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Abstract

According to the International Union of Pure and Applied Chemistry (IUPAC), peptides are small proteins
with a size between 2 and 50 amino acids residues. They are ubiquitous across the evolutionary scale,
fulfilling a wide variety of functions, from immune system effectors in simple organisms to signaling or
neuromodulating agents in high vertebrates. Following nature’s example, peptides have emerged as
alternatives in various fields. One particularly relevant area is in drug discovery, offering alternatives to
face the emergence of antibiotic-resistant microorganisms. Peptides are also prevalent in other sectors,
such as the food industry, where they serve as food additives to enhance nutritional characteristics or aid in
food preservation. Moreover, peptides are increasingly being utilized in cosmetics. Additionally, peptides
serve as valuable tools in both basic and applied research, facilitating the exploration of specific activity
mechanisms and the verification of particular activities, among various other applications. Despite certain
limitations and disadvantages compared to other bioactive molecules, peptides remain a focal point of
interest in research, as well as in applied and developmental fields, due to their versatility. In this report,
we provide an overview of the extensive application landscape of synthetic peptides, presenting examples
developed in-house across different areas which include a summary of the methodologies and results
obtained.
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Introduction

According to the International Union of Pure and Applied Chemistry (IUPAC), peptides are small proteins
with a size between 2 and 50 amino acids residues (https://iupac.qmul.ac.uk/AminoAcid/A1113.
html#AA11) and are present in nature performing a wide variety of functions, from effectors of the immune
system in low complexity organisms [1, 2] to signaling or neuromodulating agents in mammals [3].

Following nature’s example, peptides have emerged as alternatives in various fields. One particularly
relevant area is in drug discovery [4-7], offering alternatives to face the emergence of antibiotic-resistant
microorganisms thanks to their multiple ways of action that minimize the possibility of resistance [8-11].
Peptides are also prevalent in other sectors, such as the food industry, where they serve as food additives to
enhance nutritional characteristics [12-14] or aid in food preservation [15, 16]. Moreover, they are
increasingly being utilized in cosmetics [17-19].

The therapeutic peptide market is estimated at around 45 billion dollars and a growth of 76% is
projected by 2032 (https://www.precedenceresearch.com/peptide-therapeutics-market consulted on
08/07/24).

Currently, there are more than 80 peptide-based drugs approved for use, with a growing number of
peptides in various phases of approval [20]. Notably, in 2023, the Food and Drug Administration (FDA)
approved four peptides for different applications, and with varied structures and diverse administration
routes [21], showing the versatility of these molecules.

The projection for the use of peptides and their synthesis aligns with the development of green
chemistry for their production, both at the laboratory level and in scaling up their production. Even though
the path is just beginning, advances have already been made in this area [22-24].

Additionally, peptides serve as tools in both basic and applied research [25-30], facilitating the
exploration of specific activity mechanisms and the verification of activities, among several other
applications.

In this report, we provide an overview of the extensive application landscape of synthetic peptides,
presenting examples developed in-house across different areas which include a summary of the
methodologies and results obtained.

Peptides as immunogenic epitopes

This is one of the best-known areas with multiple applications. The underlying idea is the detection of a
protein through recognition by antibodies generated against an epitope of it. This strategy has been used to
determine salmonid immune system molecules, among others, and several papers related to this point have
been published [31-36].

The procedure followed in our laboratory can be seen in Figure 1.

The main steps of the methodology are described below.

Bioinformatic analysis

Once defined the protein target, the amino acid sequence is obtained from databases. Then, conserved
sequence motifs should be identified if a cross-reactive antibody is desired, or non-conserved regions if a
differential antibody is desired. It is also preferable to have a 3D structure of the protein, which can be
obtained through homology modeling, in case of not having an experimental structure. This
characterization is complemented by the prediction of antigenic sites; this can be done automatically by
accessing different servers, such as:
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Figure 1. General procedure for obtaining antigenic peptides for the generation of antibodies

+ Emboss antigenic [37]: https://www.bioinformatics.nl/cgi-bin/emboss/antigenic

¢ Predicting Antigenic Peptides: http://imed.med.ucm.es/Tools/antigenic.pl

» Antibody Epitope Prediction [38]: http://tools.immuneepitope.org/bcell/

e SVMTriP [39]: http://sysbio.unl.edu/SVMTriP/index.php

Additionally, several resources regarding T cell epitope prediction servers are described in the review
by Soria-Guerra et al. [40]. The epitope determination is complemented by the analysis of 3D structure,
choosing the sequences favoring those found in flexible and exposed regions. 3D structures could be
obtained from databases, if they have been experimentally determined, or by homology modeling, which

can be obtained through multiple servers such as:
e I-TASSER [41]: https://zhanggroup.org/I-TASSER/
¢ RaptorX [42]: http://raptorx6.uchicago.edu/ContactMap/

¢ Phyre2 [43]: http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index

e SWISS-MODEL [44]: https://swissmodel.expasy.org

Chemical synthesis

The chosen sequences are then chemically synthesized, by fluorenylmethyloxycarbonyl (Fmoc) strategy,
using tea-bag protocol and are characterized and purified [23, 45]. At this point it is important to note that

there are two strategies that guarantee a good antigenic response:

e The generation of the synthetic peptide with cysteine residues in the amino and carboxy terminals,

allows polymers of the original sequence to be obtained, guaranteeing better recognition of it in the
model in which the antibodies are generated (mice or rabbits) [33]. In this regard, the
polymerization of the peptides is performed by oxidation at a low concentration (4 mg/mL), to

prevent the formation of high molecular weight polymers, which negatively affect the solubility of

the peptide.

¢ The use of the FIS peptide (FISEAIIHVLHSR) a known T helper cell activator in the animal

immunization with epitope peptide [46].

These two strategies make it possible to avoid the use of carrier proteins.
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Antibodies generation and validation

Synthetic peptides have been used to generate polyclonal antibodies mainly in mice and rabbit models. As
mentioned before, polymers of synthetic peptides are used in the formulation. The inoculum of the peptide
with FIS is prepared at a 1 mg/mL concentration and the FIS peptide is added at a 1:1 proportion with
respect to the peptide. The first dose is administered with complete Freund’s adjuvant, and then two boosts
are given before obtaining ascites fluid or blood for antibody purification. Peptide doses are commonly
50-100 pg per mouse and 300-500 pg for rabbits, while the purification of antibodies is conducted through
immunoaffinity chromatography, employing cyanogen bromide-activated Sepharose. Finally, the validation
is made by dot blot and ELISA using the epitope-peptide, and western blot using protein extract from a
tissue that expresses the protein of interest.

Peptides as immunomodulators

Among the multiple roles that peptides can play their role as immune system modulators stands out. This is
especially relevant in the case of the adaptive immunity of mammals and teleost fish. This role has been
investigated by us specifically in fish aquaculture species. Regarding this topic, there are peptides, such as
hepcidin and cathelicidin, whose primary function in salmonids has been described as antimicrobial.
However, when administered in fish or fish leukocyte-type cell lines they upregulate or downregulate pro-
inflammatory and/or anti-inflammatory cytokines [47-49]. In the last year, these peptides have been
named “host defense peptides” (HDP). Figure 2 shows a summary of the methodology.

| Host Defense Peptides |

Leukocyte type Fish culture
cell lines

RNA extraction
RT-gPCR

| Cytokine expression |

/

Figure 2. General procedure for investigating peptides as immunomodulators

Peptides as models in structure-activity relationships

Utilizing model homopeptides proves valuable in examining their activity and its relationship with
secondary structure. Additionally, they serve as a first step in the development of functional
heteropeptides. In previous studies, homopeptides composed of three different amino acids, Pro, Lys, and
Arg, were selected to investigate the relationship of secondary structure with antimicrobial and antifreeze
activity [50-54]. The amino acids were used to synthesize homopeptides of different chain lengths (7-14)
using the Fmoc strategy and tea-bag methodology. Homopeptides were characterized in terms of their
secondary structure by using circular dichroism (CD) spectroscopy and tested for their activity. Figure 3
summarizes the methodology used for homopeptides studies.
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Figure 3. Model homopeptides in studies of structure-activity relationship. Homopeptide structures were made with
Chimera [55]. MBC: minimal bactericidal concentration; MIC: minimal inhibitory concentration

The specific methodology used in this approach is described below.

Secondary structure determination by circular dichroism

After the synthesis and cleavage, the lyophilized peptides were dissolved in water at 1 mM concentration
and in 30% trifluoroethanol (TFE), and their corresponding CD spectra were measured at different
temperatures using a CD spectrometer. Each spectrum was the average of three scan repetitions in
continuous scanning mode with 100 nm/min scanning speed with a response time of 2 seconds.

Antimicrobial activity

As described in previous work [50-53, 56], the antimicrobial test was performed using Gram+ and Gram-
bacterial strains from ATCC or collection to determine their activity. Minimal bactericidal concentration
(MBC) or minimal inhibitory concentration (MIC) were determined by the microplate dilution assay. The
different bacterial strains were grown to a logarithmic phase at optimum culture media and temperature.
Peptides were probed at less than 100 uM concentration and the use of serial dilutions.

Toxicity

To determine the peptides toxicity two kinds of assays were performed: cytotoxicity and hemolysis [32, 52,
53, 56].

The cytotoxicity of the peptides can be determined by exposing cell monolayers, such as Chinook
salmon embryonic cells (CHSE-214) to homopeptide concentrations covering values at least ten times
higher than MBC. Cell viability was determined by the trypan blue exclusion technique.

The hemolysis assay was performed with blood samples, from healthy human donors or animals,
collected in tubes with anticoagulant. A separation of plasma and cells was made by centrifugation at 2,000
x g for 10 min at 4°C. The supernatant plasma was discarded, and the pellet was washed and resuspended
in phosphate buffer saline (PBS) to obtain an approximate concentration of 6 x 108 cells/mL. At this point,
the peptides to be tested were added in concentrations at least up to 10 times their MBC. A solution of 0.5%
triton X-100 in PBS was used as a positive control, while PBS alone was used as a negative control. For the
measurement of hemolysis, the samples are centrifuged at 3,000 x g for 5 min. Supernatant samples were
taken and their absorbance was measured in a spectrophotometer at 540 nm. The percentage of hemolysis
was calculated according to the following equation:
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%Hemolysis = <(AS/A100%) - AO%) X100

where: A, = absorbance of the sample; A;yq, = absorbance of the positive control; Ay, = absorbance of the
negative control.

Peptide location by fluorescence microscopy

The peptides interacting with bacterial strains can be also detected by confocal laser scanning microscopy
using fluorophore-labeled peptide, together with DNA fluorophore probes [51, 57, 58]. Cultures of bacterial
strains in mid-log growth phase were incubated with the homopeptides at MBC concentration for 10 to
20 min, and then the fluorescence capture was obtained.

Membrane disruption by SEM microscopy

SEM micrograph can be used for the analysis of peptide effects on bacterial membranes [52, 58-61].
Cultures of bacterial strains in mid-log growth phase were incubated with the homopeptides at MIC
concentration for 20 min to 1 h. Before microscopic analysis, platinum-palladium powder was sprayed on
the samples for better observation of the bacterial membrane structure. By utilizing this technique, the
particular residues and structural components that wield the most significant influence in bacterial
membrane disruption can be identified.

Peptides interacting with lipid vesicles

Different lipid models were used to study the interaction of the peptides with membranes [35, 50-53]. As a
model, the use of lipid vesicles formulation with 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-
dipalmitoyl-sn-glycero-3-phosphorylethanolamine (DPPE), 1,2-dimyristoyl-sn-glycero-3-phospho-(1-rac-
glycerol) (DMPG), or with membrane extracts from bacterial strains were prepared by extrusion of frozen
and thawed liposome suspensions through polycarbonate filters under nitrogen at 15°C above the lipid
transition temperature.

Bacterial membrane extracts can be produced by bacterial pellet sonication, followed by lipid
extraction by the Folch method with chloroform/methanol/water mixture. The lipids were obtained by
centrifugation at 5,000 x g for 10 min, obtaining the organic phase. Samples were dried under nitrogen and
resuspended in MilliQ water at 37°C in a water bath. The lipid suspension was vortexed and sonicated until
the turbidity disappeared. Finally, the suspension was used to generate vesicles in the same way as with the
model lipids.

Permeabilization assays

A SYTOX Green uptake assay has been widely used to verify the membrane-disrupting ability of the
peptides [51, 53, 57-60]. Aliquots of bacterial cell cultures in the exponential growth phase were used to
prepare the samples to be read with peptide solutions at different concentrations. Controls include, on the
one hand, peptides known to act as cell penetrants peptides and, on the other, membrane-disrupting
peptides. The interaction and membrane disruption effects of the peptides were then monitored using a
real-time thermocycler or fluorimeter. For penetrating peptides, an increase in fluorescence was not
observed, whereas, for membrane-disrupting peptides, an increase in fluorescence was observed.

Antifreezing activity

Hysteresis activity, using a differential scanning calorimeter implemented with an HSS8 high-sensitivity
sensor, and a Huber TC45 intracooler chiller, was used to analyze the antifreezing activity of peptides [54].
Peptide solutions at 2, 10, 15, and 25 mM concentrations were used. A total of10 pL of the sample in an
aluminum container was cooled down to its freezing point, from 10°C to -25°C at a rate of -3°C/min, then
heated at a rate of 3°C/min to -10°C, and then slowly heated at a rate of 1°C/min until partial melting at a
recorded temperature (Tho) where the ice coexisted with the peptide solution, which was determined by
comparing the cooling curve (where there is recrystallization) and the subcooling curve (where there is no
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recrystallization). This temperature (Tho) was maintained for 10 min to enhance the interaction between
the peptide and the ice crystals. The recrystallization effect of the peptide solution was observed when the
temperature was lowered again to -10°C. The next step is to freeze the sample again, cooling it down to
-25°C and finally heating it up to 10°C at a rate of 3°C/min to guarantee the return to the initial conditions.

Bioactive peptides and bioprospection

Humanity has always sought its medicines in nature, and peptides are no exception. In addition to those

that occur naturally, and have specific functions, there are also “hidden” peptide sequences within the

proteins of many organisms that may be bioactive. In this area, peptide synthesis is a valuable tool that
allows to focus this search and validate those sequences with potential activity. A summary of the general
methodology is presented in Figure 4.

MBC
. MiC
Plants Cyclotides Hemolysis
Algae Peptides
Antibacterial activity
Bioprospection Fish Peptides
Antiviral peptides

Virus Peptides

Water retention
Hydrolyzed Collagen Peptides

e

Predicted bioactivities

Figure 4. Bioprospection and bioactive peptides determination. Structures were made with Chimera [55]. MBC: minimal
bactericidal concentration; MIC: minimal inhibitory concentration

For the selection of the candidate sequences that were synthesized, different methods were used.

Examples of de novo peptides determination from original material

1.

Antifungal peptide from hemocytes of Argopecten purpuratus, modified to enhance activity and
tested against Fusarium oxysporum, Neurospora crassa, and Saprolegnia sp. [56].

Hepcidin from fish [32, 48, 57, 62]: Hepcidin is a peptide described as antimicrobial in vertebrates
which is also found in fish. Taking the sequences available for salmonids, quantitative polymerase
chain reaction (qPCR) assays were designed to determine their presence in transcripts from fish
stimulated with lipopolysaccharide (LPS); in parallel a polyclonal antibody was generated from the
synthetic peptide to detect its presence in tissues. The synthetic peptide was later characterized
and tested as bioactive in different contexts.

Cyclotides from Sambucus nigra flower [59, 60]: A peptide extract was obtained from the elder
flowers, removing the polyphenols with a polyamide resin. The extract was purified by C18 and the
products between 3 and 3.6 kDa were taken to be characterized and tested as antimicrobials. Then
mass spectrum analysis allowed the characterization of the cyclotides.

Peptides from the enzymatic digestion of Erythrina edulis (pajuro) flour [63]: Erythrina edulis seed
protein concentrate was subjected to hydrolysis with alcalse for 15, 30, 60, and 120 min of
incubation. Hydrolysates with antioxidant activity verified by ABTS+ (2,2'-azino-bis(3-
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etilbenzotiazolin-6-sulfénico)) and peroxyl radical capture Oxygen Radical Absorbance Capacity
(ORAC) assays were selected. Active hydrolysates were fractionated by ultrafiltration to select for
peptide fragments of molecular weights below 3 kDa. These fractions were purified, and the
peptide sequences were determined de novo by mass spectrometry.

5. Antimicrobial peptides (AMPs) from the microalga Tetraselmis suecica [64]: Cultures of T. suecica
were subjected to acid extraction and purified by C18 reverse phase column chromatography using
an acetonitrile gradient. The fractions that presented antibacterial activity were characterized by
SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) and purified by RP-HPLC
(reversed-phase high-performance liquid chromatography), collecting the different fractions
where the sequence of the peptides was determined by mass spectrometry.

6. Cationic peptides as antimicrobials in aquaculture [65, 66]: NK-lysin protein sequences from
European sea bass were obtained from UniProt database (https://www.uniprot.org/), and peptide
sequences with antimicrobial activity were predicted through the server (http://cabgrid.res.
in:8080/amppred/server.php). Additionally, the peptides were characterized in their
physicochemical properties and tested for antibacterial and antiviral activity.

7. Ramosin, AMP identified in Bolitoglossa ramosi (colombian salamander) [61]: From the
Bolitoglossa ramosi transcriptome, protein sequences were determined and compared with the
APD3 database to select potential antimicrobial AMPs. To obtain candidate peptides, these
sequences were analyzed through the ClassAMP predictor server (http://www.bicnirrh.res.in/
classamp/predict.php), and the presence of the coding sequences was verified by PCR
amplification on cDNA samples of blastemas, skin, and intestine tissues.

8. Antiviral peptides against viral infections of Atlantic salmon [67]: The infectious pancreatic
necrosis virus (IPNV) and infectious salmon anemia virus (ISAV) were the targets for designing
interferent peptides. In IPNV, the target process was the formation of the VP2 protein homotrimer,
which appears to be the building block in capsid generation, with the peptide interfering with the
assembly process of newly formed viruses. In ISAV, the target process was the formation of the
RNA-dependent RNA polymerase (RdRp) complex, made up of three different subunits, with the
peptides interfering with the formation of a functional RdRp.

9. Domain of interleukin-8 (IL-8) of salmonids [35, 58]: The protein sequence was analyzed to
establish conserved motifs, and their C terminal helical region was selected to be tested as AMP
based on information from the literature.

10. In silico hydrolyzed bovine collagen [68]: Collagen protein sequences from the databases were
compared and characterized in terms of their domains and physicochemical properties. These
proteins were hydrolyzed in silico with subtilisin, and the obtained peptides were characterized
and clustered together with bioactive peptides reported from databases and collected from the
literature. Similarity groups were established and candidate peptides with different potential
bioactivities were postulated.

11. Peptide mimicking complement system to eliminate adipocytes [69]: The C3b and CR1
complement system, involved in phagocytosis, was analyzed, and peptides were designed to be
coupled with sequences derived from the AQP7 protein as an adipocyte marker, by means of a
proline hinge. These hybrid peptides were tested for their ability to bind to adipocytes and
promote their phagocytosis.

12. Bifunctional peptide with adhesive and antimicrobial properties [70]: A bifunctional peptide was
designed from a Mytilus edilus protein with adhesive properties, together with an AMP from
Bothrops asper. Its use is projected as a coating on implant materials to prevent infections.

After obtaining the sequences, the peptides were chemically synthesized, and their activity verified,
with the exceptions of the sequences obtained from elderberry, where activity test was done with the
peptide extract as a whole, and in the case of collagen where only the in silico study was carried out.

Explor Drug Sci. 2024;2:701-18 | https://doi.org/10.37349/eds.2024.00070 Page 708


https://www.uniprot.org/
https://www.uniprot.org/
http://cabgrid.res.in:8080/amppred/server.php
http://cabgrid.res.in:8080/amppred/server.php
http://cabgrid.res.in:8080/amppred/server.php
http://cabgrid.res.in:8080/amppred/server.php
http://cabgrid.res.in:8080/amppred/server.php
http://www.bicnirrh.res.in/classamp/predict.php
http://www.bicnirrh.res.in/classamp/predict.php
http://www.bicnirrh.res.in/classamp/predict.php
http://www.bicnirrh.res.in/classamp/predict.php
http://www.bicnirrh.res.in/classamp/predict.php

Regarding the methodology used, there are tests that are transversal, and others that are specific
according to the matrix used and the purpose of the test. Below is a summary of the methods that have not
been mentioned before.

Peptide synthesis

Additionally, to the methods described in Chemical synthesis, there are some specific processes in the
chemical synthesis for particular requirements of peptide sequences, such as cysteine-rich peptides. For
example, in the case of hepcidin, which has multiple disulfide bridges, the cysteine with an orthogonal
protecting group, Cys-Acm (cysteine-acetoamidomethyl), is used for each pair of cysteines in the sequence
that are involved in a disulfide bridge. Four different syntheses were made for each Cys pair (Figure 5) with
the goal of directing the disulfide bridge formation. After the synthesis without the final deprotection and
prior to the cleavage of the peptide from the resin the Acm group is removed and the peptide is oxidized to
generate the specific disulfide bond. Subsequently, the cleavage of the resin is carried out and it is expected
that the other disulfide bonds will be generated naturally. With this methodology, it was determined that
the most internal bridge between Cys13 and Cys14 was the one that yielded the best result.

rj._.—rj._,_:| |—|r:'_'5_r:-_4 |
QSHLSL RW N HNKG GF KF

| J
T, —C..

C.—C..

—

Figure 5. Trout hepcidin sequence with cysteines participating in the disulfide bridges. The initial bond between cysteines
13 and 14 sets the stage for the subsequent formation of the remaining two disulfide bridges

Additional tools and resources to work with peptides
Alanine scanning and determination of key residues in structure and activity of peptides

A useful tool to determine important amino acid residues in a peptide sequence is the alanine scan, using
this amino acid to mimic the removal of the side chain of each amino acid and thus its specific interactions
[71-74]. Tea bag methodology for peptide synthesis is ideal for this approach, being easy to use since there
is only one amino acid change per coupling in the set of peptides to be synthesized. These changes allow for
verifying the importance of the residue by testing its activity and its influence on the secondary structure
when analyzed by CD [52, 53, 64, 75]. One example of the sequence and its analogues by alanine scan is
shown in Table 1.

Table 1. Scan alanine for the R11 homopeptide

#Peptide Sequence

R11 RRRRRRRRRRR
A1 ARRRRRRRRRR
A2 RARRRRRRRRR
A3 RRARRRRRRRR
A4 RRRARRRRRRR
A5 RRRRARRRRRR
A6 RRRRRARRRRR
A7 RRRRRRARRRR
A8 RRRRRRRARRR
A9 RRRRRRRRARR
A10 RRRRRRRRRAR
A11 RRRRRRRRRRA

Note. Adapted from Ardstica et al. [53]. © 2022 by
the authors
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Labels for tracking peptides

[t is possible to use different labels coupled to the peptides, which can be used to track their location by
using techniques such as fluorescence, confocal microscopy, or flow cytometry. A summary of the common
labels is shown in Table 2. These labels are useful in peptide-specific localization and mechanism of action
studies.

Table 2. Common labels used with peptides

Label Structure Use References
Rhodamine It can be coupled as an amino acid in the synthesis [67, 69, 76]
process and used to track peptide location in
microscopy.

Fluorescein

o

G

Biotin Coupled as an amino acid in the synthesis process and
used to track the peptides by joining them to labeled

streptavidin protein in the target cell.

N

Compounds structures were drawn with ACD/Chemsketch 2021.2.1 [77]

Proline as spacer in long peptides

The synthesis of very long sequences presents a methodological difficulty, since as the peptide chain grows,
steric hindrance and agglomeration occur, making it difficult to couple new residues. An option for these
sequences is the use of prolines as spacers, taking advantage of the characteristic of this imino acid of
changing the direction of the peptide chain, thus reducing the clash between growing chains. It is also
possible to use these spacers to generate coupled sequences, or bifunctional peptides. As an example of this
a sequence with the capacity to bind to adipocytes and macrophages simultaneously was generated [69].

Special modified amino acids

Finally, there is the possibility of using modified amino acids, to achieve some specific effect. Some
examples are summarized in Table 3.

Final remarks

Synthetic peptides have undoubtedly been an invaluable tool, achieving significant advancements thanks to
progress in related fields. These include in silico studies to explore diverse applications, structural biology,
and new developments in synthesis and delivery methods. As a result, peptides have become a focal point
of global interest. An example of a pipeline used for the identification of new active peptides is summarized
in Figure 6.

Peptides, as bioactive molecules, have certain advantages and disadvantages compared to other
molecules that can perform similar functions, which should be considered in this context. A summary of
these characteristics, in comparison to smaller molecules traditionally used as drugs, or larger
biomolecules like antibodies or proteins used as therapeutic agents, is presented in Table 4.
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Table 3. Modified residues or molecules to be used in synthesis for special requirements

Amino acid Structure Use References
Fmoc-Lys(Fmoc)-OH Synthesis of peptide dimers using the side [78]
chain to grow a new peptide chain

S
Sy

N

h*
Y
o

Used when it is necessary to make bonds
with the lysine side chain, for example in the
case of branched peptides, template
structured peptides, or for bonding with metal
groups.

Fmoc-Lys(Dde)-OH

o

Used to induce structured peptides in
conjunction with Lys(Dde)

J ligand OW

[¢]
¥
Malonic or Propanodioic acid o o
0
°

Fmoc-DOPA-OH % Catecholic amino acid related to adhesive [70]

properties of mussel foot proteins

o
o

Y

Deuterated Fmoc-Lys(Boc)-OH Track of peptide by nuclear magnetic [79]
resonance (NMR)

Compounds structures were drawn with ACD/Chemsketch 2021.2.1 [77]. Fmoc: fluorenylmethyloxycarbonyl; Dde: [1-(4,4-
dimethyl-2,6-dioxycyclohex-1-ylidine)ethyl]; DOPA: L-3,4-dihydroxyphenylalanine; Boc: tert-butoxycarbonyl
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Figure 6. Example of pipeline for the determination of active peptide sequences

Table 4. Advantages and disadvantages of peptides compared to other biomolecules [20, 29, 80]

Category Peptides vs small molecules Peptides vs biomolecules
Disadvantages « Stability « Stability
 Bioavailability * Bioavailability
* Membrane penetration » Delivery
« Stability and delivery for oral administration
» Cost of production and sales
Advantages « Specificity * Membrane permeability
« Safety » Low cost in research and production
» Clearance * Intracellular targets
» Low possibility of generating resistance * Low immunogenicity

Various strategies have been developed to address the limitations of peptides, both in research and
production contexts. Numerous studies are continuously conducted based on the specific applications of
these molecules. Some of these strategies are summarized in Table 5.

Table 5. Strategies developed to overcome limitations in the use of peptides

Limitation Strategy References
Improve stability by preventing Use of modified amino acids such as D amino acids, methylated amino  [20, 81, 82]
proteolysis acids, and beta-amino acids among others
Improve stability and activity by Use of hydrogen bond surrogates (HBS), generation of covalent bonds, [81-83]
preserving secondary structure cyclic peptides
Membrane penetration Conjugation with lipids or biocompatible polymers [20]
Delivery systems to enhance activity and Use of nanotechnology [84-86]
stability Functionalized surfaces

Nucleic acids systems

Hydrogels and scaffolds
Cost of synthesis New strategies towards circular economy [23, 87]

Production as recombinants

Conclusions

Peptides are bioactive molecules with a wide range of applications, and thanks to the advancement and
integration of numerous research areas, they have become a focal point of global interest. Their versatility
in function and the diverse sources from which they can be derived make peptide research a continuously
evolving field. In this context, synthetic peptides emerge as a valuable tool, allowing for the precise
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determination of their functionality, the study of key residues within sequences, and the exploration of
potential mechanisms of action. Furthermore, peptides can be synthesized in a short period of time,
allowing for changes and testing within reasonable timeframes. This, combined with recent advances in
peptide synthesis—moving towards greener and more environmentally friendly processes—along with
improved delivery methods to increase their efficacy, ensures that synthetic peptides remain relevant in
both basic and applied research. These strategies together can pave the way to improve peptides to achieve
specific activities and minimize undesirable effects.

Abbreviations

AMPs: antimicrobial peptides

CD: circular dichroism

MBC: minimal bactericidal concentration

PBS: phosphate buffer saline

Declarations
Acknowledgments

The authors thank all the students who were part of this journey and who have supported each of the
reported publications.

Author contributions

CC: Conceptualization, Data Curation, Writing—original draft, Writing—review & editing, Validation,
Visualization, Funding acquisition. PS: Writing—review & editing. CA: Data curation, Writing—original
draft, Writing—review & editing, Validation. LM and SM: Writing—review & editing. FA: Writing—review &
editing, Validation. FG: Conceptualization, Data curation, Validation, Project administration.

Conflicts of interest

Fernando Albericio, the Editor-in-Chief and a Guest Editor of Exploration of Drug Science, and Fanny
Guzman, a Guest Editor of Exploration of Drug Science, had no involvement in the decision-making or the
review process of this manuscript. The other authors declare no conflicts of interest.

Ethical approval
Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding

FG received financial support from ANID Fondecyt [1210056]. CC received funding support form ANID
Fondecyt [1240448]. The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Copyright
© The Author(s) 2024.

Explor Drug Sci. 2024;2:701-18 | https://doi.org/10.37349/eds.2024.00070 Page 713



References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Canesi L, Auguste M, Balbi T, Prochazkova P. Soluble mediators of innate immunity in annelids and
bivalve mollusks: A mini-review. Front Immunol. 2022;13:1051155. [DOI] [PubMed] [PMC(]

Feng M, Fei S, Xia ], Labropoulou V, Swevers L, Sun J. Antimicrobial Peptides as Potential Antiviral
Factors in Insect Antiviral Immune Response. Front Immunol. 2020;11:2030. [DOI] [PubMed] [PMC]
Hancock RE, Haney EF, Gill EE. The immunology of host defence peptides: beyond antimicrobial
activity. Nat Rev Immunol. 2016;16:321-34. [DOI] [PubMed]

Lluka T, Stokes JM. Antibiotic discovery in the artificial intelligence era. Ann N Y Acad Sci. 2023;1519:
74-93. [DOI] [PubMed]

Muttenthaler M, King GF, Adams D], Alewood PF. Trends in peptide drug discovery. Nat Rev Drug
Discov. 2021;20:309-25. [DOI] [PubMed]

Browne K, Chakraborty S, Chen R, Willcox MD, Black DS, Walsh WR, et al. A New Era of Antibiotics:
The Clinical Potential of Antimicrobial Peptides. Int ] Mol Sci. 2020;21:7047. [DOI] [PubMed] [PMC(C]
Zhu Y, Hao W, Wang X, Ouyang ], Deng X, Yu H, et al. Antimicrobial peptides, conventional antibiotics,
and their synergistic utility for the treatment of drug-resistant infections. Med Res Rev. 2022;42:
1377-422. [DOI] [PubMed]

Jochumsen N, Marvig RL, Damkier S, Jensen RL, Paulander W, Molin S, et al. The evolution of
antimicrobial peptide resistance in Pseudomonas aeruginosa is shaped by strong epistatic
interactions. Nat Commun. 2016;7:13002. [DOI] [PubMed] [PMC]

Kintses B, Jangir PK, Fekete G, Szamel M, Méhi O, Spohn R, et al. Chemical-genetic profiling reveals
limited cross-resistance between antimicrobial peptides with different modes of action. Nat Commun.
2019;10:5731. [DOI] [PubMed] [PMC(C]

Spohn R, Daruka L, Lazar V, Martins A, Vidovics F, Grézal G, et al. Integrated evolutionary analysis

reveals antimicrobial peptides with limited resistance. Nat Commun. 2019;10:4538. [DOI] [PubMed]
[PMC]

Maron B, Rolff ], Friedman ], Hayouka Z. Antimicrobial Peptide Combination Can Hinder Resistance
Evolution. Microbiol Spectr. 2022;10:e0097322. [DOI] [PubMed] [PMC]

Zaky AA, Simal-Gandara ], Eun JB, Shim JH, Abd El-Aty AM. Bioactivities, Applications, Safety, and
Health Benefits of Bioactive Peptides From Food and By-Products: A Review. Front Nutr. 2022;8:
815640. [DOI] [PubMed] [PMC]

Ashaolu TJ. Antioxidative peptides derived from plants for human nutrition: their production,
mechanisms and applications. Eur Food Res Technol. 2020;246:853-65. [DOI]

Karami Z, Akbari-Adergani B. Bioactive food derived peptides: a review on correlation between
structure of bioactive peptides and their functional properties. ] Food Sci Technol. 2019;56:535-47.
[DOI] [PubMed] [PMC(]

Ledn Madrazo A, Segura Campos MR. Review of antimicrobial peptides as promoters of food safety:
Limitations and possibilities within the food industry. ] Food Saf. 2020;40:e12854. [DOI]

Sarabandi K, Gharehbeglou P, Jafari SM. Spray-drying encapsulation of protein hydrolysates and
bioactive peptides: Opportunities and challenges. Dry Technol. 2020;38:577-95. [DOI]

Resende DISP, Ferreira MS, Sousa-Lobo JM, Sousa E, Almeida IF. Usage of Synthetic Peptides in
Cosmetics for Sensitive Skin. Pharmaceuticals (Basel). 2021;14:702. [DOI] [PubMed] [PMC]

Errante F, Ledwon P, Latajka R, Rovero P, Papini AM. Cosmeceutical Peptides in the Framework of
Sustainable Wellness Economy. Front Chem. 2020;8:572923. [DOI] [PubMed] [PMC]

Zhao X, Zhang X, Liu D. Collagen peptides and the related synthetic peptides: A review on improving
skin health. ] Funct Foods. 2021;86:104680. [DOI]

Wang L, Wang N, Zhang W, Cheng X, Yan Z, Shao G, et al. Therapeutic peptides: current applications
and future directions. Signal Transduct Target Ther. 2022;7:48. [DOI] [PubMed] [PMC]

Explor Drug Sci. 2024;2:701-18 | https://doi.org/10.37349/eds.2024.00070 Page 714


https://dx.doi.org/10.3389/fimmu.2022.1051155
http://www.ncbi.nlm.nih.gov/pubmed/36532070
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9756803
https://dx.doi.org/10.3389/fimmu.2020.02030
http://www.ncbi.nlm.nih.gov/pubmed/32983149
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7492552
https://dx.doi.org/10.1038/nri.2016.29
http://www.ncbi.nlm.nih.gov/pubmed/27087664
https://dx.doi.org/10.1111/nyas.14930
http://www.ncbi.nlm.nih.gov/pubmed/36447334
https://dx.doi.org/10.1038/s41573-020-00135-8
http://www.ncbi.nlm.nih.gov/pubmed/33536635
https://dx.doi.org/10.3390/ijms21197047
http://www.ncbi.nlm.nih.gov/pubmed/32987946
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7582481
https://dx.doi.org/10.1002/med.21879
http://www.ncbi.nlm.nih.gov/pubmed/34984699
https://dx.doi.org/10.1038/ncomms13002
http://www.ncbi.nlm.nih.gov/pubmed/27694971
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5494192
https://dx.doi.org/10.1038/s41467-019-13618-z
http://www.ncbi.nlm.nih.gov/pubmed/31844052
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6915728
https://dx.doi.org/10.1038/s41467-019-12364-6
http://www.ncbi.nlm.nih.gov/pubmed/31586049
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6778101
https://dx.doi.org/10.1128/spectrum.00973-22
http://www.ncbi.nlm.nih.gov/pubmed/35862981
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9430149
https://dx.doi.org/10.3389/fnut.2021.815640
http://www.ncbi.nlm.nih.gov/pubmed/35127796
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8810531
https://dx.doi.org/10.1007/s00217-020-03479-y
https://dx.doi.org/10.1007/s13197-018-3549-4
http://www.ncbi.nlm.nih.gov/pubmed/30906011
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6400753
https://dx.doi.org/10.1111/jfs.12854
https://dx.doi.org/10.1080/07373937.2019.1689399
https://dx.doi.org/10.3390/ph14080702
http://www.ncbi.nlm.nih.gov/pubmed/34451799
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8400021
https://dx.doi.org/10.3389/fchem.2020.572923
http://www.ncbi.nlm.nih.gov/pubmed/33195061
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7662462
https://dx.doi.org/10.1016/j.jff.2021.104680
https://dx.doi.org/10.1038/s41392-022-00904-4
http://www.ncbi.nlm.nih.gov/pubmed/35165272
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8844085

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Al Shaer D, Al Musaimi O, Albericio F, de la Torre BG. 2023 FDA TIDES (Peptides and
Oligonucleotides) Harvest. Pharmaceuticals (Basel). 2024;17:243. [DOI] [PubMed] [PMC]

Rossino G, Marchese E, Galli G, Verde F, Finizio M, Serra M, et al. Peptides as Therapeutic Agents:
Challenges and Opportunities in the Green Transition Era. Molecules. 2023;28:7165. [DOI] [PubMed]
[PMC]

Guzman F, Gauna A, Roman T, Luna O, Alvarez C, Pareja-Barrueto C, et al. Tea Bags for Fmoc Solid-
Phase Peptide Synthesis: An Example of Circular Economy. Molecules. 2021;26:5035. [DOI] [PubMed]
[PMC]

Ferrazzano L, Catani M, Cavazzini A, Martelli G, Corbisiero D, Cantelmi P, et al. Sustainability in
peptide chemistry: current synthesis and purification technologies and future challenges. Green
Chem. 2022;24:975-1020. [DOI]

Grofd A, Hashimoto C, Sticht H, Eichler ]J. Synthetic Peptides as Protein Mimics. Front Bioeng
Biotechnol. 2016;3:211. [DOI] [PubMed] [PMC(]

Shwaiki LN, Lynch KM, Arendt EK. Future of antimicrobial peptides derived from plants in food
application-A focus on synthetic peptides. Trends Food Sci Technol. 2021;112:312-24. [DOI]
Akbarian M, Khani A, Eghbalpour S, Uversky VN. Bioactive Peptides: Synthesis, Sources, Applications,
and Proposed Mechanisms of Action. Int ] Mol Sci. 2022;23:1445. [DOI] [PubMed] [PMC(]

Avci FG, Akbulut BS, Ozkirimli E. Membrane Active Peptides and Their Biophysical Characterization.
Biomolecules. 2018;8:77. [DOI] [PubMed] [PMC]

Apostolopoulos V, Bojarska ], Chai TT, Elnagdy S, Kaczmarek K, Matsoukas ], et al. A Global Review on
Short Peptides: Frontiers and Perspectives. Molecules. 2021;26:430. [DOI] [PubMed] [PMC]

Ding X, Zhao H, Li Y, Lee AL, Li Z, Fu M, et al. Synthetic peptide hydrogels as 3D scaffolds for tissue
engineering. Adv Drug Deliv Rev. 2020;160:78-104. [DOI] [PubMed]

Bethke ], Rojas V, Berendsen ], Cardenas C, Guzman F, Gallardo JA, et al. Development of a new
antibody for detecting natural killer enhancing factor (NKEF)-like protein in infected salmonids. ] Fish
Dis. 2012;35:379-88. [DOI] [PubMed]

Alvarez CA, Santana PA, Guzman F, Marshall S, Mercado L. Detection of the hepcidin prepropeptide
and mature peptide in liver of rainbow trout. Dev Comp Immunol. 2013;41:77-81. [DOI] [PubMed]
Chico V, Salvador-Mira ME, Nombela I, Puente-Marin S, Ciordia S, Mena MC, et al. IFIT5 Participates in
the Antiviral Mechanisms of Rainbow Trout Red Blood Cells. Front Immunol. 2019;10:613. [DOI]
[PubMed] [PMC(]

Valero Y, Arizcun M, Cortés ], Ramirez-Cepeda F, Guzman F, Mercado L, et al. NK-lysin, dicentracin and
hepcidin antimicrobial peptides in European sea bass. Ontogenetic development and modulation in
juveniles by nodavirus. Dev Comp Immunol. 2020;103:103516. [DOI] [PubMed]

Saenz-Martinez DE, Santana PA, Ardstica M, Forero JC, Guzman F, Mercado L. Immunodetection of
rainbow trout IL-8 cleaved-peptide: Tissue bioavailability and potential antibacterial activity in a
bacterial infection context. Dev Comp Immunol. 2021;124:104182. [DOI] [PubMed]

Morales-Lange B, Ramirez-Cepeda F, Schmitt P, Guzman F, Lagos L, @verland M, et al. Interferon
Gamma Induces the Increase of Cell-Surface Markers (CD80/86, CD83 and MHC-II) in Splenocytes
From Atlantic Salmon. Front Immunol. 2021;12:666356. [DOI] [PubMed] [PMC]

Rice P, Longden I, Bleasby A. EMBOSS: the European Molecular Biology Open Software Suite. Trends
Genet. 2000;16:276-7. [DOI] [PubMed]

Jespersen MC, Peters B, Nielsen M, Marcatili P. BepiPred-2.0: improving sequence-based B-cell epitope
prediction using conformational epitopes. Nucleic Acids Res. 2017;45:W24-9. [DOI] [PubMed] [PMC]
Yao B, Zhang L, Liang S, Zhang C. SVMTriP: a method to predict antigenic epitopes using support
vector machine to integrate tri-peptide similarity and propensity. PLoS One. 2012;7:e45152. [DOI]
[PubMed] [PMC]

Explor Drug Sci. 2024;2:701-18 | https://doi.org/10.37349/eds.2024.00070 Page 715


https://dx.doi.org/10.3390/ph17020243
http://www.ncbi.nlm.nih.gov/pubmed/38399458
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10893093
https://dx.doi.org/10.3390/molecules28207165
http://www.ncbi.nlm.nih.gov/pubmed/37894644
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10609221
https://dx.doi.org/10.3390/molecules26165035
http://www.ncbi.nlm.nih.gov/pubmed/34443624
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8399505
https://dx.doi.org/10.1039/D1GC04387K
https://dx.doi.org/10.3389/fbioe.2015.00211
http://www.ncbi.nlm.nih.gov/pubmed/26835447
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4717299
https://dx.doi.org/10.1016/j.tifs.2021.04.010
https://dx.doi.org/10.3390/ijms23031445
http://www.ncbi.nlm.nih.gov/pubmed/35163367
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8836030
https://dx.doi.org/10.3390/biom8030077
http://www.ncbi.nlm.nih.gov/pubmed/30135402
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6164437
https://dx.doi.org/10.3390/molecules26020430
http://www.ncbi.nlm.nih.gov/pubmed/33467522
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7830668
https://dx.doi.org/10.1016/j.addr.2020.10.005
http://www.ncbi.nlm.nih.gov/pubmed/33091503
https://dx.doi.org/10.1111/j.1365-2761.2012.01354.x
http://www.ncbi.nlm.nih.gov/pubmed/22458735
https://dx.doi.org/10.1016/j.dci.2013.04.002
http://www.ncbi.nlm.nih.gov/pubmed/23603124
https://dx.doi.org/10.3389/fimmu.2019.00613
http://www.ncbi.nlm.nih.gov/pubmed/31040842
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6476978
https://dx.doi.org/10.1016/j.dci.2019.103516
http://www.ncbi.nlm.nih.gov/pubmed/31593708
https://dx.doi.org/10.1016/j.dci.2021.104182
http://www.ncbi.nlm.nih.gov/pubmed/34166719
https://dx.doi.org/10.3389/fimmu.2021.666356
http://www.ncbi.nlm.nih.gov/pubmed/34054836
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8155612
https://dx.doi.org/10.1016/s0168-9525(00)02024-2
http://www.ncbi.nlm.nih.gov/pubmed/10827456
https://dx.doi.org/10.1093/nar/gkx346
http://www.ncbi.nlm.nih.gov/pubmed/28472356
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5570230
https://dx.doi.org/10.1371/journal.pone.0045152
http://www.ncbi.nlm.nih.gov/pubmed/22984622
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3440317

40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

Soria-Guerra RE, Nieto-Gomez R, Govea-Alonso DO, Rosales-Mendoza S. An overview of
bioinformatics tools for epitope prediction: implications on vaccine development. ] Biomed Inform.
2015;53:405-14. [DOI] [PubMed]

Yang ], Zhang Y. I-TASSER server: new development for protein structure and function predictions.
Nucleic Acids Res. 2015;43:W174-81. [DOI] [PubMed] [PMC]

Xu J, Mcpartlon M, Li J. Improved protein structure prediction by deep learning irrespective of co-
evolution information. Nat Mach Intell. 2021;3:601-9. [DOI] [PubMed] [PMC]

Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg M]. The Phyre2 web portal for protein modeling,
prediction and analysis. Nat Protoc. 2015;10:845-58. [DOI] [PubMed] [PMC]

Waterhouse A, Bertoni M, Bienert S, Studer G, Tauriello G, Gumienny R, et al. SWISS-MODEL:
homology modelling of protein structures and complexes. Nucleic Acids Res. 2018;46:W296-303.
[DOI] [PubMed] [PMC]

Guzman F, Aréstica M, Roman T, Beltran D, Gauna A, Albericio F, et al. Peptides, solid-phase synthesis
and characterization: Tailor-made methodologies. Electron ] Biotechnol. 2023;64:27-33. [DOI]

Prieto I, Hervas-Stubbs S, Garcia-Granero M, Berasain C, Riezu-Boj ]I, Lasarte J], et al. Simple strategy
to induce antibodies of distinct specificity: application to the mapping of gp120 and inhibition of HIV-
1 infectivity. Eur ] Immunol. 1995;25:877-83. [DOI] [PubMed]

Schmitt P, Wacyk ], Morales-Lange B, Rojas V, Guzman F, Dixon B, et al. Imnmunomodulatory effect of
cathelicidins in response to a 3-glucan in intestinal epithelial cells from rainbow trout. Dev Comp
Immunol. 2015;51:160-9. [DOI] [PubMed]

Alvarez CA, Santana PA, Salinas-Parra N, Beltran D, Guzméan F, Vega B, et al. Immune Modulation
Ability of Hepcidin from Teleost Fish. Animals (Basel). 2022;12:1586. [DOI] [PubMed] [PMC(]

Gonzdalez R, Gonzalez D, Stambuk F, Ramirez F, Guzman F, Mercado L, et al. A g-type lysozyme from the
scallop Argopecten purpuratus participates in the immune response and in the stability of the
hemolymph microbiota. Fish Shellfish Immunol. 2022;123:324-34. [DOI] [PubMed]

Guzman F, Marshall S, Ojeda C, Albericio F, Carvajal-Rondanelli P. Inhibitory effect of short cationic
homopeptides against gram-positive bacteria. ] Pept Sci. 2013;19:792-800. [DOI] [PubMed]
Carvajal-Rondanelli P, Aréstica M, Marshall SH, Albericio F, Alvarez CA, Ojeda C, et al. Inhibitory effect

of short cationic homopeptides against Gram-negative bacteria. Amino Acids. 2016;48:1445-56. [DOI]
[PubMed]

Carvajal-Rondanelli P, Aréstica M, Alvarez CA, Ojeda C, Albericio F, Aguilar LF, et al. Understanding the
antimicrobial properties/activity of an 11-residue Lys homopeptide by alanine and proline scan.
Amino Acids. 2018;50:557-68. [DOI] [PubMed]

Aréstica M, Rojas R, Aguilar LF, Carvajal-Rondanelli P, Albericio F, Guzman F, et al. Arginine
Homopeptide of 11 Residues as a Model of Cell-Penetrating Peptides in the Interaction with Bacterial
Membranes. Membranes (Basel). 2022;12:1180. [DOI] [PubMed] [PMC]

Rojas R, Aréstica M, Carvajal-Rondanelli P, Albericio F, Guzman F, Cardenas C. Relationship between
type Il polyproline helix secondary structure and thermal hysteresis activity of short homopeptides.
Electron ] Biotechnol. 2022;59:62-73. [DOI]

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, et al. UCSF Chimera—A

visualization system for exploratory research and analysis. ] Comput Chem. 2004;25:1605-12. [DOI]
[PubMed]

Arenas G, Guzman F, Cardenas C, Mercado L, Marshall SH. A novel antifungal peptide designed from
the primary structure of a natural antimicrobial peptide purified from Argopecten purpuratus
hemocytes. Peptides. 2009;30:1405-11. [DOI] [PubMed]

Alvarez CA, Guzman F, Cardenas C, Marshall SH, Mercado L. Antimicrobial activity of trout hepcidin.
Fish Shellfish Immunol. 2014;41:93-101. [DOI] [PubMed]

Explor Drug Sci. 2024;2:701-18 | https://doi.org/10.37349/eds.2024.00070 Page 716


https://dx.doi.org/10.1016/j.jbi.2014.11.003
http://www.ncbi.nlm.nih.gov/pubmed/25464113
https://dx.doi.org/10.1093/nar/gkv342
http://www.ncbi.nlm.nih.gov/pubmed/25883148
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4489253
https://dx.doi.org/10.1038/s42256-021-00348-5
http://www.ncbi.nlm.nih.gov/pubmed/34368623
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8340610
https://dx.doi.org/10.1038/nprot.2015.053
http://www.ncbi.nlm.nih.gov/pubmed/25950237
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5298202
https://dx.doi.org/10.1093/nar/gky427
http://www.ncbi.nlm.nih.gov/pubmed/29788355
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6030848
https://dx.doi.org/10.1016/j.ejbt.2023.01.005
https://dx.doi.org/10.1002/eji.1830250403
http://www.ncbi.nlm.nih.gov/pubmed/7737288
https://dx.doi.org/10.1016/j.dci.2015.03.007
http://www.ncbi.nlm.nih.gov/pubmed/25818364
https://dx.doi.org/10.3390/ani12121586
http://www.ncbi.nlm.nih.gov/pubmed/35739922
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9219549
https://dx.doi.org/10.1016/j.fsi.2022.03.015
http://www.ncbi.nlm.nih.gov/pubmed/35314329
https://dx.doi.org/10.1002/psc.2578
http://www.ncbi.nlm.nih.gov/pubmed/24243601
https://dx.doi.org/10.1007/s00726-016-2198-z
http://www.ncbi.nlm.nih.gov/pubmed/26922474
https://dx.doi.org/10.1007/s00726-018-2542-6
http://www.ncbi.nlm.nih.gov/pubmed/29468307
https://dx.doi.org/10.3390/membranes12121180
http://www.ncbi.nlm.nih.gov/pubmed/36557087
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9788509
https://dx.doi.org/10.1016/j.ejbt.2022.08.003
https://dx.doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
https://dx.doi.org/10.1016/j.peptides.2009.05.019
http://www.ncbi.nlm.nih.gov/pubmed/19481126
https://dx.doi.org/10.1016/j.fsi.2014.04.013
http://www.ncbi.nlm.nih.gov/pubmed/24794583

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Santana PA, Salinas N, Alvarez CA, Mercado LA, Guzman F. Alpha-helical domain from IL-8 of
salmonids: Mechanism of action and identification of a novel antimicrobial function. Biochem Biophys
Res Commun. 2018;498:803-9. [DOI] [PubMed]

Alvarez CA, Santana PA, Luna 0, Cardenas C, Albericio F, Romero MS, et al. Chemical Synthesis and
Functional Analysis of VarvA Cyclotide. Molecules. 2018;23:952. [DOI] [PubMed] [PMC]

Alvarez CA, Barriga A, Albericio F, Romero MS, Guzman F. Identification of Peptides in Flowers of
Sambucus nigra with Antimicrobial Activity against Aquaculture Pathogens. Molecules. 2018;23:1033.
[DOI] [PubMed] [PMC]

Medina L, Guzmén F, Alvarez C, Delgado JP, Carbonell-M B. Ramosin: The First Antibacterial Peptide
Identified on Bolitoglossa ramosi Colombian Salamander. Pharmaceutics. 2022;14:2579. [DOI]
[PubMed] [PMC(C]

Santana PA, Arancibia C, Tamayo L, Cumillaf JP, Roman T, Cardenas C, et al. First Insights about
Antiparasitic and Action Mechanisms of the Antimicrobial Peptide Hepcidin from Salmonids against
Caligus rogercresseyi. Pharmaceutics. 2024;16:378. [DOI] [PubMed] [PMC(]

Intiquilla A, Jiménez-Aliaga K, Guzman F, Alvarez CA, Zavaleta Al, [zaguirre V, et al. Novel antioxidant
peptides obtained by alcalase hydrolysis of Erythrina edulis (pajuro) protein. ] Sci Food Agric. 2019;
99:2420-7. [DOI] [PubMed]

Guzman F, Wong G, Roman T, Cardenas C, Alvarez C, Schmitt P, et al. Identification of Antimicrobial
Peptides from the Microalgae Tetraselmis suecica (Kylin) Butcher and Bactericidal Activity
Improvement. Mar Drugs. 2019;17:453. [DOI] [PubMed] [PMC(]

Leén R, Ruiz M, Valero Y, Cardenas C, Guzman F, Vila M, et al. Exploring small cationic peptides of
different origin as potential antimicrobial agents in aquaculture. Fish Shellfish Immunol. 2020;98:
720-7. [DOI] [PubMed]

Valero Y, Gonzdalez-Fernandez C, Cardenas C, Guzman F, Leén R, Cuesta A. NK-lysin peptides
ameliorate viral encephalopathy and retinopathy disease signs and provide partial protection against
nodavirus infection in European sea bass. Antiviral Res. 2021;192:105104. [DOI] [PubMed]

Cérdenas C, Guzman F, Carmona M, Muifioz C, Nilo L, Labra A, et al. Synthetic Peptides as a Promising
Alternative to Control Viral Infections in Atlantic Salmon. Pathogens. 2020;9:600. [DOI] [PubMed]
[PMC]

Nufiez SM, Guzman F, Valencia P, Almonacid S, Cardenas C. Collagen as a source of bioactive peptides:
A bioinformatics approach. Electron ] Biotechnol. 2020;48:101-8. [DOI]

Bartsch IM, Perelmuter K, Bollati-Fogolin M, Bartsch JA, Guzman F, Marshall SH. An in vitro model
mimicking the complement system to favor directed phagocytosis of unwanted cells. Electron ]
Biotechnol. 2021;49:5-13. [DOI]

Gauna A, Mercado L, Guzman F. Antimicrobial characterization of a titanium coating derived from
mussel-glue and Bothrops asper snake venom for the prevention of implant-associated infections
caused by Staphylococcus. Electron ] Biotechnol. 2022;56:31-8. [DOI]

Morrison KL, Weiss GA. Combinatorial alanine-scanning. Curr Opin Chem Biol. 2001;5:302-7. [DOI]
[PubMed]

Migon D, Jaskiewicz M, Neubauer D, Bauer M, Sikorska E, Kamysz E, et al. Alanine Scanning Studies of
the Antimicrobial Peptide Aurein 1.2. Probiotics Antimicrob Proteins. 2019;11:1042-54. [DOI]
[PubMed] [PMC(]

Grieco P, Luca V, Auriemma L, Carotenuto A, Saviello MR, Campiglia P, et al. Alanine scanning analysis
and structure-function relationships of the frog-skin antimicrobial peptide temporin-1Ta. ] Pept Sci.
2011;17:358-65. [DOI] [PubMed]

Raguine L, Ali M, Bender V, Diefenbach E, Doddareddy MR, Hibbs D, et al. Alanine scan of an
immunosuppressive peptide (CP): analysis of structure-function relationships. Chem Biol Drug Des.
2013;81:167-74. [DOI] [PubMed]

Explor Drug Sci. 2024;2:701-18 | https://doi.org/10.37349/eds.2024.00070 Page 717


https://dx.doi.org/10.1016/j.bbrc.2018.03.061
http://www.ncbi.nlm.nih.gov/pubmed/29530531
https://dx.doi.org/10.3390/molecules23040952
http://www.ncbi.nlm.nih.gov/pubmed/29671790
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6017059
https://dx.doi.org/10.3390/molecules23051033
http://www.ncbi.nlm.nih.gov/pubmed/29702623
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6100021
https://dx.doi.org/10.3390/pharmaceutics14122579
http://www.ncbi.nlm.nih.gov/pubmed/36559073
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9782819
https://dx.doi.org/10.3390/pharmaceutics16030378
http://www.ncbi.nlm.nih.gov/pubmed/38543272
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10975781
https://dx.doi.org/10.1002/jsfa.9449
http://www.ncbi.nlm.nih.gov/pubmed/30362128
https://dx.doi.org/10.3390/md17080453
http://www.ncbi.nlm.nih.gov/pubmed/31374937
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6722934
https://dx.doi.org/10.1016/j.fsi.2019.11.019
http://www.ncbi.nlm.nih.gov/pubmed/31730928
https://dx.doi.org/10.1016/j.antiviral.2021.105104
http://www.ncbi.nlm.nih.gov/pubmed/34087253
https://dx.doi.org/10.3390/pathogens9080600
http://www.ncbi.nlm.nih.gov/pubmed/32717804
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7459813
https://dx.doi.org/10.1016/j.ejbt.2020.09.009
https://dx.doi.org/10.1016/j.ejbt.2020.09.010
https://dx.doi.org/10.1016/j.ejbt.2022.02.001
https://dx.doi.org/10.1016/s1367-5931(00)00206-4
http://www.ncbi.nlm.nih.gov/pubmed/11479122
https://dx.doi.org/10.1007/s12602-018-9501-0
http://www.ncbi.nlm.nih.gov/pubmed/30569430
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6695355
https://dx.doi.org/10.1002/psc.1350
http://www.ncbi.nlm.nih.gov/pubmed/21337476
https://dx.doi.org/10.1111/cbdd.12080
http://www.ncbi.nlm.nih.gov/pubmed/23066996

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Jofré C, Guzman F, Cardenas C, Albericio F, Marshall SH. A natural peptide and its variants derived
from the processing of infectious pancreatic necrosis virus (IPNV) displaying enhanced antimicrobial

activity: a novel alternative for the control of bacterial diseases. Peptides. 2011;32:852-8. [DOI]
[PubMed]

Alvarez CA, Alvarado JE, Farias M, Carcamo CB, Flores H, Guzman F, et al. First insights about
orexigenic activity and gastrointestinal tissue localization of ghrelin from Corvina drum (Cilus
gilberti). Aquaculture. 2023;571:739468. [DOI]

ACD/Chemsketch Version 2021. 2.1 [software]. Advanced Chemistry Development I (ACD/Labs).
[cited 2024 Jun 10]. Available from: https://www.acdlabs.com/

Barrera NF, Melgarejo LM, Cruz-Gallego M, Cortés L], Guzman F, Calvo ]JC. Conformationally Restricted
Peptides from Rice Proteins Elicit Antibodies That Recognize the Corresponding Native Protein in
ELISA Assays. Molecules. 2018;23:2262. [DOI] [PubMed] [PMC(]

Mufioz-Gacitua D, Guzman F, Weiss-Lépez B. Insights into the equilibrium structure and translocation
mechanism of TP1, a spontaneous membrane-translocating peptide. Sci Rep. 2022;12:19880. [DOI]
[PubMed] [PMC]

Bucataru C, Ciobanasu C. Antimicrobial peptides: Opportunities and challenges in overcoming
resistance. Microbiol Res. 2024;286:127822. [DOI] [PubMed]

Chen N, Jiang C. Antimicrobial peptides: Structure, mechanism, and modification. Eur ] Med Chem.
2023;255:115377. [DOI] [PubMed]

Fetse ], Kandel S, Mamani UF, Cheng K. Recent advances in the development of therapeutic peptides.
Trends Pharmacol Sci. 2023;44:425-41. [DOI] [PubMed] [PMC]

Pereira AJ, de Campos L], Xing H, Conda-Sheridan M. Peptide-based therapeutics: challenges and
solutions. Med Chem Res. 2024;33:1275-80. [DOI]

Todaro B, Ottalagana E, Luin S, Santi M. Targeting Peptides: The New Generation of Targeted Drug
Delivery Systems. Pharmaceutics. 2023;15:1648. [DOI] [PubMed] [PMC(]

Yang S, Wang M, Wang T, Sun M, Huang H, Shi X, et al. Self-assembled short peptides: Recent advances
and strategies for potential pharmaceutical applications. Mater Today Bio. 2023;20:100644. [DOI]
[PubMed] [PMC]

Shi M, McHugh K]. Strategies for overcoming protein and peptide instability in biodegradable drug
delivery systems. Adv Drug Deliv Rev. 2023;199:114904. [DOI] [PubMed] [PMC(]

Wang ], Chen L, Qin S, Xie M, Luo SZ, Li W. Advances in biosynthesis of peptide drugs: Technology and
industrialization. Biotechnol J. 2024;19:e2300256. [DOI] [PubMed]

Explor Drug Sci. 2024;2:701-18 | https://doi.org/10.37349/eds.2024.00070 Page 718


https://dx.doi.org/10.1016/j.peptides.2011.01.026
http://www.ncbi.nlm.nih.gov/pubmed/21291934
https://dx.doi.org/10.1016/j.aquaculture.2023.739468
https://www.acdlabs.com/
https://dx.doi.org/10.3390/molecules23092262
http://www.ncbi.nlm.nih.gov/pubmed/30189617
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6225240
https://dx.doi.org/10.1038/s41598-022-23631-w
http://www.ncbi.nlm.nih.gov/pubmed/36400938
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9674684
https://dx.doi.org/10.1016/j.micres.2024.127822
http://www.ncbi.nlm.nih.gov/pubmed/38986182
https://dx.doi.org/10.1016/j.ejmech.2023.115377
http://www.ncbi.nlm.nih.gov/pubmed/37099837
https://dx.doi.org/10.1016/j.tips.2023.04.003
http://www.ncbi.nlm.nih.gov/pubmed/37246037
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10330351
https://dx.doi.org/10.1007/s00044-024-03269-1
https://dx.doi.org/10.3390/pharmaceutics15061648
http://www.ncbi.nlm.nih.gov/pubmed/37376097
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10300729
https://dx.doi.org/10.1016/j.mtbio.2023.100644
http://www.ncbi.nlm.nih.gov/pubmed/37214549
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10199221
https://dx.doi.org/10.1016/j.addr.2023.114904
http://www.ncbi.nlm.nih.gov/pubmed/37263542
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10526705
https://dx.doi.org/10.1002/biot.202300256
http://www.ncbi.nlm.nih.gov/pubmed/37884278

	Abstract
	Keywords
	Introduction
	Peptides as immunogenic epitopes
	Bioinformatic analysis
	Chemical synthesis
	Antibodies generation and validation

	Peptides as immunomodulators
	Peptides as models in structure-activity relationships
	Secondary structure determination by circular dichroism
	Antimicrobial activity
	Toxicity
	Peptide location by fluorescence microscopy
	Membrane disruption by SEM microscopy
	Peptides interacting with lipid vesicles
	Permeabilization assays
	Antifreezing activity

	Bioactive peptides and bioprospection
	Examples of de novo peptides determination from original material
	Peptide synthesis

	Additional tools and resources to work with peptides
	Alanine scanning and determination of key residues in structure and activity of peptides
	Labels for tracking peptides
	Proline as spacer in long peptides
	Special modified amino acids

	Final remarks
	Conclusions
	Abbreviations
	Declarations
	Acknowledgments
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	References

