than 10 kDa, effectively working as an antimicrobial agent against S. iniae and Y.
ruckeri at concentrations of 1, 2, and 3 mg/mL. Chicken feathers were used for antibacterial peptide
production using the catapult steam explosion (ICSE) process at 1.5 MPa for 150 s, resulting in small
soluble peptides (<3 kDa) [102]. Antibacterial tests with E. coli showed that peptides with high
hydrophobic ratios had the highest antibacterial properties, with a minimum inhibitory concentration
(MIC) value of 50 mg/mL. The ICSE method effectively breaks down chicken feathers into soluble
keratin quickly and without chemicals, enhancing enzymatic hydrolysis efficiency and resulting in
antibacterial peptides. By-products of the dairy industry, such as whey, are promising ingredients for
antibacterial peptide production. Protein hydrolysate production was conducted using goat whey with
Alcalase enzyme; the extracted protein hydrolysate was further fractionated using size exclusion
chromatography and tested with pathogenic bacteria to determine antibacterial properties [103]. The
peptide showed high antibacterial activities against Escherichia coli and Bacillus cereus, with MIC values
of 0.09 and 0.03 mg/mL, respectively. Plant-based proteins have also been explored for peptide
production. Walnut (Juglans regia L.) cake meal, a by-product of walnut oil production, was used as a
protein source for antibacterial peptide production [104]. Antibacterial peptides were extracted using
pepsin enzyme and purified through ultrafiltration and reversed-phase liquid chromatography. The
purified peptides exhibited high antibacterial properties against both gram-positive and gram-negative
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bacteria, including Escherichia coli (MIC = 1.33 mg/mL), Staphylococcus aureus (MIC = 0.33 mg/mL), and
Bacillus subtilis (MIC = 0.66 mg/mL). The amino acid sequences of extracted antibacterial peptides were
analyzed, indicating a high proportion of hydrophobic amino acid residues correlating with their
antibacterial properties.

4.2 Immunomodulatory Peptides

Immunomodulatory substances can effectively enhance, reduce, or modify immune responses by
adjusting any part of the innate and adaptive immune systems [105]. The immune system is essential for
human survival, providing a defensive barrier against various pathogens. However, several factors, such
as pathogens, antigens, improper lifestyles, and accumulated stress, can influence the system.
Consequently, several drugs such as phytol, cyclosporine, glucocorticoids, and plumbagin have been
developed to control and adjust the human immune response. However, these drugs often come with
issues such as toxic effects and high costs, limiting their use in patients. Most immunomodulatory drugs
are unsuitable for chronic and protective use [106]. Adapting immune activities through dietary
compounds is a valid strategy. Novel immunomodulatory compounds from food-based proteins, known
as immunomodulatory peptides, have been developed and offer advantages over traditional dietary
treatments [105]. Thus, developing immunomodulatory peptides from food or waste is key to controlling
the immune system without adverse health effects.

Recent studies indicate that food-derived peptides can induce both innate and adaptive immune
responses, such as cytokine and antibody production, improvement of killer cell function, enhancement of
the immune system’s defense against pathogens, and inhibition of pro-inflammatory reactions [107].
Immunomodulatory peptides typically do not react or bind directly with pathogenic cells but bind with
receptors on the surface of immune-related cells [108]. These peptides are short (2-10 residues) and
hydrophobic. Interestingly, the amino acid residues in immunomodulatory peptides are primarily
hydrophobic amino acids such as phenylalanine (Phe), proline (Pro), leucine (Leu), glycine (Gly), and
valine (Val). Additionally, anion-based amino acids such as tyrosine (Tyr) and glutamic acid (Glu) also
exhibit strong immune responses. These amino acid residues are responsible for the immunomodulatory
effects of food-based peptides. Immunomodulatory peptides target immune cells such as NK cells,
monocytes, T cells, lymphocytes, and mast cells. Although the mechanisms of immunomodulatory effects
are not fully understood, several mechanisms have been identified, such as macrophage activation,
induction of immune modulators (cytokines, NK cells, immunoglobulins), inhibition of pro-inflammatory
mediators, stimulatory effects on splenocytes, and increased leukocyte count. The composition of amino
acids, sequences, and length of the peptides contribute to their immunomodulatory effects, resulting in
controlled innate and adaptive immune responses [109].

Immunomodulatory peptides have been widely explored and extracted from various food-based
matrices. Dairy products with high protein content, such as milk, have been extensively studied as
ingredients for immunomodulatory peptide production. Several extractions of immunomodulatory
peptides from the enzymatic process of milk have been reported [110]. For instance, the peptide Val-Glu-
Pro-Ile-Pro-Tyr extracted from human casein exhibits the phagocytosis of sheep red blood cells. Whey
protein, a dairy waste product, was hydrolyzed using a combination of trypsin and chymotrypsin,
resulting in an immunomodulatory peptide capable of proliferating splenocytes [111]. Immunomodulatory
peptides have also been extracted from various food matrices, including soybean, rice, fish, marine
species, and eggs. For example, hexapeptides (His-Cys-Gln-Arg-Pro-Arg) extracted from the tryptic
digest of soybean protein can induce the production of tumor necrosis factor in mice and stimulate the
phagocytic ability of human polymorphonuclear leukocytes [112]. Similarly, soybean protein hydrolyzed
using pepsin enzyme and further isolated resulted in three different immunostimulatory peptides (Ala-
Glu-Ile-Asn-Met-Pro-Asp-Tyr, Ile-GIn-GIn-Gly-Asn, and Ser-Gly-Phe-Ala-Pro), which significantly



JRM, 2025, vol.13, no.3 563

improve the proliferation of mice splenocytes [113]. A novel immunomodulatory peptide was isolated from
the tryptic digestion of rice soluble protein, resulting in Gly-Tyr-Pro-Met-Tyr-Pro-Leu-Pro-Arg peptides,
which effectively enhance the phagocytosis activity of polymorphonuclear leukocytes [114]. The
extraction of immunomodulatory peptides was also conducted using Alaska pollock protein, resulting in
Gly-Met-Thr-Tyr, Asn-Gly-Leu-Ala-Pro, and Trp-Thr peptides, which exhibit high lymphocyte
proliferation function [115]. In marine species, Paphia undulate clam was utilized for peptide production,
yielding six different peptides (Pro-His-Thr-Cys, Val-Gly-Tyr-Thr, Glu-Phe, Leu-Phe, Glu-Gly-Ala-Lys,
and Trp-lIle or Trp-Leu) that enhance lymphocyte cell proliferation [116]. Eggs are another widely
explored food matrix for immunomodulatory peptides. Peptides derived from egg yolk can induce the
humoral immune response, increasing [gA+ cells in the lamina propria of mice [117] Protein hydrolysates
from the enzymatic hydrolysis of whole egg whites, ovalbumin, lysozyme, and ovomucin decrease
stimulated lymphocyte proliferation and secretion of Th2-biased cytokines (IL-13 and IL-10) while
reducing the production of the Thl cytokine TNF-a [118].

4.3 Anticancer Peptides

The exploration and discovery of new anticancer compounds from natural sources, such as food
proteins, are considered superior alternatives for cancer treatment and prevention. Recently, peptides and
protein hydrolysates extracted from food-based proteins have been widely explored and used in the food,
pharmaceutical, and nutraceutical sectors. Anticancer tests conducted to measure the potential of these
peptides have been performed both in vitro and in vivo. Several food-based peptides from sources such as
sea cucumber, crabs, milk, rice, corn, and rapeseed have shown promising anticancer properties.
Additionally, protein-based wastes are also being explored as ingredients for anticancer peptide production.

The mechanism of anticancer peptides, which inhibit the growth of cancer cells, has been studied to
understand their cytotoxic effects. Several peptides extracted from food matrices exhibit antiproliferative
and cytotoxic effects against human cancer cells. Generally, anticancer peptides consist of short chains of
amino acids ranging from 3 to 25 residues. The anticancer properties depend on the composition, length,
sequences, hydrophobicity, and overall charge of the peptide structure. Notably, peptides with a high ratio
of hydrophobic amino acids, such as glycine, alanine, tyrosine, leucine, proline, and lysine, exhibit high
anticancer properties. This is due to interactions between hydrophobic amino acids on the peptide
structure and the outer leaflets of tumor cell membrane bilayers, resulting in selective and intensive
cytotoxicity against target cancer cells [119]. The composition of cell membrane bilayers and the
arrangement of phospholipids potentially determine the cell’s susceptibility to lysis by anticancer peptides
[120]. For example, an anticancer peptide extracted from half-fin anchovy, with a 50% hydrophobic ratio,
can effectively induce antiproliferative activity against cancer cells [121]. Additionally, the presence of
heterocyclic amino acids such as proline and charged glutamic acid heavily influences the anticancer
ability of peptides. The strength of the positive charge in the structure correlates with and enhances
cytotoxic activity [119]. Lower molecular weight peptides with higher hydrophobic amino acid groups on
their surface can effectively induce high anticancer activities. Short-chain anticancer peptides exhibit
efficient molecular diffusivity and mobility compared to larger molecules, resulting in fast reactions with
cancer cell structures and high anticancer activity. Thus, molecular weight, charge, hydrophobic residue
content, and the number of cationic residues are critical aspects that significantly affect anticancer activities.

Due to the presence of anticancer-related residues, anticancer peptides have been extracted from various
food matrices, especially plant sources. For instance, a hydrolyzed peptide (Met-Leu-Pro-Ser-Tyr-Tyr) from
soybean protein exhibits high cytotoxicity against a macrophage-like cell line from a mouse with lymphoma,
hindering cell cycle development by arresting cells at the G2/M phase [122]. The enzymatic hydrolysate of
soy protein isolates using pepsin and pancreatin resulted in three peptides (Phe-Glu-Ile-Thr-Pro-Glu-Lys-
Asn-Pro-Gln, Ile-Glu-Thr-Trp-Asn-Pro-Asn-Asn-Lys-Pro, and Val-Phe-Asp-Gly-Glu-Leu), which exhibit
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repressive effects on human topoisomerase 11, leading to inhibition of cell proliferation in carcinogenesis
[123]. In another investigation, purified pentapeptides (Glu-Gln-Arg-Pro-Arg) isolated from rice bran
effectively inhibited the growth of colon cancer cells, breast cancer cells, and liver cancer cells by 84%,
80%, and 84%, respectively, at 600-700 pg/mL doses [124]. Anticancer peptides isolated from
gastrointestinal digestion of common beans resulted in five short-chain peptides composed of 5—7 amino
acids, inducing antiproliferative effects on HCT116 and RKO human colorectal cancer cells by
amplifying the expression of p-p53 Ser392 and p21 and reducing the expression of cyclin-B1 [125].
Recently, an anticancer peptide (Trp-Thr-Pro) from enzymatic hydrolysis and fermentation of rapeseed
effectively inhibited the growth of HepG2 cells through up-regulation of p53 and Bax and down-
regulation of Bcl-2 [126]. Marine products and fish are also excellent sources of anticancer peptide
production. For example, antiproliferative peptides extracted from the tuna dark muscle by-product using
papain and protease XXIII inhibited the growth of human breast cancer cells with IC50 values of 8.1 and
8.8 uM, respectively [77]. Another study reported that peptides derived from Ruditapes philippinarum
proteins exhibit cytotoxic activities against PC-3 (prostate), A549 (lung), and MDA-MB-231 (breast)
cancer cells without inducing cytotoxicity in normal liver cells [127]. While most research on anticancer
peptide production has used food matrices, some studies have focused on agro-industrial wastes. For
example, two anticancer peptides (Lys-Pro-Glu-Gly-Met-Asp-Pro-Pro-Leu-Ser-Glu-Pro-Glu-Asp-Arg-Arg-
Asp-Gly-Ala-Ala-Gly-Pro-Lys and Lys-Leu-Pro-Pro-Leu-Leu-Leu-Ala-Lys-Leu-Leu-Met-Ser-Gly-Lys-
Leu-Leu-Ala-Glu-Pro-Cys-Thr-Gly-Arg) were fractionated from tuna cooking juice protein hydrolysate,
exhibiting inhibitory effects against the breast cancer cell line MCF-7 [128]. These peptides stimulated
cell cycle arrest in the S phase by increasing p21 and p27 and reducing cyclin A expression. Algae
protein wastes hydrolyzed with pepsin resulted in highly effective anticancer peptides that induced
antiproliferation of AGS cells by stimulating post-G1 cell cycle arrest [72]. These peptides showed no
cytotoxicity when tested with WI-38 lung fibroblast cells in vitro. Among the extracted peptides, the
anticancer peptide with the amino acid sequence VECYGPNRPQF induced both antioxidant activities
and antiproliferation. Another study explored shrimp shells as ingredients for anticancer peptide
production. The shrimp waste was hydrolyzed with cryotin enzyme and fractionated to acquire
gastrointestinal-resistant peptides [129]. The extracted peptides from shrimp shell whites and langoustine
shells effectively prevented and decreased colon and liver cancer cell growth by 60%.

4.4 ACE Inhibition Peptides

Hypertension is a chronic disease generally induced by high blood pressure within the human system,
often related to the insufficient relaxation of blood vessels, which leads to reduced blood flow. Consequently,
inadequate blood flow to vital organs can induce stroke and death. The renin-angiotensin system (RAS)
routinely controls human blood pressure, maintained by renin and angiotensin-converting enzyme (ACE).
When hypertension develops, the activity of renin or ACE in the blood increases, resulting in high levels
of angiotensin II and an increase in superoxide radical production, which leads to increased nitric oxide
degradation. This results in excessive blood vessel contraction and insufficient relaxation.

In most cases, the exact cause of systematic hypertension is unidentified. However, excessive RAS
enzyme activities can still be recognized as a marker of the disease. ACE inhibition peptides are bioactive
peptides that exhibit antihypertensive effects by specifically inhibiting RAS enzyme activities. Bioactive
properties that enhance nitric oxide production are also related. For instance, several researchers have
found that antihypertensive protein hydrolysates can reduce and regulate ACE activities and downregulate
angiotensin II levels [130,131]. Egg protein-derived tripeptides also induce ACE inhibition while
upregulating the NO production pathway [132].

Bioactive peptides and protein hydrolysates exhibit ACE inhibition activities in both in vivo and in vitro
experiments. However, inhibition activity and efficiency depend on several factors, such as the type of
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enzyme used during hydrolysis and the chemical structure of protein-based ingredients [133]. For instance,
whey protein concentrate hydrolyzed using three different enzymes to produce ACE inhibition peptides
showed that peptides extracted using alcalase induced the highest ACE activities compared to other
enzymes [134]. The compatibility between the material and enzyme potentially induces different products
depending on the hydrolysis sites and reaction. Additionally, hydrolysis conditions, such as hydrolysis
time, enzyme-to-substrate ratio, and enzyme concentration, significantly contribute to ACE-inhibitory
properties. Higher enzyme concentration and enzyme-to-substrate ratio enhance ACE activity due to the
immense amounts of enzyme presence in the solution. However, the correlation between the ratio and
ACE-inhibitory properties is not precisely linear; an excess amount of enzyme does not necessarily
enhance the production of ACE-inhibitory peptides. Thus, the optimized level of enzyme usage should be
determined for the hydrolysis process.

The mechanism by which ACE inhibition peptides regulate ACE activities can vary depending on the
peptide structure and amino acid residues. Inhibition can occur through competitive, noncompetitive,
uncompetitive, or mixed-type peptide-enzyme interactions. For instance, peptides extracted from collagen
hydrolysate effectively induce ACE-inhibitory properties in a competitive reaction by blocking
proteolysis [135]. In contrast, peptides extracted from egg white lysozyme exhibit noncompetitive ACE
inhibitory activities by binding at sites other than the enzyme’s active sites [136]. The binding between
peptides and ACE molecules potentially reduces a-helix content, resulting in an increase in disordered
fractions and a reduction in the catalytic ability of ACE residues.

Apart from hydrolysis conditions, the structural or amino acid residues in the peptide structure are
heavily correlated with ACE-inhibitory properties. Peptides containing aromatic amino acid side chains
potentially have high ACE-inhibitory activities [137]. Enzymes with specific active sites, such as pepsin,
chymotrypsin, and alcalase, are prominent in creating aromatic-based peptides with high ACE-inhibitory
properties. Additionally, the C-terminal sequence in peptide structures can also induce a high ACE effect.
For strong ACE-inhibitory activities in tetrapeptides, these amino acid residues are required: C1 (tyrosine,
proline, phenylalanine), C2 (phenylalanine), C3 (arginine, histidine, tryptophan, phenylalanine), and C4
(valine, isoleucine, methionine). For pentapeptides and longer amino acid chains, these residues are
required at the four C-terminal positions: C1 (tyrosine, cysteine), C2 (histidine, tryptophan, methionine),
C3 (valine, leucine, isoleucine, methionine), and C4 (tryptophan).

The extraction of ACE inhibition peptides using protein-based wastes has been widely researched with
both animal and plant-based materials to explore the potential of low-value by-products as ingredients for
peptide production. For example, ACE inhibition peptides derived from shortfin scad waste were
produced using alcalase enzyme and a series of purification steps [79]. The extracted ACE inhibition
peptide with the amino acid sequence of RGVGPVPAA functioned as a competitive ACE inhibitor. ACE
inhibitory peptides from salmon bone waste hydrolyzed with trypsin enzyme yielded peptides (Phe-Cys-
Leu-Tyr-Glu-Leu-Ala-Arg) that possess ACE inhibitory properties [78]. This peptide acts as an
uncompetitive ACE inhibitor through hydrogen bond interactions between ACE compounds and the
peptide. In the case of plant-based wastes, several studies have reported the extraction of ACE inhibition
peptides from plant by-products, especially from fruit processing by-products such as skin and seeds,
which are valuable yet underutilized [138]. For instance, tomato seeds, a by-product of tomato juice
production, were hydrolyzed through fermentation using Bacillus subtilis A14h. The protein hydrolysate
was fractionated and purified, yielding both antioxidant and ACE inhibition peptides [60]. The extracted
hexapeptide (DGVVYY), composed of aromatic and hydrophobic residues, exhibits prominent ACE
inhibition properties with an ICsy value of 2 uM. Peptides from protein-rich cherry seed wastes were
extracted using enzymes such as alcalase, thermolysin, and flavourzyme [138]. The peptide extracted
using thermolysin exhibited the highest antihypertensive properties. Further fractionation yielded high
antioxidant and antihypertensive peptides, with the presence of proline contributing to the
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antihypertensive activity. Similar procedures have focused on seeds from fruits like plums [139] and olives
[65] for ACE inhibition peptide production. Olive seeds, a by-product of olive oil production, contain high
protein content suitable for peptide production. Enzymatic hydrolysis of the wastes using five different
enzymes resulted in antihypertensive peptides with ICsy values ranging from 29 to 350 pg/mL [65].
Purification through fractionation and ultrafiltration isolated ACE inhibitory and antioxidant peptides. The
isolated peptides, composed of several hydrophobic residues such as alanine, valine, leucine/isoleucine,
proline, methionine, phenylalanine, and tryptophan, promote ACE inhibitory activities. In another study,
ACE inhibition and antioxidant peptides were derived from defatted rapeseed meal by-product using
several proteolytic enzymes. The protein hydrolysate obtained using alcalase enzyme exhibited the
highest ACE inhibitory effects with an 1Csy value of 0.02 mg/mL [140]. The rapeseed hydrolysate was
further fractionated to acquire ACE peptides; the purified ACE inhibitory peptide functions as an
uncompetitive ACE inhibitor and exhibits high stability in an in vitro digestion model using human
gastric and duodenal fluids.

5 Application of Bioactive Peptides in Medical Fields

Biocomposite materials are synthesized by combining biological substances with synthetic polymeric
materials. These materials are fundamental building blocks supporting medical and biological engineering
fields. They can actively function at the biological system interface by interacting with proteins, cells, and
biological tissues. Due to their biocompatibility, biocomposite materials are applied in several medical
applications, such as artificial organs, drug delivery, and tissue engineering [141]. Bioactive peptides, a
group of short-chain amino acids with biocompatibility and bioactive properties, are suitable for
synthesizing biocomposite materials. These biodegradable peptides have side chains that can be modified
with other chemical or biological compounds. Moreover, the primary structure of amino acid chains
contains binding sites that can effectively react with polymeric compounds. Therefore, bioactive peptides
are incorporated as building blocks in medical applications, such as scaffolds for tissue engineering [142],
drug delivery systems [143], and bioprinting [144]. Fig. 2 illustrates the schematic diagram of biomedical
applications of peptides, 3 main applications were mentioned. The functionality of peptides is the key
factor in determining their specific applications, while other factors such as size, length, type of amino
acid sequences, and hydrophobicity also play important roles. Apart from the mentioned applications,
peptides can also be applied in diagnostic tools, hormone therapy, and wound healing.
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5.1 Peptide-Based Biomaterials Extracted from Agro-Industrial for Tissue Engineering

To develop the 3D geometry of tissue cultivation, scaffolds are required to support cells and organize
tissues. Scaffold materials are developed under strict selection criteria, including in vivo degradation rate,
cytotoxicity, immune response or inflammation, cell-promoting properties, and sufficient mechanical
properties to induce tissue remodeling. Multi-dimensional scaffolds are required for proper cellular
differentiation and tissue development. The lack of these qualities can reduce the functionality of the
developed material in the medical field. Extensive research has been conducted to explore bio-based
materials for scaffold formation. However, issues such as lack of adhesion sites, cell toxicity of degraded
residues, and high batch-to-batch variations hinder the use of several materials [145]. Therefore, protein-
and peptide-based scaffolds, composed of several adhesion sites, high biocompatibility, and adaptable
structures, have become prominent materials for scaffold synthesis [146]. As illustrated in Fig. 3, three
main applications of bioactive peptides in tissue engineering are listed. Peptides can be directly
incorporated into scaffold matrices as primary building materials or added as supplementary compounds
depending on the desired outcome. However, peptide-based scaffolds often suffer from weak mechanical
properties and rapid biodegradability [147]. To address these issues, a combination of peptides and
polymeric materials was developed to mitigate the shortcomings and enhance overall properties. The
mechanical strength was increased due to the presence of polymeric materials, while cell adhesion and
tissue growth were enhanced by the active peptide functions.
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Figure 3: Applications of peptides in tissues engineering and scaffold formation

The development of self-assembling peptides, designed from the natural conformation of protein
molecules, creates (-sheet and a-helix structures. These structures are formed using stimulation from
external factors such as pH, temperature, and ionic strength to induce supramolecular nanostructures [73].
Self-assembling peptide hydrogels are generally used as scaffolds due to their 3-dimensional structure,
which supports cell adherence, migration, and growth. For instance, using self-assembled RADA16-1
nanofiber hydrogels to cultivate human dermal fibroblasts can effectively increase proteoglycan aggrecan
expression [74]. The self-assembling of FKFE-II hydrogel was engineered to adjust and optimize the
mechanical properties of gels to replicate the native nucleus pulposus [75]. The developed scaffold can
cultivate pulposus cells and increase cell viability. Results indicate that cells are more prone to expand
into RADA scaffold structures compared to KLDL and FKFE hydrogels [148]. The a-helix peptide
hydrogel developed using RGD peptide significantly improves cell proliferation of murine embryonic
neural stem cells, indicating potential for nerve tissue repair.
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Functional peptides with bioactive properties can be added to self-assembling peptide scaffolds to
enhance functional and physiological properties. For example, the LLVFGAKMLPHHGA peptide was
inserted into a structure to mimic the nature of hydroxyapatite. The scaffold then exhibited mineralization
functions and can be applied to bone tissue cultivation [80]. In another study, RAD-SNV, RAD-KPS, and
RAD-KAI peptides were introduced into RADA16-I peptides for the regeneration of the nucleus
pulposus [149].

Although peptides exhibit several bioactive functions suitable for tissue engineering applications, they
can be degraded by protease enzymes and renal clearance, affecting their bioavailability in vivo [81]. The
polysaccharide-peptide conjugation method was developed to mitigate these issues and improve the
overall properties of peptides. Polymer materials are conjugated with peptides to develop synergistic
properties and reduce undesired functions. Tissue engineering aims to repair and regenerate damaged
tissues using cell cultivation and scaffold biomaterials. Although polysaccharides exhibit biocompatibility,
high water retention, and mechanical properties, they generally lack cell adhesion properties and
controllable degradation, hindering their use in the field [82]. Adding peptides mitigates these
shortcomings by providing bioactive properties, cell stimulation, and cell adhesion properties. As a result,
biocomposite materials combining peptides and polysaccharides are utilized to develop scaffolds and
hydrogels for tissue regeneration. RGD peptides, extracted from laminin and fibronectin, are considered
cell-binding peptides used in scaffold formation to enhance cell adhesion and proliferation. The addition
of RGD peptide crosslinked to the chitosan scaffold structure effectively enhances the growth of
mesenchymal stem cells [83]. In the presence of RGD peptide, cell density increased after 10 days of
cultivation. The development of RGD peptide-dextran hydrogel with different concentrations of RGD
peptides indicated that 0.1% RGD peptides added to the dextran hydrogel structure effectively enhance
proliferation and cell viability of human umbilical vein endothelial cells [150]. Additionally, scaffolds
were developed from the conjugation of hyaluronic acid and carboxymethyl chitosan with several short
and long RGD peptides [151]. Results from preosteoblast cell cultivation indicated that cells spread in a
peptide density-based manner and induced a bell-shaped response of preosteoblast spreading. The Schiff-
base reaction is also utilized to develop polysaccharide-peptide scaffolds, where crosslinking is developed
by oxidizing hydroxyl groups on the polysaccharide structure to create aldehyde branches on the polymer
chain. Then, the dialdehyde groups on the oxidized polymeric chain can be conjugated with the N-
terminal amino acid groups on the peptide chain [152]. These linkages exhibit strong mechanical strength
and stability relative to environmental factors such as pH, suitable for tissue regeneration [153]. Several
conjugation processes, such as noncovalent interactions, grafting methods, and the copper-catalyzed
azide-alkyne cycloaddition reaction, are used to conjugate peptide-polysaccharides.

Most bioactive peptides used in forming peptide-based scaffolds are synthetic due to specific
requirements for the self-assembly process. Peptides must be precisely synthesized with all functional
groups on the structure. Currently, there is very little to no research incorporating natural peptides from
food, animal, or plant sources as ingredients for scaffold formulation. Moreover, incorporating bioactive
peptides extracted from agro-industrial sources into scaffold formation is still unexplored. Compared to
synthetic peptides, peptides from natural sources are potentially more biocompatible with cells and
require lower production costs. However, contamination with diseases and foreign pathogens from natural
protein sources must be carefully managed when applying peptides in tissue culture.

5.2 Peptides from Agro-Industrial Waste for Drug Delivery

Due to their diverse bioactive properties, bioactive peptides have a wide range of applications in various
fields, especially in pharmaceutical, cosmetic, and functional food sectors, depending on their structure, size,
and amino acid composition. Bioactive peptides are widely used in pharmaceutical applications for their
unique properties such as anticancer, anti-inflammatory, antidiabetic, antihypertensive, and
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immunomodulatory effects [16]. Depending on these properties, peptides extracted mainly from food and
synthetic sources are applied as bioactive ingredients. However, due to processing costs, peptides
extracted from agro-industrial wastes have become preferred options. For instance, bioactive peptides
extracted from whey waste from mozzarella cheese production can effectively decrease the growth of
human colorectal cancer cells [154]. Opioid peptides are also extracted from casein using enzymatic
reactions to produce peptides with opioid activity, which are extremely valuable and marketable [93].
Moreover, effective hypertensive peptides have been extracted from several plant-based proteins [94]. For
example, peptides from rapeseed exhibit antihypertensive properties by reducing blood pressure in
hypertensive rats [155]. Incorporating these antihypertensive peptides into pharmaceutical and
nutraceutical products can effectively prevent hypertension. Peptides with antidiabetic properties are used
in several nutraceutical products to maintain and prevent type Il diabetes and remain active during
digestion [156].

One of the most common applications of peptides in the biomedical field is related to drug delivery
systems. To develop a drug, compounds must overcome several biological obstacles, such as insolubility,
biodegradability, metabolism, cell permeability, and excretion through the kidneys. Additionally, the drug
must have no cytotoxicity and a high pharmacokinetic rate. Many potential compounds fail to pass
through preclinical and clinical trials during studies. However, due to their superior biocompatibility and
biodegradability, peptides are potential candidates for biomedical applications [157]. Peptides can be
modified into supramolecular nanostructures, which are utilized as carriers to entrap and deliver drugs to
target locations. Peptides possess properties such as high cell membrane permeability, high loading
capacity, and target specificity [158]. As illustrated in Table 3, peptides are utilized in various medical
applications, particularly in cancer treatment. The mechanism of peptide toward drug delivery system can
be categorized into 3 type which are cell penetrating, cell targeting, and stimulation responded [157].
Cell-penetrating peptides are peptides capable of entering cells without damaging the cell membrane,
utilizing mechanisms such as endocytosis and direct translocation [159]. Cell-targeting peptides
specifically bind to cell structures, providing selectivity towards the desired target cells. In contrast,
stimulation peptides respond to the cellular microenvironment, such as pH, temperature, and enzymes
within cells. These types of peptides are used as guides to directly transfer drugs to specific target sites
and also serve as mechanisms for controlled drug release. Additionally, the self-assembly nature of
peptides can be used as a drug-releasing mechanism. For example, a nano hydrogel developed from
RADA16 peptides aimed to transport TGF-beta 1 to the target location, constantly releasing growth
factors and increasing cell proliferation [160]. The developed peptide carrier constantly releases growth
factors, increasing cell proliferation. Modified peptides are extensively researched and tested to develop
superior drug delivery systems due to their target specificity and low side effects. Drug delivery systems
and peptide applications also relate to cell delivery, vaccine adjuvants, soluble fibrils, and antimicrobial
compounds.

Table 3: Applications of bioactive peptides in drug delivery

Delivery vehicle Therapeutic Mechanism of action of Application  References
compounds peptides

Homing peptide Daunomycin An enzyme-cleavable linker ~ Anticancer  [161]

(SKAAKN) that responds to Cathepsin B (pancretic

induces the release of the drug cancer)
within tumor cells

(Continued)
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Table 3 (continued)

Delivery vehicle Therapeutic Mechanism of action of Application  References
compounds peptides
Oligo peptide (GFLG) Gemcitabine An enzyme-responsive linker Anticancer  [162]
conjugated with that react to Cathepsin B which (breast
gemcitabine control the release of active ~ cancer)
drug within target cancer
environment
Copper sulfide Doxorubicin An enzyme-responsive linker Anticancer  [163]
nanoparticle conjugated conjugated on nanoparticle (Lymphoma
with peptide (GFLG) surface that cleaved by treatment)

cathepsin enzyme to release the
drug in cancer cells

Analogues of Peptide =~ Chemotherapeutic Target and bind with epidermal Anticancer  [164]

(YHWYGYTPQNVI) drug growth factor receptor (EGFR) (breast

cells, resulting in targeted drug cancer)

delivery
Targeting peptide Chemotherapeutic Target and provide stable Anticancer, [165]
(NGR) drug binding to mammalian Radiotracer

aminopeptidase CD13, which
is overexpressed in tumor cells

Magnetic nanoparticles Gemcitabine A pH-responsive peptides Anticancer  [166]
combined with significantly increased the (Pancretic
gemcitabine and pH binding affinity of nanodrug to cancer)
(low) insertion peptide PANC-1 cells, resulting in

improved drug efficacy
Combination of Doxorubicin A pH-responsive peptide Anticancer  [167]
photothermal gold undergoes structural transition
nanocages with pH in acidic tumor environment,
(low) insertion peptide resulting in direct insertion into

tumor cell membrane
Peptide (NGR) linked  Docetaxel Targeting the neuropilin Anticancer  [168]
with poly glutamic acid receptor 1, results in improved (breast
and palmitoyl chain anticancer activities compared cancer)

to the pure drug
tripeptide (RGD) Curcumin Improve the cytotoxicity Anticancer  [169]
modified with against cancer cells by (breast
liposomes targeting integrin receptors cancer)

(a5B1, avpo)
Szeto-Schiller SS Szeto-Schiller SS  Selective Binder to the inner ~ Antioxidant [170]
peptides (H-D-Arg- peptides mitochondrial membrane, (Alzheimer’s
Dmt-Lys-Phe-NH2) scavenging H,O, and disease and
SS-31 inhibiting linoleic acid diabetes)

oxidation, resulting in an
antioxidant effect

(Continued)
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Table 3 (continued)

Delivery vehicle Therapeutic Mechanism of action of Application  References
compounds peptides

LL-37 amtibacterial Antibiotics drug ~ The peptide provides a Antibacterial [171]

peptide and antibiotics synergistic effect with

antibiotics against multi-drug
resistant bacteria, resulting in
the prevention of biofilm
formation

5.3 Peptides from Agro-Industrial Waste for Bioprinting

While 3D structure scaffolds offer several benefits for enhancing cell growth and proliferation,
challenges such as a lack of homogeneous cell distributions and inability to imitate the natural cellular
environment persist [172]. The combination of hydrated polymers and bioprinting technologies is widely
explored to address these issues. The bioprinting process requires bioinks that effectively enhance cellular
growth and maintain the 3D structure, while possessing suitable mechanical properties such as viscosity,
shear-thinning, and yield stress [173]. Peptide hydrogels are promising building blocks due to their
biocompatibility and innate bioactive properties. Additionally, these gels exhibit suitable rheological
properties required for extrusion and reversible physicochemical properties [172]. However, the primary
issue preventing the development of peptides as bioinks remains a lack of knowledge about design
principles for creating printable peptides. Recent studies have been conducted to observe the printability
of peptides.

Two gelation processes, non-covalent and covalent crosslinking, are used to prepare peptide hydrogels
as bioinks for 3D printing applications. Short-chain peptides are synthesized using solution-phase peptide
synthesis and amino acid N-carboxy anhydride ring-opening polymerization, depending on the desired
molecular weight and structure [174]. In the case of a non-covalent reaction, the peptide hydrogel
formation strategy relates to modulating the amphiphilic balance of the backbone sequence. Balancing
hydrophobic and hydrophilic residues effectively induces physical gelation [174]. Additionally, innate
protein folding mechanisms, such as hydrogen bonding and charge-to-charge interactions, naturally
change the peptide into a secondary structure. Peptide hydrogels developed through non-covalent
reactions exhibit favorable traits, such as biomimetic stiffness, high porosity, biodegradability, and
deformation under stress [175]. Physical gelation can be induced by physiological environments such as
temperature and pH. For example, the gelation process of glucono-d-lactone hydrogel is induced by an
acidic environment [176]. Several reactions, such as light irradiation, enzymatic reactions, and chemical
ligation, have been tested to crosslink peptides and develop hydrogels for covalent crosslinking [177].

One of the strong points of supramolecular systems based on peptide gelation is the customization of
hydrogel. Functional groups, bioactive properties, and chain length can be adjusted according to the
desired outcome, resulting in new 3D printable bioinks [178]. For example, hydrogel peptides developed
from peptide chains (Ac-Ile-lle-Phe-Lys-NH,, Ac-lle-Ile-Cha-Lys-NH,, and Ac-Ile-Cha-Cha-Lys-NH,)
exhibit stable rheological properties suitable for printing applications [179]. Peptide hydrogel loaded with
human bone marrow stem cells resulted in high cell growth and suitable conditions for chondrogenesis.
Similarly, 3D structure peptide amphiphiles hydrogel, developed through alkyl-chain conjugation, was
printed and stabilized using salt and pH [178]. To enhance printability, charged polymers were added to
peptide chains to enhance hydrogel’s mechanical properties. For instance, adding methylcellulose to
peptide solution increased bioink viscosity and printed gel stability [180]. Additionally, print resolution of
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bioinks improved by combining oppositely charged keratin protein and peptide amphiphiles (C;sHz; CONH-
V3A3H;K), resulting in complex sheet structures with high printing resolution [181].

6 Conclusion and Future Perspective

Due to the rise in population and the increasing demand for resources, the agro-industrial sector
produces a tremendous amount of waste. Improper waste management potentially leads to environmental
issues. Hence, the waste valorization process is essential, maximizing resource usage and converting low-
value products into high-value ones. Bioactive peptides extracted from agricultural and agro-industrial
wastes become one of the solutions and play a crucial role in CE implementation. Due to processing
costs, bioactive peptides extracted from waste could replace synthetic peptides and those derived from
food sources. These bioactive peptides, sourced from agro-industrial residues, exhibit several bioactive
properties that can be effectively implemented in the biomedical field. However, certain aspects related to
the safety of bioactive peptides from wastes still require extensive research to ensure they do not pose
any health risks. Additionally, in vivo research is necessary to improve credibility and evaluate the
efficiency of peptides extracted from waste sources.
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