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ABSTRACT

The recalcitrance of pathogens to traditional antibiotics has
made treating and eradicating bacterial infections more
difficult. In this regard, developing new antimicrobial
agents to combat antibiotic-resistant strains has become a
top priority. Antimicrobial peptides (AMPs), a ubiquitous
class of naturally occurring compounds with broad-
spectrum antipathogenic activity, hold significant promise
as an effective solution to the current antimicrobial
resistance (AMR) crisis. Several AMPs have been
identified and evaluated for their therapeutic application,
with many already in the drug development pipeline. Their
distinct properties, such as high target specificity, potency,
and ability to bypass microbial resistance mechanisms,
make AMPs a promising alternative to traditional
antibiotics. Nonetheless, several challenges, such as high
toxicity, lability to proteolytic degradation, low stability, poor
pharmacokinetics, and high production costs, continue to
hamper their clinical applicability. Therefore, recent
research has focused on optimizing the properties of
AMPs to improve their performance. By understanding the
physicochemical properties of AMPs that correspond to
their activity, such as amphipathicity, hydrophobicity,
structural conformation, amino acid distribution, and
composition, researchers can design AMPs with desired
and improved performance. In this review, we highlight
some of the key strategies used to optimize the
performance of AMPs, including rational design and de
novo synthesis. We also discuss the growing role of
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predictive computational tools, utilizing artificial intelligence
and machine learning, in the design and synthesis of
highly efficacious lead drug candidates.
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INTRODUCTION

With increasing concerns regarding untreatable infections,
researchers are racing to develop novel antimicrobial agents
to combat the growing epidemic of antimicrobial resistance
(AMR). The severity of AMR as a global crisis cannot be
underestimated. It poses a considerable threat to public
health, healthcare systems, and the effectiveness of
antimicrobial treatments. A recent report from Lancet Medical
indicated that AMR currently kills more than 1.2 million people
yearly and will be responsible for 10 million deaths annually by
2050 if the growing threat is not solved (Murray et al., 2022).
Of concern, many pathogens, including viruses, fungi, and
gram-negative and gram-positive bacteria, are increasingly
becoming unresponsive to available antimicrobial agents,
resulting in increased morbidity and mortality rates, with the
death toll due to AMR surpassing those of HIV and malaria
(Breijyeh et al., 2020; Jubeh et al., 2020). Under this trend, a
growing number of researchers and pharmaceutical
companies are evaluating potential alternatives to combat
superbugs, especially those related to nosocomial infections
from vancomycin-resistant enterococci, methicillin-resistant
Staphylococcus aureus (MRSA) (Grundmann et al., 2006),
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carbapenem-resistant strains of Acinetobacter baumannii and
Pseudomonas aeruginosa (Ramadan et al., 2018), and third-
generation cephalosporin-resistant bacterial strains (Fridkin
etal.,, 2001). In this regard, antimicrobial peptides (AMPs)
have shown excellent potential as next-generation
antimicrobial agents due to their ability to bypass microbial
resistance mechanisms (Erdem Buytkkiraz & Kesmen, 2022).
These small, naturally occurring molecules exhibit extensive
microbicidal activity against bacteria, fungi, and viruses.
Owing to their unique mechanism of action, primarily
disruption of microbial membranes or interference with
essential intracellular processes, AMPs present an excellent
opportunity to discover and develop novel therapeutics and
antimicrobial agents. Furthermore, AMPs have demonstrated
remarkable potential as alternatives to conventional antibiotics
due to their multimodal functionalities and low tendency to
select for the development of resistance (Benfield &
Henriques, 2020).

To date, more than 3 500 AMPs from various sources have
been cataloged in the “Antimicrobial Peptide Database” (APD)
and evaluated for their potential therapeutic application
(Figure 1) (Erdem Buyukkiraz & Kesmen, 2022; Kumar et al.,
2018; Tornesello et al., 2020; Wang et al., 2016, 2021b). The
extensive phylogenetic distribution of AMPs underscores the
rich evolutionary history of these molecules and their
importance in innate defenses. AMPs have been isolated from
organisms across the animal kingdom, including mammals,
amphibians, insects, crustaceans, and several other
invertebrates (Wang et al., 2016). The rich repertoire of AMPs
derived from animal sources provides a veritable treasure
trove of bioactive molecules with significant potential for the
development of novel therapeutic agents (Mwangi etal.,
2019a). With the increasing occurrence of drug-resistant
infections, isolating AMPs from animals has become a
promising strategy to bolster our antimicrobial arsenal. AMPs
are ubiquitous in mammalian gastrointestinal, respiratory, and
urogenital tracts, providing chemical barriers against infection
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(Radek & Gallo, 2007). Furthermore, the skins and mucosal
surfaces of frogs contain over 300 identified AMPs, offering
protection against microbes. For example, Li etal. (2007)
discovered 372 cDNA sequences encoding AMPs from the
skin of a single Odorrana grahami frog. These sequences
were organized into 30 diverse groups, 24 of which were
previously undescribed, resulting in the identification of 107
novel AMPs. These AMPs were further categorized into
structural-based families, including brevinins, esculentins,
palustrins, and gaegurins. Further sequence analysis revealed
that the considerable AMP diversification arose via mutations,
domain shuffling, and splicing, thereby generating diverse
families of AMPs descended from common ancestors. The
peptides also displayed a broad spectrum of antimicrobial
activities and immune functions, including mast cell activation,
bacterial membrane disruption, pore formation, and
intracellular effects (Li etal., 2007). Overall, this research
significantly expanded existing knowledge of sequence and
functional diversity of amphibian AMPs, offering key insights
into their evolutionary origins and defensive functions.

Yang etal. (2012) conducted extensive peptidomic and
cDNA analyses to elucidate the diversity of AMPs in frog skin
secretions. They first purified 198 high-performance liquid
chromatography (HPLC) fractions with antimicrobial activity
from the skin secretions of nine odorous frog species. Further
peptidomic analysis identified 80 native AMPs belonging to
several known families, including brevinins and esculentins,
while cDNA cloning identified the precursors for 728 mature
AMPs, including 662 novel sequences, thereby highlighting
the remarkable diversity of AMPs. Contrary to expectations of
species-specific uniqueness, identical AMPs were distributed
across multiple odorous frog species. The AMPs
demonstrated considerable diversity in size, structure, charge,
and disulfide bonding, with 71% containing a conserved C-
terminus cyclic motif. While the native peptides exhibited
potent antimicrobial activities, synthesized variants showed
enhanced immune modulating effects. The AMPs exhibited
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Figure 1 Graphical summary of origin and classification of antimicrobial peptides
A: Statistics showing number of AMPs from different sources cataloged in the Antimicrobial Peptide Database (APD: https://aps.unmc.edu/AP/) as
of June 2023 (Wang et al., 2016). B: Schematic representation summarizing various parameters used to classify AMPs.
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also strong antimicrobial activity against common bacterial
and fungal pathogens, thus highlighting the importance of
amphibians and other animals as an important source of novel
antimicrobial compounds.

Several AMPs, noted for their remarkable therapeutic
potential, are already in the drug development pipeline.
However, despite their inherent antimicrobial properties, not all
AMPs possess the characteristics necessary for next-
generation antimicrobials or clinical translation. Notably,
various challenges, including high toxicity, lability to proteolytic
degradation, low stability, poor pharmacokinetics, and high
production costs, continue to constrain their clinical
applicability (Zeng et al., 2021). As such, the design of AMPs
with enhanced performance has become a focal point of
research. Numerous methodologies and strategies have been
developed over the years to optimize the efficacy, specificity,
and therapeutic potential of both natural and synthetic AMPs,
including rational design, combinatorial chemistry, and
structural modification. Furthermore, an increased
understanding of the physicochemical-activity relationship of
AMPs has driven the rapid development of peptidomimetics, a
group of synthetic compounds that mimic both the structural
and functional characteristics of natural AMPs (Croft & Purcell,
2011; Lachowicz etal., 2020; Méndez-Samperio, 2014).
However, the design process for AMPs is complex and
requires a thorough understanding of their structure-activity
relationship. Furthermore, elucidating how these properties
can be manipulated to optimize AMPs to generate lead drug
candidates with desired qualities is essential. Several
excellent studies and reviews have provided detailed
discussions on the classification, properties, mechanisms of
action, and structures of AMPs. Therefore, this review will
focus on the design methods used to increase AMP
performance.

The ability to engineer and optimize AMP performance
opens new avenues for drug discovery, especially in an era
where AMR has become a serious global threat. This review
aims to offer valuable insights for researchers, clinicians,
pharmaceutical companies, and scientists interested in
designing and developing AMPs with improved performance,
ultimately contributing to the advance of novel and effective
antimicrobial therapies.

This review provides an overview of the diverse approaches
and design methods used to enhance the performance of
AMPs. Both conventional (chemical modification) and cutting-
edge techniques (computational techniques, artificial
intelligence (Al), and machine learning (ML) approaches)
utilized by researchers to improve the stability, activity,
selectivity, and safety profiles of new peptide sequences are
critically explored. Overall, this review highlights key factors
contributing to the successful design and optimization of high-
performance AMPs and attempts to shed light on future
directions and prospects in this dynamic field.

DESIGNING ANTIMICROBIAL PEPTIDES

Given their unique properties, AMPs hold remarkable potential
as next-generation antimicrobial agents. Nevertheless, their
clinical applicability is hampered by several drawbacks,
including low stability in certain physiological conditions (Zhao
et al., 2016), low specificity (Pachén-Ibanez et al., 2017), high
toxicity and hemolytic side effects, high production costs and
technical issues, and proteolytic degradation (Huan etal.,
2020). Therefore, overcoming these challenges is an active

area of research in the development of high-performance
AMPs. Designing AMPs is a complex process involving the
selection of appropriate amino acid sequences, optimization of
physicochemical properties, and evaluation of activity against
target microorganisms (Lee etal.,, 2022). AMPs possess
unique physical and chemical properties that can be optimized
through various design approaches to enhance their
therapeutic application potential (Huan etal., 2020). For
example, the cationic nature of many AMPs due to the
presence of positively charged amino acids with basic side
chains facilitates their initial electrostatic attraction to
negatively charged microbial cell surfaces, leading to bacterial
membrane disruption and subsequent cell death (Mwangi
etal.,, 2019a). Thus, the incorporation of positively charged
amino acids, such as lysine (Lys) and arginine (Arg), can
improve the cationicity of AMPs, thus enhancing their
selectivity for microbial membranes (Jin et al., 2016).

Furthermore, the amphipathic nature of many AMPs,
characterized by spatially segregated hydrophobic and
hydrophilic faces within their molecular structure (Huan et al.,
2020), is crucial for their antimicrobial activity. This
amphipathicity enables insertions into microbial membranes
while retaining solubility in aqueous environments (Cheng &
Zeng, 2022). Another key property of AMPs is their concise
sequence length, typically ranging from 10 to 50 amino acid
residues. Maintaining a sequence length under 50 amino
acids offers advantages in terms of cost-effective chemical
synthesis, enhanced stability, and reduced immunogenicity,
without compromising activity.

AMPs also have diverse amino acid compositions, allowing
for flexibility in the design of peptides with specific properties,
such as enhanced stability or selectivity against certain types
of pathogens (Huan et al., 2020). Many AMPs are resistant to
proteolytic degradation, enabling the maintenance of activity in
the presence of enzymes that would typically degrade
peptides or antibiotics. This property contributes to their
longevity in the host and their ability to persist in hostile
environments. Furthermore, AMPs also exhibit low selection
toward mammalian cells, which is crucial for minimizing host
harm while targeting pathogens.

Understanding the physicochemical properties of AMPs can
help overcome the challenges associated with their design for
therapeutic and biotechnological applications. Researchers
continue to explore and optimize these properties to develop
novel AMPs for various clinical and industrial purposes.
Rational optimization of these key physicochemical properties
through various design approaches, such as sequence
modifications, conformational constraints, and lipidation, can
improve the drug-like properties and therapeutic applicability
of AMPs.

Rational design: Chemical modification of antimicrobial
peptides

Rational design involves the design of AMPs using structural
and bioinformatic tools to predict the most effective amino acid
sequences and physicochemical properties for targeting
specific microorganisms. This may include altering existing
peptide sequences chemically or creating new peptide
mimetics with structural and functional similarities to known
peptides (peptidomimetics). Generally, rational design focuses
on several key attributes, including amino acid composition,
chain length, hydrophobicity, net positive charge, secondary
structure, and amphiphilicity, as investigated in multiple
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studies (Mwangi et al., 2019a; Zhang et al., 2019).

Chemical modification techniques, which include amino acid
substitution, halogenation, acetylation, cyclization,
nanoparticle conjugation, and peptidomimetics, are commonly
used to modify AMPs to improve their performance (Chan
et al., 2013; Datta et al., 2016; Gottler & Ramamoorthy, 2009;
Guan etal., 2019; Han etal., 2021; Jerala, 2007; Méndez-
Samperio, 2014). Peptide sequences of naturally occurring
AMPs are typically composed of several amino acid residues,
which can hinder translation to clinical application due to
immunogenicity, toxicity, and high cost of synthesis (Elnagdy
& Alkhazindar, 2020; Gan et al., 2021; Han et al., 2021; Haney
et al., 2019). Therefore, rational design enables researchers to
modify various parameters of AMPs to address their inherent
limitations. For example, incorporating non-natural amino
acids or using D-amino acids in place of L-amino acids in
peptide sequences can reverse the stereochemistry of natural
peptides, impacting their stability and antimicrobial activity
(Zhong et al., 2020). AMPs also feature an optimal balance of
hydrophobic and hydrophilic amino acids, which contributes to
their preferential interaction with typically negatively charged
microbial cell membranes (Giangaspero et al., 2001; Jin et al.,
2016; Lei etal., 2019; Leptihn etal., 2010). Additionally,
cationic residues, such as Lys and Arg, provide a net positive
charge, which increases the affinity of AMPs to microbial
membranes (Dennison etal., 2012; Edwards etal., 2016;
Mura et al., 2016). Modifying these parameters can impact the
structural conformation, physicochemical properties, and
antimicrobial activity of AMPs. For example, the incorporation
of Lys, His, and tryptophan (Trp) in peptide analogs of
mastoparan (a primary component of wasp venom)
significantly enhances their activity (Avram etal.,, 2012).
Consistently, we previously showed that Trp, Arg, and Lys
amino acid residues can increase the antimicrobial potency of
designed peptides (Jin et al., 2016; Mwangi et al., 2019b).

Rational peptide design also involves a combination of
several techniques and technologies, such as computational
modeling, structural analysis, experimental validation, and
bioinformatics tools, to design potent lead compounds.
Computational tools can be used to predict the three-
dimensional (3D) structure, hydrophobicity, hydrophilicity, and
net charge of peptides (Cesaro et al., 2022). For example, the
online webserver HeliQuest (https://heliquest.ipmc.cnrs.fr/)
enables users to obtain the helical wheel projections and

Magainin 2

Pexiganan

physicochemical properties of their peptide sequences, as well
as mutate peptide sequences either manually or automatically
to obtain peptide analogs with desired physicochemical
properties (Gautier et al., 2008). Moreover, other techniques,
such as nuclear magnetic resonance (NMR) and circular
dichroism (CD) spectroscopy, have been employed to predict
the secondary and 3D structures of new compounds. These
methodologies are crucial for the discovery, design, and
modification of peptide drugs (Cesaro et al., 2022; de Breij
et al., 2018).

Amino acid substitution

Modifying specific properties of AMPs, such as hydrophobicity,
amphipathicity, sequence length, distribution, and cationic
charge, can significantly impact their activity (Edwards et al.,
2016; Yin et al., 2012). As only a small fraction of key amino
acids contributes to the antimicrobial properties of AMPs,
other residues can be changed or removed without significant
impact on their activity. Substituting single or multiple amino
acids alters the physicochemical properties (e.g.,
hydrophobicity, net charge, and amphipathicity) of AMPs,
affecting their antimicrobial potency (Figure 2). For instance,
although the well-studied human cathelicidin has a primary
sequence of 37 amino acid residues, only the C-terminal
region (residues 17-29) has been shown to be antimicrobially
active and has been used as a template for the generation of
many potent peptide variants (de Breij etal., 2018;
Rajasekaran etal.,, 2017; Wang, 2008). For example,
replacing specific amino acid residues in the FK13 region of
the LL-37 peptide gives rise to multiple analogs, which exhibit
strong antimicrobial efficacy against multidrug-resistant
pathogens, including MRSA and vancomycin-resistant
Enterococcus faecium (VREF) (Rajasekaran etal., 2017).
Similarly, the KR-12 peptide generated by substituting Phe at
the 17" position of LL-37 displays potent antimicrobial activity
against Escherichia coli with minimal toxicity to animal cells
(Wang, 2008). Several other variants of LL-37 have shown
potent antimicrobial, antibiofilm, anticancer, and wound-
healing properties. For example, de Breij etal. (2018)
synthesized several analogs through random substitution of
amino acids from the C-terminal chain of LL-37, of which
SAAP-148 exhibited remarkable (micromolar range)
antimicrobial activity against a wide range of antibiotic-
resistant bacteria (MRSA and MDR A. baumannii), as well as

SAAP-148

Peptide Sequence Length Net Charge Hydrophobicity
Magainin 2 GIGKFLHSAKKFGKAFVGEIMNS 23 3 0.373
Pexiganan GIGKFLKKAKKFGKAFVKILKK 22 9 0.241
LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 37 6 0.201
SAAP-148 Ac-LKRVWKRVFKLLKRYWRQLKKPVR-NH, 24 1 0.301

Figure 2 Helical wheel projections of magainin 2, LL-37, and their derivatives (pexiganan and SAAP-148, respectively)
Chemical modification of AMPs through amino acid substitutions can alter their physicochemical properties (e.g., net charge and hydrophobicity),

leading to reduced toxicity and increased antimicrobial activity.
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antibiofilm activity, persister cell eradication, and wound-
healing properties ex vivo.

In a prior study, we identified a 30-amino-acid AMP
(cathelicidin-BF) derived from the venom of the snake species
Bungarus fasciatus (Wang et al., 2008). While this peptide
exhibited significant activity against many pathogens,
especially gram-negative bacteria, its applicability was
somewhat limited due to its long amino acid sequence and
hemolytic activity. Through subsequent optimization, including
library screening and structure-based design, we generated a
series of shorter peptides (15-17 amino acids in length) with
enhanced antimicrobial and therapeutic properties. ZY13
(VKRWKKWRWKWKKWV-NH2), a tryptophan and
lysine/arginine-rich cationic peptide, showed high efficacy
against antibiotic-resistant clinical isolates of Candida albicans
with minimal hemolysis (Jin et al., 2016b). Subsequent studies
showed that ZY13 inhibited ZIKA virus infection in vitro and in
mice models. The peptide directly inactivated ZIKV and
reduced the in-vivo replication of infectious virions (Xing et al.,
2020a). Furthermore, ZY4, a cyclic 17-amino-acid peptide
stabilized with a cysteine-cysteine disulfide bridge, showed
potent antimicrobial activity against common and antibiotic-
resistant isolates of A. baumannii and P. aeruginosa, as well
as robust antibiofilm and anti-persister cell activities, leading to
the complete eradication of preformed biofilms within a few
hours (Mwangi et al., 2019b).

Naturally occurring AMPs generally show a positive (+2 to
+13) charge (Erdem Blylkkiraz & Kesmen, 2022; Huan et al.,
2020). Altering the total net charge via cationic amino acid
residue substitution may impact their affinity and interactions
with  negatively charged microbial membranes, thus
influencing their antimicrobial activity (Lopez Cascales et al.,
2018; Omardien et al., 2016; Singh et al., 2016). For example,
a more positively charged aurein 1.2 (GLFDIIKKIAESF-NH,),
a short and potent peptide derived from the skin of the Litoria
aurea frog, significantly enhances its antibacterial activity
(Ramezanzadeh et al., 2021). Furthermore, aurein M2 with a
+5 net charge obtained through the substitution of Glu 11 and
Asp 4 of aurein 1.2 shows increased antibacterial activity
against P. aeruginosa, S. aureus, and E. coli compared to its
parent peptide, which has a net positive charge of +1
(Ramezanzadeh et al., 2021). However, although increasing
the cationic charge of AMPs can enhance their antimicrobial
activities, exceeding a certain threshold has been shown to
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increase their toxicity (Singh et al., 2016).

Capping (terminal/side chain modification)

Post-translational modifications are commonly applied
techniques in peptide-drug engineering. Generally, natural
AMPs, such as cathelicidins, defensins, and aureins, are
amidated (—NH,) at the C-terminal, which is correlated with
their structural conformity and antimicrobial activity (Kumar
et al., 2018). The secondary structure or conformation of an
AMP is crucial for its interactions with microbial cell
membranes (Pastore et al., 2020; Qian et al., 2008; Smirnova
et al., 2004; Yokoo et al., 2021). For example, the RANA box
(a cyclic heptapeptide at the C-terminal containing a
conserved disulfide bond) found in most AMPs obtained from
ranid frogs has been shown to enhance their antibacterial
properties (Bao etal.,, 2018; Dennison etal., 2015; Zhang
et al., 2019). Capping involves the modification or addition of
specific motifs to the terminal or side chains of AMPs and is
an effective strategy for enhancing the stability and efficacy of
AMPs (Brinckerhoff et al., 1999; Dennison et al., 2015; Sforca
etal.,, 2004; Urnukhsaikhan etal., 2021). Common AMP
capping techniques include C-terminal modification
(amidation) and N-terminal modification  (acetylation,
methylation, and lipidation) (Figure 3). These techniques
enhance the conformational stability of AMPs and protect
them from enzymatic degradation while maintaining or
enhancing their antimicrobial potency (Brinckerhoff etal.,
1999; Croft & Purcell, 2011; Li etal., 2021; Sandin etal.,
2021; Zhang et al., 2019). In the process of amidation, the C-
terminal end of a peptide —the carboxyl group (-COOH) is
converted into a carboxamide group (CONH2) by replacing a
hydroxyl group with a nitrogen atom. This process can be
achieved by chemically or enzymatically adding an amide
group to the C-terminal end of the peptide and has been
shown to increase the stability and lower the toxicity (Mura
etal.,, 2016; Sforca etal.,, 2004). For example, C-terminal
carboxyl-amidated aurein 2.5 (GLFDIVKKVVGAFGSL-
CONH2) exhibits increased antimicrobial potency against K.
pneumoniae compared to its C-terminal carboxylated
(GLFDIVKKVVGAFGSL-COOH) analog (Dennison etal.,
2012). C-terminal amidation increases the efficacy of peptides
due to enhanced conformational stability (Mura et al., 2016;
Yakimov et al.,, 2016). For example, the carboxyl-amidated
peptide modelin-5-CONH2 displays greater helix stability and
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» Improved structural stability
* Enhanced resistance to enzymatic degradation
* Increased antimicrobial activity

Figure 3 Representation of several techniques (C-terminal amidation and N-terminal modification acetylation) used to optimize AMP

performance
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efficacy against E. coli than its non-amidated analog modelin-
5-COOH (Dennison & Phoenix, 2011).

In addition to C-terminal modification, side chain
modifications are effective strategies for designing AMPs with
improved antibacterial activity, enhanced stability under
physiological conditions, and increased resistance to
proteolytic degradation. For example, lipidation of the N-
terminal domain (addition of non-natural amino acids such as
lipids) can reduce cytotoxicity, increase resistance to
proteolytic degradation, and enhance antibacterial activity
(Datta etal.,, 2016; Jerala, 2007; Malina & Shai, 2005).
Lipidation increases the potency of AMPs by strengthening the
interaction between the fatty acid-peptide conjugate and
microbial plasma membrane (Rounds & Straus, 2020). Other
N-terminal modifications, such as methylation and acetylation,
can also enhance resistance to enzymatic degradation and
improve antimicrobial activity (Han et al., 2021; Nevitt et al.,
2018). Methylation involves adding a methyl group to the N-
terminus group, especially Lys and Arg residues, which can
change the hydrophobicity and conformational structure of the
peptide, thus affecting its activity (Chen & Kashina, 2021). For
example, a methylated analog of anoplin—a peptide isolated
from the venom of the solitary wasp Anoplius
samariensis—retains its microbicidal activity even under harsh
physiological conditions and exhibits increased resistance to
protease degradation (Liu et al., 2020). Similarly, acetylation,
the addition of an acetyl group (-COCHj3), can enhance the
helicity of AMPs and promote resistance to proteolytic
degradation while increasing antimicrobial potency (Kang
et al., 2022; Li et al., 2021; Papanastasiou et al., 2009).

Halogenation
Halogenation is another valuable strategy for optimizing the
properties of a wide range of bioactive compounds, including
AMPs. This process involves the addition of one or more
atoms, such as chlorine, fluorine, bromine, and iodine, into
these compounds to achieve desired properties. Halogenation
is considered a more effective approach than any other type of
amino-acid substitution in improving drug performance, with
more than a third of drugs under clinical trials being
halogenated (Jiang et al., 2016; Shah etal., 2017; Shearer
etal., 2022). Benedetto Tiz etal. (2022) provide several
examples of halogenated drugs approved by the FDA.
Halogenation can be applied to optimize the degradability of
therapeutic agents, lipophilicity, catabolic stability, and
membrane permeabilization properties (Huhmann & Koksch,
2018; Mardirossian et al.,, 2021). For example, fluorination
(addition of fluorine atoms) is extensively used to enhance the
pharmacokinetics of antimicrobial agents. Several drugs
currently under clinical investigation and some approved for
application, such as Ciprobay (antibacterial ciprofloxacin),
Lipitor (cholesterol-lowering drug), and Prozac
(antidepressant), contain fluorine ions (Miller etal., 2007).
Due to the capacity of fluorine to alter the electrostatic
properties of bioactive compounds, its addition provides an
excellent opportunity for drug improvement. Notably, fluorine
can alter the conformational structure of aliphatic halogenated
amino acid-containing peptides, thereby influencing their
pharmacological properties, such as resistance to proteolytic
degradation (Asante et al., 2014; Berger et al., 2017; Robalo
etal., 2017).

Halogenation exerts a transformative effect on the
properties of AMPs, leading to enhanced stability, improved
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solubility, and increased antimicrobial activity, including under
harsher physiological conditions, thereby improving their
efficacy against target pathogens (Mardirossian et al., 2021).
For example, the halogenation of jelleine-l, a short AMP
purified from the venom of the royal jelly of honeybees (Apis
mellifera), markedly enhances its therapeutic performance (Jia
etal.,, 2019). The substitution of phenylalanine with its
halogenated phenylalanine analog leads to a significant
increase in the antibacterial and antibiofilm activities of peptide
derivatives, as well as heightened stability (Jia et al., 2019).
Jia etal. (2023) also found that halogenated jelleine-1
derivatives exhibit high efficacy against bacterial-associated
colorectal cancer (CRC), outperforming the common antibiotic
metronidazole. These findings highlight the effectiveness of
halogenation as a strategy for enhancing the potency of
therapeutic agents.

Cyclization

Cyclization involves the transformation of linear peptides into
cyclic peptides to achieve desired effects, such as improved
stability and resistance to proteolytic degradation (Li et al.,
2021; Zhao et al., 2022). Cyclization can be achieved through
various mechanisms. One approach involves forming a
disulfide bond between two cysteine residues in the peptide
sequence, typically achieved by oxidizing the thiol groups
(—SH) of these cysteine residues to create a disulfide linkage
(-S—-S-) (Chan etal., 2013; Kwon et al., 2016; White et al.,
2022). An alternative strategy employs head-to-tail cyclization
by introducing a beta-lactam moiety that serves as a
connecting bridge between the N- and C-termini of the
peptide. This beta-lactam bridge, a structural feature also
observed in antibiotics such as cephalosporins and penicillins,
comprises a four-membered ring with a carbonyl group (C=0)
and a nitrogen atom (N), conferring a cyclic orientation to the
peptide (Figure 4).

Cyclization grants significant advantages upon AMPs,
particularly in terms of increased structural stability both in
vitro and in vivo. Cyclic AMPs are more resistant to enzymatic
digestion, which can enhance their bioavailability and half-life
in vivo. Cyclic AMPs are also less susceptible to
conformational changes that can lead to loss of antimicrobial
potency. Additionally, cyclization can enhance antimicrobial
activity due to increased membrane penetration and disruption
of peptide activity (Chan et al., 2013; Cheneval et al., 2014;
Durek et al., 2018; Hellinger et al., 2021; Kwon et al., 2016;
White etal.,, 2022; Zhao etal., 2022). For example, cyclic
analogs of tachyplesin I, II, and Ill, AMPs with anticancer and
antibacterial activities isolated from horseshoe crabs, exhibit
reduced hemolytic activity and improved stability compared to
their parent peptides (Vernen et al., 2019). In a prior study, we
demonstrated that the disulfide-bridge-cyclized AMP ZY4
displayed significant in vitro and in vivo stability, resistance to
enzymatic degradation for over 10 h, and heightened
antimicrobial activity against multidrug-resistant nosocomial
pathogens (Mwangi et al., 2019¢).The heightened efficacy of
cyclic peptides compared to linear peptides is due to the
formation of more compact structures (Zhao etal., 2022).
Various modes of cyclization, such as head-to-cyclization,
disulfide bond formation, and internal side-chain bonding,
have been observed in natural AMPs (Huan et al., 2020). For
example, naturally occurring cyclic AMPs, such as defensins
and magainins from mammals, plants, and insects,
consistently exhibit potent antimicrobial activity.
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Figure 4 Two linear AMP cyclization techniques (disulfide bridge formation and head-to-tail beta-lactam ring formation)

Cyclization enables the design and synthesis AMPs with
desired structural and functional properties. By choosing
amino acid distribution and cyclization position, researchers
can modify the physicochemical properties of cyclic AMPs to
optimize conformational stability, antimicrobial activity, and
pharmacokinetic properties. However, in some cases,
cyclization can lower AMP activity due to interference by AMP-
target interactions (Kumar et al., 2018). Moreover, the high-
cost of AMP cyclization and chemical synthesis hinders large-
scale production.

Conjugation with nanoparticles

Nanotechnology is a rapidly evolving field involving the
generation and manipulation of nanoparticles (nanoscale
materials or devices) in science, engineering, and medicine.
Nanomedicine, a relatively new field of science, combines
nanotechnology with drugs to improve pharmacological
properties, such as drug delivery, stability, target specificity,
and uptake (Fadaka et al., 2021; Natan & Banin, 2017; Thapa
et al.,, 2021; Whitesides & Boncheva, 2002). Several forms of
nanoparticles, such as ceramics, carbon-based, lipid-based,
and semiconductors, are increasingly used to design novel
AMPs with improved performance (Figure 5) (Biswaro et al.,
2018; Fadaka etal., 2021; Natan & Banin, 2017; Teixeira
etal., 2020). Incorporating AMPs into nanoparticles can
enhance their stability and antimicrobial activity (Biswaro
et al., 2018). Integrating nanotechnology in AMPs involves two
main approaches, namely passive and direct delivery. In
passive delivery, the peptide targets are encapsulate in
nanoparticles without any surface modification (Teixeira et al.,
2020), while direct delivery involves the conjugation of AMPs
to surface-modified nanoparticles to facilitate targeted delivery
to intended sites. Both approaches have proven to be effective
in developing antimicrobial agents with improved performance.
Biswaro etal. (2018) provide several examples of
antimicrobial agents that have been formulated with
nanoparticles.

Due to their small size, nanoparticles have a large specific
surface area for loading drug molecules. Metallic
nanoparticles, such as silver and zinc oxide, exhibit
antimicrobial properties, thus complementing the microbicidal
activity of AMPs (Xie etal.,, 2011; Yin etal.,, 2020). Silver
nanoparticles (AgNPs) demonstrate both in vitro and in vivo

activity against several bacterial pathogens (Bruna etal.,
2021; Urnukhsaikhan et al., 2021). The conjugation of AMPs
with AgNPs has also been shown to enhance their
antimicrobial activity. For example, encapsulation of the AMP
Tet-213 with AgNPs resulted in synergistic antibacterial and
wound-healing activity (Jin et al., 2021). Combining the AMP
P-13 with AgNPs not only improved the stability and bacterial
killing effect of the compound but also reduced its cytotoxicity
(Gao etal, 2020). Similarly, gold nanoparticles (AuNPs)
complement the potency of AMPs, reduce their toxicity, and
increase their serum stability (Rai etal., 2016; Rajchakit &
Sarojini, 2017). For example, the conjugation of the AMP
esculentin-1a derived from frog skin not only enhances its
membrane permeabilization activity and resistance to
proteolytic degradation but also increases its wound healing
activity (Casciaro etal., 2017). Compared to other metallic
NPs, AuNPs are attractive due to their comparatively higher
tissue and cell compatibility, higher stability, more inert nature,
and lower toxicity (Han et al., 2021; Yafout et al., 2021).

Other nanoparticles, such as polymeric NPs (poly lactic-co-
glycolic acid (PLGA)) and magnetic NPs, have also been
incorporated into AMPs. PLGA is characterized by low toxicity,
controlled and sustained-release properties, and high
biocompatibility, making it an effective drug delivery system
(Tabatabaei Mirakabad etal.,, 2014). For example, the
formulation of Smarter PLGA-Based Nanocrystal Carriers
(SGNCs) with gliclazide, a Biopharmaceutics Classification
System (BCS) class Il drug for treating type 2 diabetes
mellitus, overcame drug delivery and therapeutic challenges,
showing significantly improved solubility, dissolution rate, and
bioavailability in a type-2 diabetes rat model compared to pure
gliclazide (Panda etal., 2019). Other studies have
demonstrated that GIBIM-P5S9K AMPs encapsulated with
PLGA exhibit significantly greater antimicrobial activity (20
times) against E. coli, MRSA, and P. aeruginosa than non-
encapsulated analogs (Cruz etal.,, 2017; Gomez-Sequeda
et al., 2020).

The development of peptide-based nanomedicines has
emerged as an important research area, especially the
conjugation of peptides with nanomaterials to control drug
release and targeting (Lee etal., 2019). Notably, the
conjugation of AMPs with NPs presents an attractive
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Figure 5 Conjugation or encapsulation of AMPs with different nanoparticles to optimize performance

opportunity to design self-assembling compounds with
increased stability and antimicrobial activity (Lombardi et al.,
2019). Peptide self-assembly involves the spontaneous
formation of stable structures, such as nanofibers, nanotubes,
and vesicles, driven by non-covalent interactions, such as
electrostatic interactions, hydrogen bonding, and van der
Waals forces, within the peptide (Whitesides & Boncheva,
2002). Based on these interactions, peptide self-assembly can
be controlled to obtain supramolecular compounds that can
disassemble upon contact with a target (Lombardi etal.,
2019). Self-assembling AMPs display several advantages,
such as biocompatibility, improved stability in diverse
physiological conditions, lower toxicity, high resistance to
proteolytic degradation, and improved antimicrobial activity
(Whitesides & Boncheva, 2002; Ye etal.,, 2019; Yu etal.,
2016). For example, the self-assembled AMP dhvar2
(KRLFKELLFSLRKY), a derivative of histatin 5, exhibited
improved antibacterial activity compared to its parent peptide
(Schnaider etal., 2020). Furthermore, the self-assembly of
supramolecules of human a-defensin 5 through myristylation
of the C-terminal can significantly improve its microbicidal
activity against MRSA and E. coli, with minimal toxicity or
hemolytic activity than non-assembling analogs (Lei etal,
2018).

Peptidomimetics

AMPs have emerged as attractive candidates for drug
discovery; however, their inherent limitations continue to
hinder their clinical applications. Therefore, peptidomimetics, a
class of synthetic molecules engineered to mimic the
structural and functional properties of known AMPs, offer a
promising solution to overcome these challenges (Kuppusamy
etal., 2019; Méndez-Samperio, 2014). Peptidomimetics
display similar biological activities as their parent peptides but
with enhanced structural stability and pharmacokinetic
properties (Kuppusamy etal., 2019). These synthetic
molecules have garnered increasing interest due to their
significant potential for application in drug discovery, including
the treatment of various diseases, AMR-associated infections,
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autoimmune disorders, cancers, and viral infections (Lenci &
Trabocchi, 2020). Several drugs developed using
peptidomimetics have already been approved for clinical
application.  For example, liraglutide (Victoza), a
peptidomimetic drug that mimics the action of the hormone
glucagon-like peptide-1 (GLP-1) (Jackson etal., 2010),
enhances the secretion of insulin while suppressing glucagon
release, and has been approved for the treatment of type 2
diabetes (lepsen et al., 2015). Additionally, compared to the
GLP-1 parent, liraglutide has a longer half-life, allowing for
once-daily dosing (Jackson et al., 2010). Enfuvirtide (Fuzeon),
a peptidomimetic drug used as an antiviral therapy for HIV,
mimics a specific region of the HIV-1 gp41 protein, preventing
viral attachment to host cell receptors and entry into the cells
(Kitchen etal.,, 2008). Oritavancin  (Orbactiv®), a
peptidomimetic antibiotic approved for treating certain
microbial infections, such as skin structure and acute bacterial
skin infections (Brade et al., 2016), mimics the structure of the
peptide antibiotic vancomycin and demonstrates potent
activity against gram-positive bacteria (Syed & Scott, 2015).
Maraviroc  (Selzentry®), a peptidomimetic medication
approved for the treatment of HIV-1 infection
(Vandekerckhove et al.,, 2009), is a CCR5 antagonist that
mimics the structure of the natural ligand of the CCR5
receptor to inhibit HIV from entering immune cells, thus
reducing viral replication and infection progression (Lopalco,
2010; Mohamed et al., 2022). Ibrutinib (Imbruvica®) is a small
molecule drug used for the treatment of chronic lymphocytic
leukemia (CLL) and mantle cell lymphoma in adults (Parmar
et al., 2014).

A key advantage of peptidomimetics is their improved
stability and performance compared to parent peptides. More
importantly, peptidomimetics hold significant promise in the
fight against AMR as they exhibit enhanced antimicrobial
potency against broad-spectrum microorganisms and can
circumvent various mechanisms that make pathogens
resistant to conventional antibiotics and AMPs (Kuppusamy
etal., 2019; Molchanova etal.,, 2017; Qvit etal, 2017).



Several peptidomimetics with unique structural scaffolds, such
as peptoids, a-peptides, peptoid hybrids, and B-peptoids, have
been reported (Flint & Davis, 2022; Ghosh & Haldar, 2015;
Karlsson etal., 2010; Kuppusamy et al., 2019; Makobongo
etal., 2012; Molchanova etal., 2017; Olsen etal., 2007;
Srinivas etal.,, 2010). Several approaches are used to
generate peptidomimetics (Figure 6), enabling researchers to
design and synthesize compounds with peptide-like
characteristics but improved properties, such as enhanced
stability, bioavailability, or target selectivity.

Substitution is the most commonly applied technique in the
modification of AMPs. Substituting specific amino acids in an
AMP sequence with structurally similar or modified amino
acids can improve the properties of the peptide. Native amino
acids can be substituted with non-natural amino acids to
introduce unique chemical and structural properties into the
peptide mimetic. Such non-natural amino acids may possess
different functional groups or modified side chains, thus
creating novel interactions or enhanced stability. For example,
replacing a native amino acid with a non-natural amino acid,
such as a halogen (fluoride), N-methyl amino acid, or B-amino
acid, can affect peptide conformation and resistance to
enzymatic degradation (D’Souza etal., 2021; Kumar et al.,
2018). Similarly, substituting a L-amino acid with a D-amino
acid can increase the conformational stability of a peptide,
thus increasing its resistance to proteolytic degradation and its
pharmacokinetic properties (Cai & Wei, 2021; Won et al.,
2011). D-amino acids are less susceptible to enzymatic
degradation and can enhance stability while maintaining
overall peptide conformation and antimicrobial activity.
Danalexin, a derivative of the AMP ranalexin derived from the
skin of the American bullfrog (Rana -catesbeiana),
demonstrates superior pharmacokinetic properties in mouse
models and, due to its exclusive composition of D-amino
acids, offers enhanced stability and antimicrobial potency
compared to its parent sequence (Domhan et al., 2019).

In addition to substitutions, peptidomimetics can be
designed by altering the physicochemical properties of
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peptides (e.g., cationic charge, hydrophobicity, and
amphipathicity) by changing the ratio of hydrophobic and
hydrophilic amino acid residues in the peptide sequence
(Edwards et al., 2016). Increasing the hydrophobicity and net
positive charge of peptides by introducing hydrophobic
building blocks can increase electrostatic interaction with
microbial cells, thus enhancing its antimicrobial potency
(Lachowicz et al., 2020; Matthyssen et al., 2022). Replacing
hydrophobic building blocks with more hydrophilic amino acids
can reduce the aggregation propensity of peptides, thus
enhancing their penetration across microbial cell membranes
as well as their antimicrobial potency (Al Musaimi et al., 2022).
For example, the addition of hydrophobic amino acids, such
as Trp, at strategic positions of the peptide sequence can
promote peptide-microbial membrane interactions, thus
increasing biological activity (Jin et al., 2016; Zhu et al., 2014).
Similarly, backbone modifications of peptide mimetics by
incorporating non-peptide linkers or cyclization can alter the
overall hydrophobicity-hydrophilicity balance and the
physicochemical properties of peptidomimetics. Cyclization of
peptides through side-chain (cysteine-cysteine) disulfide
bridge formations or other ring-forming strategies (N- to C-
terminal beta-lactam rings) can promote conformational
stability and antimicrobial activity of peptide mimetics. For
example, in our prior work, introducing a disulfide bond to
cyclize a linear AMP significantly enhanced its resistance to
proteolytic enzymes, such as elastase, trypsin, and a-
chymotrypsin, allowing it to withstand degradation for up to 10
h while maintaining its antimicrobial activity, compared to the
linear peptide, which was degraded within 30 min (Mwangi
et al., 2019d).

Peptidomimetics can also be designed using computational
techniques, such as molecular modeling and computer-aided
drug design (CADD) (Farhadi & Hashemian, 2018). Computer-
aided tools and algorithms are regularly used to identify
physicochemical properties, predict 3D structures, assess
binding affinities, and evaluate potential pharmacokinetic
characteristics of compounds (Farhadi & Hashemian, 2018;
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Figure 6 Representation of several techniques used to generate peptidomimetics
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Prieto-Martinez etal., 2019). For example, the DeepCubist
molecular generator, which uses 3D scaffolds to design novel
peptides, was recently developed to precisely mimic bioactive
peptide conformations (Umedera etal., 2023). Generally,
computer-aided tools can be used to screen large libraries of
small molecules and identify those that mimic the structure
and activity of known peptides. These techniques can also be
used to predict the affinity for and binding sites of the target
peptide, and further optimize the specificity of the
peptidomimetic to that site (Mitchell, 2014; Prieto-Martinez
etal.,, 2019). Once peptidomimetic candidates have been
designed, they can be evaluated for therapeutic potential,
specificity, and toxicity using in vitro and in vivo assays, with
the most promising candidates subsequently selected for
further development and clinical application.

Despite the potential of peptidomimetics, the field is still in
its infancy and designing and developing these peptides
remain a considerable challenge, requiring a thorough
understanding of their structure-activity relationships and
pharmacokinetic properties. Furthermore, the design and
development of peptidomimetics as therapeutic agents is still
a new field, and further research is needed to fully grasp their
potential and limitations.

De novo design
De novo design employs computational tools, including Al and
ML, to generate novel AMP sequences with specific properties
based on amino acid position preference, composition, and
frequency (Figure 7) (Mouchlis etal., 2021; Schneider &
Schneider, 2016), yielding sequences with significant amino
acid diversity, structural conformations, and modes of action.
A thorough understanding of the physicochemical properties
and structure-activity relationship of AMPs has enabled
researchers to predict and design new peptide sequences with
desired qualities. This involves using computational tools and
algorithms to predict the structure-activity relationship of
desired peptides based on several properties unique to AMPs
and then evaluate their potential antimicrobial activities (Yan
et al., 2022).

Recently, cutting-edge technologies have accelerated the
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design and discovery of new lead drug candidates. Al has
increasingly been used to design high-efficacy AMPs by
screening millions of available peptide sequences and
identifying similar functional motifs and properties, as well as
develop and train ML models that predict the potential
antimicrobial activity of a given peptide against a specific
pathogen based on its physicochemical properties. Using
large datasets of known AMPs, these models can be trained
to predict various properties of new peptide sequences,
allowing for the rapid design of novel AMPs with high efficacy
(Figure 8) (Nagarajan etal., 2018; Wang et al., 2021a). For
example, the “quantitative structure-activity relationship”
(QSAR) ML model, which predicts the pharmacological
potential of peptides using physicochemical descriptors, has
become a valuable tool for designing potent antimicrobial
agents (Mitchell, 2014; Taboureau, 2010). By correlating
chemical properties, such as electrostatic charge and
molecular weight, the QSAR tool can not only predict the
biological activity or toxicity of compounds based on their
molecular structure but can also identify lead compounds for
drug development (Keyvanpour & Shirzad, 2021; Lévéque
et al., 2022).

Based on large datasets of AMPs available in several
databases, researchers can use Al and ML models to rapidly
screen through millions of peptide sequences and select those
with potent antimicrobial activity. Several AMP databases,
such as APD3 (Wang et al., 2016), DRAMP v2.0 (Kang et al.,
2019), and CAMP (Thomas et al., 2010), as well as online
tools such as Ensemble-AMPPred (Lertampaiporn etal.,
2021) and dbAMP v2.0 (Jhong etal.,, 2022), can help
researchers identify known AMPs and generate novel
peptides sequences. Several ML models have also been used
to design and optimize novel peptide sequences.

Support vector machines (SVMs)

SVMs, a class of supervised ML algorithms, have become a
powerful approach to predict the antimicrobial activity of novel
AMPs against various target pathogens (Maltarollo etal.,
2019). SVM algorithms work by analyzing large datasets to
find the optimal hyperplane that separates positive and
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negative examples in the training data (Cervantes etal,
2020). SVMs are used in AMP design to predict peptide
structural scaffolds or amino acid compositions with the
highest affinity and activity against specific targets or
pathogens. In this approach, SVM ML models are trained
using available datasets of AMPs with known activity against
specific pathogens (Spanig & Heider, 2019). Such training
incorporates various attributes that contribute to their
antimicrobial activity, such as amino acid composition,
distribution, net charge, and hydrophobicity. SVM models can
also be trained to predict AMPs with high selectivity to target
pathogens but with minimal harm to host cells or normal flora.
These models enable the design of high-performing peptides,
with the most promising candidates subsequently selected for
further optimization and testing, thus accelerating drug
discovery. Several user-friendly web server models that use
SVMs have been trained and developed to enhance peptide
activity prediction. For example, ClassAMP (http://www.
bicnirrh.res.in/classamp/) is a ML algorithm that uses SVMs to
predict the potential antibacterial, antifungal, and antiviral
properties of new peptide sequences with high accuracy
(Joseph et al., 2012). The web-based tool iAMPpred (http://
cabgrid.res.in:8080/amppred/) (Meher et al., 2017) is trained
on a dataset of 4 496 AMPs and 3 409 non-AMP's, allowing for
the prediction of potential peptide activity with high accuracy
(Meher etal, 2017). AntiBP2 (https://webs.iiitd.edu.in/
raghava/antibp2/), another web-based tool, uses SVMs to
predict the activity of novel AMPs with an overall accuracy of
92.14% based on amino acid composition (Lata et al., 2010).
CAMPR3 (www.camp3.bicnirrh.res.in) (Waghu et al., 2016),
LAMP (http://biotechlab.fudan.edu.cn/database/lamp) (Zhao
etal,, 2013), and DBAASP (http://www.biomedicine.org.ge/
dbaasp/) (Gogoladze et al., 2014) are further examples.

Random forest

Random forest ML algorithms can be applied to a wide range
of data analysis tasks, including the study and design of
AMPs. The random forest algorithm, which uses an ensemble
learning approach combining multiple decision trees to make
predictions based on existing data, is one of the most

commonly used ML algorithms, whereby each decision tree is
built based on randomly selected subsets of training data and
selected features (Cutler etal., 2012; Liu et al., 2012). Final
prediction is based on the majority vote of the individual trees
in the random forest, resulting in more accurate predictions. In
the context of AMPs, random forests are trained on a dataset
of known AMPs, based on their physicochemical properties,
structures, and activities against specific microbial targets, to
develop models that can predict the efficacy of novel AMPs.
This provides a powerful approach for screening large libraries
for potential antimicrobial agents, allowing researchers to
focus on the most promising drug candidates (Lee et al., 2017;
Spanig & Heider, 2019). A significant advantage of random
forests is that they can identify key structural features strongly
associated with activity, thus guiding the design of new AMPs
with optimized target specificity and activity. Several models
have been trained using random forests, enabling the rapid
development of new lead drug candidates (Lee et al., 2017).
Many of these models are available as user-friendly
webservers, allowing researchers to predict the potential
antibacterial, antifungal, and antiviral activities of peptide
sequences (Vishnepolsky et al., 2018; Yan et al., 2022). For
example, Bhadra et al. (2018) trained the amPEP RF model
using a dataset of 3 268 AMPs based on amino acid
distribution along the peptide sequences and achieved 87.2%
accuracy in predicting the antimicrobial properties of AMPs.

Deep neural networks (DNNs)

DNNs are a type of deep learning approach used for various
ML tasks, including the prediction of antimicrobial activity,
hemolytic activity, and therapeutic potential of AMPs (Lin
et al., 2021b; Yan et al., 2022). DNNs can be trained on large
datasets of known AMPs to generate new peptide sequences
by predicting their activity against specific pathogens. A
significant advantage of DNNs over artificial neural networks
(ANNSs) is that they have multiple layers between input and
output layers, enabling them to learn more complex patterns in
the data, thereby predicting the antimicrobial and therapeutic
properties of new peptide sequences with greater accuracy
(Ahmad et al., 2021; Miller et al., 2017; Timmons & Hewage,
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2021a, 2021b). For example, Lin et al. (2021c) developed a
user-friendly DNN model AI4AMP (http://symbiosis.iis.
sinica.edu.tw/PC_6/) and achieved 90% precision in predicting
the antimicrobial potential of AMP sequences. Lin etal.
(2021b) also trained the deep convolutional generative
adversarial network (GAN) on known AMP datasets and
generated novel peptides with broad-spectrum antimicrobial
activities  against  drug-resistant  pathogens, including
carbapenem-resistant P. aeruginosa and MRSA.

Convolutional neural networks (CNNs)
CNNs have been widely applied in various research fields,
including bioinformatics and drug discovery (Jing et al., 2018).
CNNs represent a class of deep learning models designed to
automatically learn and extract hierarchical patterns and
features from input data, making them highly effective in
completing complex computer functions, such as image
classification, segmentation, and object detection (Yamashita
etal., 2018). One key feature that makes CNN models highly
effective for deep learning is their ability to represent data
hierarchically. Typically, as data flows through the network,
multiple convolutional layers with increasing receptive fields
extract increasingly complex features (Bhatt etal.,, 2021;
Dargan et al., 2020). This means that the lower-level layers
capture simple features, like edges or textures, while the
higher-level layers capture more abstract and high-level
representations, thus enabling CNNs to learn from input data
automatically. For example, Xiao etal. (2013) developed a
two-level multilabel predictor, called iIAMP-2L (http://www.jci-
bioinfo.cn/iAMP-2L), for predicting AMPs, which employed
CNN to extract features from datasets of known AMPs and
successfully characterized novel peptide sequences as AMPs
or non-AMPs. Notably, CNNs have shown remarkable
performance in various applications, especially in peptide
design and drug discovery. In AMP design, CNN models have
been utilized to analyze peptide sequences and identify
important functions and features (Veltri et al., 2018; Yan et al.,
2022). CNN models are trained on a dataset of known AMPs
to learn and recognize motif regions or amino acid
combinations that can yield high-performance AMPs (Gupta
et al., 2022). This enables researchers to predict the potential
antimicrobial and hemolytic activity of novel peptide
sequences (Yan etal., 2022). For example, Li etal. (2022)
used AMPIify, an attentive deep learning model, to
successfully predict and design a panel of AMPs from the
Lithobates catesbeiana (bullfrog) genome with potent activity
against World Health Organization (WHO) priority pathogens.
Additionally, CNNs can be used for structure-activity
relationship analysis to aid in predicting and designing high-
performance AMPs. Key structural information, such as
secondary structure and physicochemical properties of AMPs,
can be incorporated into input data, enabling the CNN model
to learn from data patterns and features contributing to the
efficacy of novel peptide sequences (Veltri etal., 2018). In
addition to predicting AMP activity, CNNs can be utilized to
classify new peptide sequences into different categories
based on their properties and antimicrobial activities. CNN
models trained on a labeled dataset of peptides with known
activity can learn to distinguish between AMPs and non-
AMPs. This can help researchers to screen and prioritize
candidate peptides with potential antimicrobial properties. For
example, the two-level iIAMP-CA2L model (http://www.jci-
bioinfo.cn/) uses CNN to predict whether a peptide sequence
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is an AMP or not and whether it belongs to one or more
functional types (Xiao et al., 2021).

CURRENT STATUS AND APPLICATION OF AMPs

In recent years, AMP research has witnessed remarkable
progress, revealing the potential of these compounds as
powerful alternatives to traditional antibiotics. Due to their
diverse mechanisms of action and broad-spectrum
antimicrobial activity, AMPs provide new possibilities for
combating multidrug-resistant infections. Therefore, continued
research and development, combined with collaborative
efforts among industry partners, researchers, and clinicians,
are vital for harnessing the full potential of AMPs and their
effective translation into clinical interventions. Notably, AMPs
have shown excellent potential as therapeutic agents and are
increasingly being adopted for clinical application. For
example, the first AMP-based drug, gramicidin D—a mixture
of three antibiotic compounds, gramicidins A, B, and
C —isolated from soil bacteria (Bacillus subtilis) and
commercially produced in the 1950s is still being used as a
topical drug for the treatment of superficial wound, throat, eye,
and nose infections (Guan et al., 2019; Sergiev, 1944).

Due to their potent biological properties, many AMPs are
currently in clinical trials to evaluate their efficacy as
therapeutic agents. For example, eight AMPs cataloged in the
“Data Repository of Antimicrobial Peptides” (DRAMP,
http://dramp.cpu-bioinfor.org/), including polymixin B, colistin,
vancomycin, gramicidin, bacitracin, daptomycin, telaprevir,
and enfuvirtide, have been approved for clinical application by
the US Food and Drug Administration (FDA) (Wang etal.,
2021b). Additionally, 70 peptide drugs are currently in the drug
development pipeline, including 27 in clinical trials and 33 in
the pre-clinical stage (Shi etal.,, 2022). Table 1 provides a
summary of AMPs at various stages of clinical trials and their
mechanisms of action. These discoveries highlight the
significant advancement in AMP research. Cathelicidin BF, a
noteworthy AMP derived from the venomous secretions of the
banded krait (Bungarus fasciatus), has garnered considerable
interest in medical research due to its excellent antimicrobial
properties. First identified in 2008, cathelicidin BF was initially
noted for its potent broad-spectrum activity against drug-
resistant bacteria and C. albicans (Wang etal., 2008).
Structure-activity relationship studies revealed that the peptide
exhibited an a-helical conformation that enabled microbial
membrane disruption. Further optimization of the peptide,
including cyclization, non-natural amino acid incorporation,
and post-translation modifications, yielded several analogs
with  significantly enhanced potency, stability, and
pharmacokinetics (Mwangi et al., 2019b; Wang et al., 2011;
Xing etal.,, 2020). Moreover, extensive preclinical testing
demonstrated excellent efficacy of the optimized peptide in
mouse models of vaginitis (Jin etal., 2016). Due to its
excellent therapeutic potential in the treatment of colpitis,
cathelicidin BF was approved for Phase | clinical trials by the
Chinese National Medical Products Administration (Approval
number: CXHL1700235) in 2018, marking a key milestone
toward clinical translation. The decade-long journey from
discovery to approval for clinical trials exemplifies the
extensive work required to ftranslate natural peptide
antimicrobials into approved human therapeutics.

The discovery and characterization of novel peptide
sequences from diverse sources, including animals, plants,
and microorganisms, has significantly expanded our
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Table 1 Summary of various AMPs at different stages of clinical trials and their mechanism of action

Mechanism of

Name Origin Description Design strategy Administration Target action PhaseTrial ID References
LLa7 Human A-helical Naturally Topical Lo uloers Z’:::L'btrizr;ean 4 EUCTR2012- Mahlapuu
cathelicidin  peptide occurring AMP P 9 disrup . 002100-41  etal, 2021
immunomodulation
Quantltatlve. . Modulates the
. structure-activity Oral . .
Dusquetide  Synthetic First-in-class relationship mucositis  ate immune Kudrimoti
(SGX942) S innate defense modeled to 1V infusion and bacterial response and 1] NCT03237325 etal., 2017
regulator o . . reduces
optimize human infections e
IDR-1
Disrupts bacterial
Synthetic R Designed to . Treatment of cell membranes .
Brilacidin peptide Amphiphilic - i bost Topicaland i and oraland interferes with 1| NCT04784g97 -1 €t 2l
s helix . Oral . ) . 2021a
mimetic defense proteins infections  bacterial DNA
replication
- Bacterium . Gram- Membrane .
GBI s e Naturally Intravenous negative  disruptionand Il NCT02573064 Michalopoulos
(Polymyxin E) polypeptide occurring AMP . ) ) et al., 2005
polymyxa bacteria immunomodulation
. . . Membrane )
Gramicidin S0l bacteriumPolycyclic o) Topical Woundand g otionand Il NCT00534391 -PSKY &
Bacillus brevispeptide ulcers ) . Hoey, 2009
immunomodulation
Substitution of
Pexiganan African Analog of amino acids to Topical Diabetic foot Membrane I NCT01594762 Flamm et al.,
(MSI-78) clawed frog magainin 1 enhance activity P ulcers permeabilization NCT01590758 2015
and stability
Discovered by
screening
Cyclic beta- n:tliir:gncroblal K.
Murepavadin  Synthetic hairpin F()) 2imize.d Intravenous pneumonl’ae,Bmdin to LptD I EUCTR2017- Wach et al.,
(POL7080)  peptide peptidomimetic thfough P. glotp 003933-27-EE 2018
of protegrin 1 structure-activity aeruginosa
relationship
studies
Cyclic Sr{;:aher?:analo Oral
Iseganan (IB- Analog of derivative of Eﬂodeslged after 9 Topical mucositis Membrane NCT00022373 Bellm et al.,
367) protegrin-1  morphine . P ' permeabilization NCT00118781 2002
e porcine Pneumonia
P leukocyte AMPs
Optimized by
Omiaanan Bovine Linear substituting Immunomodulation Sader et al
9 . derivative of  residues to Topical Antisepsis /membrane ] NCT00608959 v
(MBI-226) neutrophils . . . . 2004
indolicidin reduce disruption
hemolysis
synthetic. o ohiphilic - Pumized for _ Immunomodulation ISRCTN84220 Peek et al.,
OP-145 peptide of . activity against Ear drops Ear infection /membrane l
helix . . 089 2020
human LL-37 Pseudomonas disruption
Designed using
plasma
Semisynthetic Aminoheptylam proteomics to e Cell wall synthesis ISRCTN40071 Crowther
NVB-302 antibiotic ido peptide _ identify naturally O C. difficile . hipition : 144 etal, 2013
abundant Arg-
rich peptides.
Mimics natural
mitochondrial
RS, Inflammato
Delmitide Synthetic D-amino acid Designed by Topical bowel rylmmunomodulation I ISRCTN84220 Travis et al.,
(RDP58) peptide decapeptide  substituting P . 089 2005
. } disease
amino acids to
improve stability
and activity.
Semi- Cyclic Computer Inhibition of protein Mullane et al
LFF571 synthetic  lipopeptide P Oral C. difficile norp Il NCT01232595 -
. N modeling synthesis 2015
peptide antibiotic
Syntheti End Natural tid Chronic Kod
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peptide peptide hormone reen et al., 2008
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References

Designed by
modifying
platelet factor IV,
optimizing its
antibacterial and
anti-
inflammatory
properties.

Peptide
deformylase
inhibitor

GSK1322322 Synthetic

(Lanopepden) hydrazide Oral

Derived from
human
neutrophil
peptide 1.
Optimized to
enhance
antibacterial
potency and

selectivity
Designed using
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structure-activity
relationship to
optimize
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potency

NP213
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Synthetic
peptide

Cyclic

polypeptide Topical
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Onychomy- Membrane Mercer et al.,
cosis disruption | NCT02033879 ,

Oral Immunomodulation Jana et al
... Imembrane ] NCT00659971 9 v
candidiasis . . 2008
disruption

understanding of these molecules. Furthermore, high-
throughput screening techniques, bioinformatics tools, and
multiomics analyses have further facilitated the identification
and classification of new peptides with distinct sequences,
structures, and therapeutic potentials. In our previous
research, we identified short-designed peptides derived from
cathelicidin BF-30 (a cathelicidin-class peptide) with broad-
spectrum antimicrobial activity against multidrug-resistant
pathogens and biofilms (Mwangi etal., 2019b; Yuan et al,,
2022; Zhang et al., 2013), antimalarial activity (Fang et al.,
2019), antiviral activity (Xing etal.,, 2020), and antifungal
activity (Jin et al., 2016). Moreover, the identification and in-
depth characterization of AMPs offer valuable strategies for
addressing the current AMR crisis. These peptides hold
significant potential for biomedical application, particularly the
treatment of bacterial, fungal, and viral infections, including
those associated with antibiotic-resistant strains. Additionally,
AMPs show remarkable promise in wound healing, eradication
and inhibition of biofilm formation, and as coatings for medical
devices to mitigate the risk of infections. For instance, de Breij
etal. (2018) found that a hypromellose ointment containing
SAAP-148, a peptide derivative of LL-37, completely
eradicates established MRSA and MDR A. baumannii biofilms
and exhibits wound healing properties. Targeting bacterial
biofims is an effective therapeutic strategy, as biofilms
contribute to antibiotic resistance by providing a protective
environment for microbial cells to proliferate and exchange
genetic material (Shahrour et al., 2019; Sharma et al., 2019;
Stewart, 2002). Biofilm-enclosed cells are also 10—1 000 times
less susceptible to antibiotics than planktonic cells (Bowler
etal.,, 2020; Sharma etal., 2019; Stewart, 2002). Notably,
AMPs demonstrate remarkable antibiofilm activity compared
to traditional antibiotics, as evidenced by the inclusion of 83
antibiofilm AMPs in the current APD (https://aps.unmc.edu/
database/anti).

Although AMPs have a low propensity to induce resistance
compared to ftraditional antibiotics, the development of
resistance to AMPs should not be ignored (Assoni etal,
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2020). While AMPs can kill a broad range of microorganisms,
certain bacteria have developed resistance mechanisms to
AMPs to evade their killing effects. Experimental analysis has
revealed diverse mechanisms of bacterial resistance to AMPs,
including alteration of surface charge, expression of active
efflux pumps, modification of intracellular targets, and
activation of proteolytic enzymes (Mishra et al., 2018; Nizet,
2006). Several pathogens can alter their cell surface charge to
prevent or reduce initial electrostatic interactions with cationic
AMPs, while other bacteria can express efflux pumps that
actively pump out AMPs from the cells (Nizet, 2006).
Additionally, certain bacteria can produce proteases that
degrade AMPs (Nawrocki etal., 2014; Nizet, 2006). For
example, S. aureus can resist LL-37 by secreting aureolysin,
which cleaves peptide bonds in the C-terminus (Sieprawska-
Lupa etal., 2004). Aureolysin, which belongs to the
metalloprotease family and exhibits proteolytic activity against
various compounds, including LL-37 and other AMPs,
recognizes and cleaves LL-37 at specific amino acid residues,
resulting in peptide degradation (Moravej et al., 2018).

To overcome these resistance mechanisms, researchers
have developed several strategies. One approach is to modify
the structure of AMPs to make them more resistant to
degradation by bacterial proteases or more effective at
penetrating bacterial membranes (Zhang etal., 2021). For
example, the incorporation of non-natural amino acids,
cyclization, and alternative delivery strategies (i.e.,
nanoparticle formulation) can enhance the stability of AMPs.
The cationic charge of peptides can also be enhanced by
incorporating positively charged amino acids, such as Lys and
Arg, to increase the affinity of AMPs to the altered negative
microbial surface charges (Cheng & Zeng, 2022).
Combination therapy with two or more AMPs or with an AMP
and an antibiotic can increase the killing efficacy and reduce
the likelihood of resistance development (Sheard et al., 2019).
The use of adjuvants may also enhance the activity of AMPs
by disrupting bacterial membranes or inhibiting bacterial efflux
pumps (Douafer et al., 2019). Resistance to AMPs threatens
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to undermine their efficacy, but rational and de novo
engineering strategies leveraging emerging computation
technologies show considerable promise in resensitizing
bacteria to AMP therapies. Furthermore, understanding the
survival strategies of bacteria will help realize the full clinical
potential of AMPs. While much research has focused on
optimizing the antimicrobial efficacy, stability, selectivity, and
safety profiles of AMPs, further rational peptide design,
structure-activity relationship studies, molecular modeling
approaches, and computational techniques are necessary to
modify peptide sequences and optimize their performance.
Additionally, combination therapies involving AMPs with
conventional antibiotics or synergistic peptides need to be
further explored to combat multidrug-resistant pathogens
(Sheard et al.,, 2019). Synergistic interactions can enhance
antimicrobial efficacy, reduce the likelihood of resistance
development, and broaden the spectrum of activity. For
instance, combining the antibiotic chloramphenicol with the
AMP LL-17-27 induces synergistic effects and significantly
enhances antimicrobial activity against multidrug-resistant P.
aeruginosa and MRSA (Rajasekaran et al., 2017).

CONCLUDING REMARKS

Despite significant progress in the field of AMP research,
several challenges remain, including potential toxicity, peptide
stability, high production costs, and large-scale manufacturing
complexity. Addressing these challenges requires concerted
efforts, multidisciplinary ~ collaborations,  technological
innovations, and a better understanding of peptide-target
interactions. Moreover, establishing regulatory frameworks is
essential for the safe and efficacious clinical translation of
AMP-based therapies. Given that AMPs represent one of the
most promising solutions to the current AMR crisis, future
research should focus on enhancing AMP activity. Innovative
strategies, such as targeted delivery systems, nanoparticle
conjugation, self-assembling supramolecular architectures,
and combination therapies with conventional antibiotics
warrant continued exploration to optimize AMP performance.
The accelerating pace of knowledge accumulation, facilitated
by expanding online databases and rapidly evolving
computational methodologies, suggests that an increasing
number of AMPs will advance to clinical trials in the near
future.
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