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Abstract

The rise of antibiotic-resistant strains of bacterial pathogens has necessitated the development 

of new therapeutics. Antimicrobial peptides (AMPs) are a class of compounds with potentially 

attractive therapeutic properties, including the ability to target specific groups of bacteria. In 

nature, AMPs exhibit remarkable structural and functional diversity, which may be further 

enhanced through genetic engineering, high-throughput screening, and chemical modification 

strategies. In this review, we discuss the molecular mechanisms underlying AMP selectivity and 

highlight recent computational and experimental efforts to design selectively targeting AMPs. 

While there has been an extensive effort to find broadly active and highly potent AMPs, it remains 

challenging to design targeting peptides to discriminate between different bacteria on the basis of 

physicochemical properties. We also review approaches for measuring AMP activity, point out the 

challenges faced in assaying for selectivity, and discuss the potential for increasing AMP diversity 

through chemical modifications.
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1. INTRODUCTION

Antimicrobial peptides (AMPs) are produced by almost all forms of life for defense and 

communication. Within the human body, they are crucial for maintaining homeostasis 

between host and commensal microorganisms. Major functions of AMPs include 

modulation of the host immune system (1) and bacterial growth inhibition through the 

ming.lei@tufts.edu . 

DISCLOSURE STATEMENT
The authors are not aware of any affiliations, memberships, funding, or financial holdings that might be perceived as affecting the 
objectivity of this review.

HHS Public Access
Author manuscript
Annu Rev Biomed Eng. Author manuscript; available in PMC 2022 July 13.

Published in final edited form as:
Annu Rev Biomed Eng. 2021 July 13; 23: 339–357. doi:10.1146/annurev-bioeng-010220-095711.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



physical or metabolic disruption of cells (2). AMP activity has been studied extensively 

in the context of the gut microbiota, one of the largest and most complex ecosystems in 

the human body. The gut microbial community comprises hundreds of microbial species 

that contribute to important physiological functions, such as digestion and immune system 

development (3). A significant perturbation to the structure of the gut microbiota, or 

dysbiosis, can lead to chronic gastrointestinal diseases and disorders and has been linked 

with various immunological and neurological disorders (4). Early life dysbiosis is associated 

with developmental disorders and metabolic diseases later in life (5). One contributing 

factor is the use of antibiotics, most of which lack targeting specificity and can kill host-

associated commensal bacteria along with disease-causing pathogens. For this reason, there 

has been intense interest in developing chemical or biological agents that can selectively 

inhibit the growth of specific (e.g., pathogenic) bacteria while preserving normal microbial 

flora. Another type of microbial community of therapeutic relevance is biofilms, which are 

microbial aggregates that can form on host tissues or on the surface of medical implants. 

AMPs have many diverse mechanisms of action that can allow them to target different 

properties of biofilms. Membrane-penetrating peptides may be advantageous for treating 

biofilms as they can potentially kill bacteria in different metabolic stages, including persister 

cells with low metabolic activity that are characteristic of biofilms (5a).

In this regard, AMPs are an attractive class of molecules to develop as engineered 

therapeutics against infections. AMPs produced by host cells have been mechanistically 

linked to alterations in the composition of the host’s gut microbiota (6) and demonstrated 

to have targeting specificity toward particular groups of microorganisms (2). For example, 

intestinal epithelial cells secrete short cationic AMPs, such as defensins and cathelicidins, 

that provide defense against pathogens and regulate gut microbial community composition. 

Reduced defensin production has been associated with inflammatory bowel disease 

and infection by pathogens such as Clostridioides difficile and Helicobacter pylori (6). 

In addition to AMPs produced by host cells, microbial cell–derived AMPs can also 

significantly shape community composition (7). Bacteriocins, ribosomally synthesized 

peptides produced by bacteria, represent one such class of AMPs that can target specific 

bacterial groups, often species that are closely related to the bacteria that produce the AMP 

and thus compete for nutrients.

Engineering AMPs capable of selectively targeting pathogenic or other invading strains of 

bacteria could enable new, safe ways to intervene in the microbiota to profoundly benefit 

human health. In recent years, computational methods, particularly machine learning tools, 

have been developed to identify AMPs on the basis of sequence information and to classify 

AMPs into broad categories on the basis of their activity spectrum, e.g., their activity 

against prokaryotic versus eukaryotic cells. While some of the machine learning models can 

accurately discriminate AMPs from non-AMPs on the basis of the peptides’ sequence, these 

models have provided limited insights into the mechanisms underlying AMP selectivity 

and design rules linking AMP sequence and function. There remains a significant need to 

elucidate sequence motifs or other sequence-driven features that confer targeting efficacy 

and selectivity against individual bacterial species (or even strains).
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Understanding the connections between the primary sequence of an AMP and its targeting 

mechanism(s) can guide engineering efforts to modify natural AMPs or design synthetic 

AMPs to confer enhanced selectivity or altogether new capabilities. For example, AMPs 

can be modified by introducing noncanonical amino acids (ncAAs) or utilizing chemical 

modifications to expand their structural and chemical diversity and enable conjugation with 

existing antibiotics. Antibiotic–peptide conjugates are being extensively explored as a new 

class of drugs with enhanced therapeutic potential due to their improved selectivity profiles. 

Here, we review the current understanding of AMP mechanisms of action with regard 

to targeting specificity, summarize different approaches to designing AMPs, and discuss 

AMP diversification strategies that may be applicable to engineering the next generation of 

targeting AMPs. While antimicrobials with selective targeting capabilities are not limited to 

peptides (8, 9), this review focuses on studies that utilize peptides as targeting components 

to improve selectivity. In the remainder of this review, we define selectivity as the ability of 

an AMP to inhibit the growth of its target bacterial species relative to other bacterial species.

2. AMP CHARACTERISTICS AND MECHANISMS OF ACTION

AMPs are structurally diverse and exert their antimicrobial effects on a wide range of 

extracellular and intracellular targets through many different mechanisms. They can adopt 

several common conformations—α-helical, β-sheet, or random coil—which can change on 

the basis of their interactions with components of the cell membrane (10). The composition 

of the bacterial cell membrane is an important determinant of AMP selectivity (11–14). 

Different genera of gram-positive bacteria—e.g., Staphylococcus, Enterococcus, Bacillus, 

and Clostridium—have varying compositions of peptidoglycan, phosphatidylglycerol, and 

phosphatidylethanolamine. Negatively charged lipoteichoic acids and polysaccharides on 

the cell surfaces of gram-positive bacteria and gram-negative bacteria, respectively, can 

bind positively charged AMPs to reduce the AMPs’ penetration of the cell membrane 

or interaction with other cellular components (11). Thus, these cell wall or membrane 

components can directly impact AMP activity toward particular species or strains of 

bacteria. AMPs that bind to specific lipids on the cell surface or target intracellular proteins 

could also have targeting specificity in a microbial community (11). For example, nisin is a 

well-characterized bacteriocin known to generally target gram-positive bacteria by binding 

to lipid II, a component of the bacterial cell wall that is more accessible in gram-positive 

cells (15).

Natural AMPs have been shown to exhibit selectivity toward gram-positive or gram-negative 

bacteria. Insect defensins are generally known to be more active against gram-positive 

bacteria (16). An example is defensin-like peptide 4 (DLP4), an insect defensin that is 

primarily active against gram-positive bacteria (several Staphylococcus aureus strains and 

Bacillus subtilis) but not gram-negative bacteria (Escherichia coli, Enterobacter aerogenes, 

and Pseudomonas aeruginosa) (17). In contrast, proline-rich and glycine-rich insect AMPs 

are generally more potent against gram-negative bacteria (18). Pyrrhocoricin, a proline-rich 

AMP active against E. coli but not S. aureus, was shown to bind to a fragment of the E. coli 
heat shock protein DnaK but not its homologous counterpart from S. aureus. In vitro assays 

showed that pyrrhocoricin diminished the ATPase and protein folding activities of DnaK, 
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suggesting that the mechanism of selectivity for this peptide is species-specific recognition 

and disruption of an intracellular target.

Due to the diversity of AMP targeting mechanisms, whether on the cell surface or on 

intracellular targets, there is tremendous potential in designing AMPs that can selectively 

interact with specific microorganisms. AMPs that target nucleic acids, proteases, and protein 

synthesis machinery have been discovered and characterized (19). It is important to note 

that AMP activity is not limited to a single targeting mechanism; many membrane-disruptive 

cationic AMPs have secondary intracellular mechanisms of action (20). Currently, there 

is limited understanding of how AMP structure impacts targeting ability; improving this 

understanding could lead to the development of new classes of antimicrobial agents having 

minimal off-target effects. One promising approach to elucidating the connection between 

AMP structure and selectivity is to study the structural patterns of AMPs having known 

selectivity. This has been enabled by the increasing number of studies on AMPs, the 

expansion of databases cataloging AMPs, and the development of new methodologies for 

synthesizing and characterizing these compounds.

3. APPROACHES FOR ENGINEERING AMP SELECTIVITY

Broadly, methods for engineering or discovering AMPs can be grouped into three 

approaches: rational design, computational design, and high-throughput screening (Figure 

1) (21). We highlight notable studies utilizing one or more of these approaches to discover 

novel targeting AMPs or improve the targeting efficacy of existing AMPs (Table 1). 

According to these studies, an order of magnitude difference in values of antimicrobial 

activity between target and nontarget species could be considered selective enough to 

proceed to more complex models of antimicrobial susceptibility testing, such as community 

models. Though these studies should try to test as many species in monoculture as possible, 

a more rigorous test for determining selectivity is by using a community culture within a 

physiological context.

3.1. Rational Design

A common rational design strategy involves the fusion of targeting and killing peptides. This 

approach utilizes the relatively high specificity of targeting peptides to narrow the spectrum 

of killing peptides. A notable example of a synthetic AMP with a narrow activity spectrum 

is C16G2, a Streptococcus mutans–targeting peptide designed by fusing a Streptococcus 
competence-stimulating peptide with a fragment of novispirin G10, a broad-spectrum AMP. 

The fused peptide was demonstrated to have selectivity for S. mutans in mixed community 

cultures with minimal impact on other species (22, 23). Another example of peptide fusion 

is cCF10-C6, which targets Enterococcus faecalis. This peptide was designed by fusing the 

E. faecalis–specific pheromone cCF10 with peptide C6, a fragment of a previously designed 

broad-spectrum AMP. Modification of this peptide’s net charge by replacing a cationic 

lysine residue with glutamate further improved specificity of the fusion peptide, allowing it 

to inhibit E. faecalis at a significantly lower concentration compared with other species in 

the test panel (24). A targeting peptide can also be used to reduce the antimicrobial activity 

of an AMP against nontarget species to modulate selectivity. For example, Choudhury 
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et al. (25) fused a Staphylococcus-targeting peptide previously identified from a phage 

library screen to the broad-spectrum AMPs plectasin and eurosin. This study used minimum 

inhibitory concentration (MIC) assays to show that, compared with either plectasin or 

eurosin alone, the fused peptide had significantly reduced antimicrobial activity (more 

than tenfold) against off-target species while retaining the ability to inhibit the intended 

Staphylococcus targets.

Beyond fusion strategies, even single amino acid substitutions can have drastic effects 

on specificity. Zhu et al. (26) showed that a T9W substitution significantly increased the 

specificity of peptide RI16, a truncated form of porcine myeloid antibacterial peptide, for P. 
aeruginosa. The result was a greater than tenfold decrease in MIC value for P. aeruginosa 
compared with E. coli, Salmonella typhimurium, S. aureus, and Staphylococcus epidermidis 
strains. In rational approaches, amino acid substitutions are typically used to increase AMP 

amphipathicity, a measure of hydrophobic and hydrophilic structural organization, as this 

characteristic is an important determinant of antimicrobial activity (27).

Another strategy for engineering selectively active AMPs is to target unique metabolic 

pathways, proteins, or other types of molecules in a cell. Postma & Liskamp (28) fused 

a previously discovered E. coli acetyltransferase inhibitor peptide that targets lipid A 

biosynthesis to a cell-penetrating peptide and found that the fusion increased antimicrobial 

activity toward a panel of seven gram-negative bacterial species while decreasing activity 

toward the two gram-positive Staphylococcus strains tested. Muhle & Tam (29) designed 

peptides to target gram-negative bacteria that mimic the binding sites of lipopolysaccharides, 

a cell wall component generally unique to gram-negative bacteria. Several of the designed 

peptides were highly active against E. coli, with submicromolar MIC values, while activity 

against S. aureus was not detected at concentrations greater than 500 μM. Targeting peptides 

can also be designed to have indirect antimicrobial effects. Idso et al. (30) discovered a 

peptide ligand that specifically binds to an epitope of a highly expressed protein, type 3 

Fimbrial Shaft (MrkA), on the surface of Klebsiella pneumoniae. The ligand was shown to 

bind specifically to K. pneumoniae and not E. coli or S. typhimurium. Conjugation of the 

ligand with a 2,4-dinitrophenyl (DNP) moiety enabled anti-DNP antibodies to specifically 

bind to the target cell surface and consequently recruit cell-killing macrophages (30).

3.2. Computational Design

Computational models can offer insight into the characteristics of AMPs that contribute 

to target recognition and activity. Various machine learning models for classifying and 

designing AMPs have been developed, including neural networks and support vector 

machine models (31, 32). Genetic algorithms have also been implemented, for example, 

to optimize a 13-mer AMP against E. coli through iterative rounds of in vitro testing (33) 

and to design a unique AMP starting from Pg-AMP1, a natural AMP found in guava 

seeds (34). In the latter study, guavanin 2, the most potent guava AMP identified from 

the in vitro screen, was further characterized through MIC assays. Interestingly, guavanin 

2, which was computationally optimized for antimicrobial activity but not selectivity, was 

shown to be selective toward gram-negative bacteria among the panel of bacterial species 

tested in the study. The study proposed that this result could be due to the attraction of 
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the positively charged guavanin 2 peptide by negatively charged phospholipid head groups 

on gram-negative bacteria. However, it is unclear why the peptide is less active toward 

gram-positive bacteria, which contain negatively charged teichoic acids on the cell surface. 

This underscores the challenge of elucidating the molecular mechanisms of selectivity while 

highlighting the potential for an improved mechanistic understanding to aid computational 

design of targeting AMPs.

Computational models that can discriminate AMPs from non-AMPs with high accuracy 

have been developed. In principle, the discriminatory peptide features could be further 

investigated to understand how AMP primary structure impacts activity. The computational 

classification models typically incorporate sequence features related to charge and 

hydrophobicity; however, the models differ with respect to their training datasets and 

algorithms (35). There are many different approaches for calculating the physicochemical 

properties of amino acids and encoding the properties into features such as composition, 

transition, and distribution, as well as pseudoamino acid composition (36). The encoded 

features are used to train machine learning algorithms to recognize peptide sequence 

patterns characteristic of AMPs that are distinct from those of non-AMPs. The sequence 

patterns learned from the classification models have been successfully used for de novo 

design of AMPs, some of which have shown high specificity for a particular species within a 

tested panel of bacteria (34, 37, 38).

Despite the progress achieved in the aforementioned studies, there remain hurdles in 

realizing the potential for using computational design to enhance AMP specificity. One 

of the main limitations is the availability of experimental activity data needed to train the 

models. In the Database of Antimicrobial Activity and Structure of Peptides (DBAASP), 

one of the largest publicly accessible AMP databases, the top 6 test species—E. coli, 
S. aureus, P. aeruginosa, Candida albicans, B. subtilis, and S. epidermidis—account for 

approximately 52% of the MIC data. This illustrates the data sparsity problem for designing 

AMPs against species that are not commonly tested. To address this limitation, recent efforts 

have attempted to computationally estimate the specificity of an AMP toward particular 

groups of bacteria. Veltri et al. (39) developed a genetic algorithm–based scheme to generate 

sequence features, using a fitness function that tracks the occurrence of AMP-associated 

sequence features. The feature space spanned by the generated sequences was then reduced 

with a correlation-based filter to remove redundant features. Finally, logistic regression was 

used to build a model classifying peptides into AMPs and non-AMPs on the basis of their 

predicted antimicrobial activity. The authors used this method to further classify AMPs 

as gram-positive targeting, gram-negative targeting, or both, and found good agreement 

between their results and the peptide classification information in the second version of the 

Antimicrobial Peptide Database.

Quantitative structure–activity relationship (QSAR) models are yet another approach toward 

designing selective AMPs. In the context of AMPs, QSAR models can relate a set 

of calculated peptide sequence features (predictor variables) to experimentally measured 

antimicrobial activity values (response variables). Majumder et al. (40) trained a QSAR 

model to predict the activity of AMPs against Acinetobacter baumannii by correlating a set 

of eight peptide physicochemical features (e.g., charge, hydrophobic moment) with all the 
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MIC data available for 75 AMPs tested against the same ATCC 19606 strain. While the 

model could theoretically predict the activity of any AMP against A. baumannii, additional 

experimental validation of the predicted AMP activities is required to assess the accuracy 

of the model. QSAR models based on physicochemical features have also been extended to 

predict the activities of both natural peptides and peptides with ncAAs (41).

It is important to note that there is no standardized way to classify a peptide as exclusively 

gram-positive targeting or gram-negative targeting. Current classifications are based on MIC 

data for a panel of selected microorganisms against which the AMP of interest has been 

tested. Typically, the panel comprises a pathogen or other species of interest plus a handful 

of related species or model organisms such as E. coli or B. subtilis. In an attempt to address 

the sparsity of available experimental data, Gull & Minhas (42) developed AMP0, a machine 

learning model that predicts an AMP’s efficacy toward a target species on the basis of 

the species’ genome or its phylogenetic relation to other species against which the AMP’s 

efficacy is known. The aforementioned DBAASP also provides a tool that predicts whether 

an AMP may be active against particular microorganisms. The DBAASP tool was developed 

by training a machine learning model on key physicochemical peptide features identified 

through a clustering analysis (37).

3.3. Screening-Based Approaches

A conventional plate-based culture of commensal bacteria on solid media can be an effective 

screening format for identifying novel, highly selective AMPs. For example, thuricin 

CD, a two-component C. difficile–targeting AMP produced by Bacillus thuringiensis, was 

discovered by screening fecal isolates for inhibitory activity, which were indicated by large 

inhibition zones, on agar plates with C. difficile overlay cultures. Subsequent agar diffusion 

assays showed that thuricin CD inhibited species in the Clostridioides and Bacillus genera, 

while having limited activity against a large panel of commensal bacteria (43).

The throughput and coverage of screening-based approaches have benefited from advances 

in chemical synthesis, and molecular cloning technologies have made it possible to rapidly 

generate and test peptides with throughputs that are orders of magnitude higher than what 

was previously possible. For example, Lopez-Perez et al. (44) used SPOT synthesis, a 

method of synthesizing peptide arrays on membrane supports, to generate hundred-member 

peptide libraries and evaluate their activity against P. aeruginosa in a high-throughput 

format. In addition, a full substitution analysis was performed on apidaecin, a proline-rich 

AMP, by substituting each amino acid at every position of the peptide with all of the 

other natural amino acids. Recently developed flow-based peptide synthesis technology can 

achieve throughputs that are orders of magnitude higher than those achieved in conventional 

solution-based chemical synthesis (45). Albin & Pentelute (46) applied this technology to 

efficiently synthesize a diverse panel of 43 human AMPs.

The use of genetically encoded peptide libraries in screening has yielded unique, synthetic 

AMPs. Ritter et al. (47) designed a library of 960 microcin J25 mutants to screen for 

mutants with specific antimicrobial activity against pathogenic Salmonella species. The 

library was cloned into an E. coli production strain and screened for activity against a panel 

of bacteria (two pathogenic Salmonella species and two commensal E. coli strains) using 
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an agar diffusion assay. Ritter et al. (47) discovered a mutant with a single amino acid 

mutation (I13T) that significantly reduced activity toward commensal E. coli strains relative 

to the Salmonella species. Tucker et al. (48) developed a peptide screening methodology, 

called Surface Localized Antimicrobial Display, for generating novel, active AMPs targeted 

toward E. coli. By expressing peptide libraries on the target cell surface and sequencing the 

population after iterative rounds of cell culturing, sequences of AMPs interacting with the 

target cell’s surface can be inferred by calculating the depletion of their respective DNA 

sequences from the initial population. This method was successfully used to screen a library 

of 800,000 20-mer peptides to discover AMPs that were active against E. coli. One current 

limitation to this method is that the target bacterial species must be amenable to genetic 

manipulation and surface display. Nevertheless, this is a promising technology that provides 

an efficient method for discovering novel AMPs, particularly against genetically tractable 

species.

Phage display offers another potentially useful screening method for AMP discovery. 

McCarthy et al. (49) modified phage-displayed peptides with 2-acetylphenylboronic-acid 

moieties to covalently target surface imines on bacterial cells. By conjugating the 

cell-surface-targeting peptide identified from phage display to eosin, a phototoxin, the 

researchers achieved selective and inducible killing of S. aureus without a significant effect 

on E. coli or B. subtilis. The screen was also applied to a lipooligosaccharide-deficient 

mutant of A. baumannii, which identified peptide sequences that targeted the mutant strain 

but not the wild-type, demonstrating strain-specific killing activity. This study underscores 

the importance of cell-surface components to AMP activity, raising the possibility that cell-

surface-binding peptides can be utilized in combination with chemical conjugation strategies 

to generate unique, potentially selective antimicrobial molecules.

Fluorescence-activated cell sorting (FACS) is another high-throughput method that can 

be applied to AMP screening. Scanlon et al. (50) applied FACS on hydrogel droplets 

of a target microbial species coincubated with an AMP expression host. Briefly, E. coli 
expressing a Staphylococcus metagenomic library was coincubated with S. aureus in an 

agarose mixture, which was subsequently fractionated into small droplets by a microfluidic 

device. Antimicrobial activity in the droplets was assessed using a viability dye. Droplets 

containing E. coli–expressing AMPs with activity against S. aureus were sorted and 

sequenced to identify relevant genes. As a proof of concept, the screen was used to identify 

the bacteriolytic enzyme lysostaphin from the metagenomic library. This FACS workflow 

could be adapted to screen other compounds that can be expressed and secreted from 

technically amenable hosts and have antimicrobial activity, including AMPs.

3.4. Current Challenges in Engineering AMPs

The methodological advances described above have enabled substantial progress in 

improving the activity of AMPs against specific bacteria and in some cases also enhancing 

their selectivity. However, challenges remain in designing AMPs that can selectively bind 

or inhibit the target species with minimal off-target effects. This is especially important for 

applications where AMPs are to be used as therapeutics against pathogens that colonize 

host-associated microbial communities. AMPs active against a broad spectrum of bacteria 
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could deplete species that are critical for community resilience and host health in addition 

to fending off the pathogen. Lacticin 3147 is one such broad-spectrum AMP; it is active 

against pathogenic C. difficile in an in vitro fecal culture but also significantly depletes 

the population of Lactobacillus and Bifidobacterium, commensal species known to be 

beneficial for human health (51). In the development of computational models, differences 

in the way MICs are determined across studies can introduce confounding variability into 

training data. The use of different media, bacterial strains, and growth conditions (e.g., 

oxygenation) can lead to discrepancies in MIC determination for the same peptide and 

species. Experimental data on AMP activity is available only for a very small number of 

bacterial species. Moreover, the panel of species tested for growth inhibition or loss of 

viability by an AMP varies from study to study. As absence of evidence does not equate 

to evidence of absence, developing computational models to learn which peptide features 

confer targeting specificity can present a major challenge. Along this vein, screening-based 

approaches have also typically tested peptide libraries against a small number of laboratory 

strains, rather than against broad, representative panels of the bacterial species that AMPs 

will likely encounter in therapeutic applications involving host-associated microbiota.

4. CHARACTERIZATION OF ENGINEERED PEPTIDES

Many different types of assays for evaluating antimicrobial activity have been developed. 

The most commonly used types are summarized in Figure 2. While efforts have been made 

to standardize antimicrobial activity testing methods, there remain challenges in choosing 

the appropriate test conditions (52). For example, the composition of the medium and the 

type of culture vessel used can affect the MIC values obtained in a susceptibility assay. 

The susceptibility of bacteria to an AMP might be underreported in certain microtiter 

plates due to adsorption of the AMP on the plastic surface. Peptide precipitation in the test 

media can also cause variations in the measured MIC values, especially for cationic AMPs. 

These adsorption and precipitation problems can be mitigated by adding bovine serum 

albumin to the medium and using polypropylene plates that have lower affinity for protein 

binding compared with conventional polystyrene plates (53). As short AMPs are usually 

amphipathic, it is important to consider potential interactions with medium components and 

culture vessel surfaces.

When developing AMPs as therapeutic agents that target pathogens, it is critical to assess 

their inhibitory activity under physiologically relevant conditions (53a). For example, the 

selectivity of AMPs targeting intestinal pathogens such as C. difficile should be tested under 

conditions compatible with anaerobic commensal bacteria. In this regard, high-throughput 

methods for the cultivation of anaerobic bacteria, both in monoculture and in mixed 

community, can facilitate the development of antimicrobials. Auchtung et al. (54) used 

mini-bioreactor arrays to simultaneously culture 48 fecal microbiota and demonstrated 

that the communities remained stable one week after inoculation. Droplet-based culture 

technologies, such as the microfluidic platform developed by Watterson et al. (55), 

could potentially facilitate screening of rare bacterial species. Both methods offer unique 

advantages unavailable to conventional culture systems. The mini-bioreactor can support 

long-term experiments to dynamically capture taxonomic shifts caused by antimicrobial 

treatment and may be more representative of the gut microbiota because the system allows 
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nutrient flow, cross-feeding, and communication between multiple species. Droplet-based 

methods can provide insights into the direct impact of antimicrobials on individual species 

while still maintaining a limited form of interspecies interaction. These methods can be 

especially useful if the species of interest is at a low abundance in the intact community.

MIC values are usually determined in monocultures, which have the drawback that they may 

not reflect in vivo growth conditions for some species of interest. Naturally occurring host-

associated bacterial communities are often diverse, and cell–cell interactions may play a role 

in the activity and selectivity of antimicrobial compounds. Complex interactions between 

microbial species in a community may modulate AMP activity (Figure 3). While an AMP 

may target one species, it can have subinhibitory effects on other species in the community, 

triggering defense mechanisms such as changes in gene expression and modifications of 

the cell wall (56). Adamowicz et al. (57) found that in a cross-feeding coculture system 

consisting of E. coli, Salmonella enterica, and Methylobacterium extorquens, bacterial 

species that had a high tolerance to an antibiotic were generally inhibited at lower 

concentrations of the antibiotic compared with their respective monocultures. On the 

other hand, MIC determinations in cocultures of multiple species may be confounded by 

interactions (e.g., competition or mutualism) among species. A notable example is the 

measured antimicrobial activity of PA2-GNU7, a hybrid peptide designed to selectively kill 

P. aeruginosa. Despite having little difference in activity toward P. aeruginosa, E. coli, or S. 
typhimurium monocultures (range of 1–8 μM in MIC), the peptide was shown to selectively 

kill P. aeruginosa in mixed cultures with either E. coli or S. typhimurium, with an order 

of magnitude difference in species viability (58). A further confounding factor could be 

the presence of proteolytic enzymes produced by one species that act to degrade AMPs 

produced by another species or AMPs added exogenously (59). In this regard, these systems 

may not be appropriate for determining the direct effects of an antimicrobial on a particular 

species. Rather, community cultures may be more useful in validating the specificity of 

targeting peptides to provide a more accurate prediction of their performance in in vivo 

settings. For example, Guo et al. (22) used a mixed coculture model to show that C16G2 

is a targeting AMP capable of significantly decreasing the relative abundance of S. mutans 
within an oral microbiota. By monitoring the taxonomic shifts induced by an AMP in 

coculture systems, researchers can study the effects of eliminating specific bacterial groups.

While there is no standard criterion for translation from preclinical to clinical trials based 

on MIC values, many AMPs in preclinical development have MIC values on the order of 

1 μg/ml or lower toward a target organism as measured using in vitro assays (59a). This 

is comparable with the range of MIC values obtained for in vitro assays of traditional 

antibiotics that are considered effective (59b). Most efficacy endpoints defined by standards 

for antimicrobial susceptibility testing require 100% growth inhibition in an in vitro assay. 

However, there are unique cases where a certain percentage of growth inhibition or a defined 

morphological change in the target species is required. MIC values obtained using in vitro 

assays are dependent on assay conditions and may not necessarily translate to in vivo 

assays (53a). Though many AMPs in development are meeting MIC standards in vitro, 

there are additional challenges for therapeutic applications such as protease susceptibility 

and toxicity. Regarding protease susceptibility, proteases present in serum have been shown 

to degrade AMPs. For example, cytosolic proteases of red blood cells were directly linked 
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to proteolysis of linear AMPs (59c). A recent study by Starr et al. (59d) attempted to 

address these issues by screening for AMPs in the presence of red blood cells and serum 

to mimic physiologically relevant conditions and improve the probability of discovering 

clinically relevant AMPs. Several nonribosomally synthesized peptides have been approved 

for clinical use, but no ribosomally synthesized AMPs have been approved yet, though 

many are undergoing different phases of clinical trials. The main causes for the failure of 

AMPs progressing through clinical trials are toxicity, poor translation from in vitro to in vivo 

models, and failure to demonstrate improved activity or selectivity compared with traditional 

antibiotics (59a). Further chemical modifications to AMPs can improve their therapeutic 

properties.

5. EXPANDING AMP DIVERSITY

Antimicrobial peptides can be chemically modified to greatly expand their functional 

diversity and targeting potential (Figure 4). Many AMPs are modified posttranslationally 

in naturally occurring processes, such as glycosylation and lipidation (60). Judicious 

posttranslational modification of AMPs in the laboratory can drastically alter AMP 

properties (61). ncAAs provide additional routes to AMP diversification either during 

chemical peptide synthesis or by ribosomal incorporation with orthogonal translation 

machinery (62). Insights into the physicochemical properties of chemically diverse peptides 

that affect activity and selectivity have the potential to guide the design of targeting AMPs.

5.1. Synthetic Modifications

Synthetic modifications to AMPs, which can be accomplished via chemical peptide 

synthesis or via genetic code manipulation in cells or cell-free systems, can lead to AMPs 

exhibiting distinct properties such as improved stability or altered selectivity (63, 64). 

Chemical synthesis strategies have enabled the generation of synthetic structural analogs of 

natural AMPs, such as selenocysteine-substituted caenopore-5, as well as synthetic forms 

of naturally posttranslationally modified AMPs, such as glycocin F (64). Vishnepolsky et 

al. (37) stabilized synthetic AMPs against protease degradation by synthesizing them with 

D-amino acids, which resulted in AMPs that are completely resistant to proteinase K and 

α-chymotrypsin digestion while retaining antimicrobial activity toward E. coli. Hicks et al. 

(65) used chemical synthesis to synthesize 36 peptides with octahydroindolecarboxylic acid 

and tetrahydroisoquinolinecarboxylic acid residues incorporated into the backbone structure. 

The authors observed a wide range of MIC values (from 6.25 to > 100 μg/ml) for the 

peptides against a panel of gram-positive and gram-negative bacteria.

As an alternative to chemical peptide synthesis, genetically encoding ncAAs provides 

another means to generate AMPs with altered, and potentially augmented, properties (62). 

Initial work in this area has mainly demonstrated the feasibility of producing bioactive 

AMPs containing ncAAs. For example, a study by Piscotta et al. (66) used stop codon 

suppression to incorporate four different ncAAs with different physicochemical properties

—meta-substituted trifluoro-, bromo-, chloro-, and nitro-phenylalanine derivatives—into 

different positions within the peptide microcin J25. Serial dilution assays revealed that the 

ncAA-containing microcin J25 variants exhibited a wide range of antimicrobial activities 
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toward Salmonella newport, with some substituted clones exhibiting potencies equivalent 

to the wild-type construct. This demonstrates that ncAA-substituted AMPs retain their 

activity toward a particular species. In another recent study, Bartholomae et al. (67) 

used stop codon suppression to generate bioactive nisin variants containing Boc-L-lysine 

substitutions in both E. coli and Lactococcus lactis, confirming the feasibility of producing 

ncAA-substituted AMPs in multiple organisms. With physicochemical properties that extend 

beyond those found in the canonical amino acids, ncAAs can be used to perform protein 

medicinal chemistry in search of AMPs that exhibit improved therapeutic properties such 

as enhanced target affinity and specificity (68). In addition, incorporating ncAAs into 

peptides can provide bioorthogonal chemical handles that enable further modifications, such 

as conjugation with small molecules, other peptides, or antibodies.

5.2. AMP Conjugates

Selective chemical functionalization of peptides allows AMPs to be covalently linked 

to many types of small molecules and drugs, including antibodies, antibiotics, lipids, 

organometallic groups, and other AMPs (69). AMP conjugates have employed broad-

spectrum membrane-active AMPs to complement the targeting function of conjugated 

moieties. Touti et al. (70) designed various antibody–AMP conjugates to target 

lipopolysaccharide glycans on E. coli and found a conjugate that preferentially killed E. coli 
in mixed cultures with P. aeruginosa and K. pneumoniae. Peptide nucleic acids, designed 

to bind to unique mRNA sequences in target species of bacteria, were used to selectively 

inhibit B. subtilis, E. coli, K. pneumoniae, and S. typhimurium in both monocultures and 

mixed cultures (71).

AMP conjugates have also been designed to increase the potency of the conjugated 

moiety toward a species that has developed resistance. For example, Blaskovich et al. 

(72) conjugated vancomycin to bacterial membrane-targeting peptide sequences modified 

with lipophilic membrane-penetrating functional groups and demonstrated improved 

antimicrobial activity of the antibiotic–peptide conjugate against a panel of antibiotic-

resistant bacteria. Another study showed that various aliphatic and aromatic linkers within 

vancomycin–AMP conjugates altered antimicrobial activity toward a panel of gram-positive 

and gram-negative bacteria (73). A bacteriolysin–AMP conjugate was demonstrated to 

improve bactericidal activity toward antibiotic-resistant A. baumannii (74). Future design 

of AMP conjugates incorporating targeting peptides instead of broad-spectrum AMPs can 

potentially improve species selectivity.

6. CONCLUSIONS AND PERSPECTIVES

AMPs are a highly diverse group of compounds investigated as potential alternatives to 

antibiotics. Current efforts to discover and design AMPs include combinations of rational 

and computational design to optimize desired peptide physicochemical properties. High-

throughput peptide synthesis and screening technologies have accelerated progress in this 

field. While there has been increasing success in designing and optimizing AMPs to 

be highly potent, engineering AMPs to selectively target a particular species of bacteria 

remains a key challenge. A major bottleneck is the dearth of experimental testing data, 
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as most AMPs cataloged in large databases have been tested only on a small number of 

bacterial species. Another factor contributing to the data limitation is the variability in assay 

methodologies across different studies. There is an unmet need for the research community 

to develop standardized methods for obtaining MIC values, including representative panels 

of bacterial species that can serve as controls for off-target killing. Additionally, MIC values 

obtained from monoculture assays may not be representative of AMP activity in microbial 

communities. Addressing this concern will require the development of culture platforms 

capable of supporting stable cocultures of multiple species. Despite these limitations, there 

have been significant advances in the discovery of selectively targeting AMPs, notably 

from screening peptide libraries. High-throughput assays can considerably increase the 

rate of AMP discovery and expand the amount of antimicrobial activity data available 

for uncovering the underlying associations between peptide sequence or structure, in 

vivo stability, toxicity toward mammalian cells, and antimicrobial activity against a target 

bacterial species. Additionally, there is exciting potential to greatly expand the functionality 

of AMPs by incorporating ncAAs and chemical modifications into AMP design. Altogether, 

these strategies can further the development of targeted antimicrobial peptides to address the 

need for new therapeutics to combat microbial-associated diseases and disorders.
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Figure 1. 
Current approaches for designing new antimicrobial peptides (AMPs) or optimizing existing 

ones for increased potency or improved selectivity, with examples of rational design, 

computational design, and high-throughput screening.
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Figure 2. 
Characterization assays for testing activity or specificity of antimicrobial compounds. 

(a) Commonly used assays for measuring antimicrobial peptide (AMP) activity against 

individual species or strains in monoculture. (i) Broth dilution. Serial dilutions of an 

antimicrobial compound in liquid media are inoculated with the target bacteria. (ii) Agar 

diffusion. Varying doses of the antimicrobial compound are placed on agar plates inoculated 

with a bacterial lawn. Antimicrobial activity is measured by the zone of clearance. (iii) 
Metabolic activity test. A colorimetric or fluorogenic assay is used to assess metabolic 

activity of the target bacteria by measuring enzyme reduction of a substrate. (iv) Time-kill 

assay. An assay determines antimicrobial activity over time to measure rate of killing by 

the test compound. (b) Anaerobic culture systems designed to simulate microbiota within 

the human body, used to assay the AMP’s effect on microbial diversity. (i) Anaerobic 

batch cell culture. Small volume bioreactors are used to cultivate microbiota samples. (ii) 
Droplet-based cell culture. Droplet emulsions are generated using a microfluidic device to 

segregate a mixed microbial community and isolate low-abundance species.
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Figure 3. 
Factors affecting minimum inhibitory concentration (MIC) determination in coculture and 

monoculture systems. (a) Complex interactions between two microbial species in a coculture 

system may affect antimicrobial peptide (AMP) sensitivity. (b) A cell in a microbial 

monoculture misses many of the factors affecting AMP sensitivity that are present in a 

microbial community.
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Figure 4. 
Examples of modified antimicrobial peptides (AMPs). (a) Noncanonical amino acid (ncAA) 

incorporation. ncAAs may be incorporated through chemical synthesis or genetic code 

manipulation. (b) Antibiotic–peptide conjugate. (c) Antibody–peptide conjugate.
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Table 1

Selected examples of targeted AMPs generated using rational design, computational design, or high-

throughput screening

Peptide(s) Type/
characteristics

Discovery/design methodology Target Reference

cCF10-C4 Hybrid AMP Fusion (by a GGG linker) of Enterococcus 
faecalis–specific peptide pheromone cCF10 
to C4, a broad-spectrum AMP modified to 
have a lower positive charge

E. faecalis; at least eightfold 
less active on Staphylococcus 
aureus, Staphylococcus epidermidis, 
Salmonella typhimurium, Salmonella 
pullorum, Escherichia coli

24

Peptide 13 STAMP, hybrid 
AMP

Fusion of weakly targeting AMP to 
targeting AMP previously discovered 
through phage display; peptides were 
modified with charged residues at the N 
or C terminus to alter physicochemical 
properties

E. coli; at least eightfold less active 
on Staphylococcus, Pseudomonas, 
Lactobacillus strains

75

C16G2 STAMP Fusion of two peptides: killing and targeting 
moieties; targeting domain is a bacterial 
pheromone; killing domain is derived from 
broad-spectrum AMP novispirin G10

Streptococcus mutans in the oral 
microbiota

22, 23

RI16-T9W Amphipathic, 
helical

Point mutation (T9W) to RI16, a fragment 
sequence of the cathelicidin PMAP-36; 
rational design to disrupt sites important for 
amphipathicity

Pseudomonas aeruginosa 26

Peptide 3 Peptide fusion Fusion of acetyltransferase inhibitor peptide 
to cell penetrating peptide; targets lipid A 
biosynthesis

Order of magnitude decrease in MICs 
for panel of gram-negative bacteria; 
twofold increase in MIC for S. aureus

28

Guavanin 2 Arginine rich, α-
helical

Genetic algorithm optimization of a guava 
peptide; ratio between hydrophobic moment 
and α-helix propensity was used in fitness 
function

Selective toward gram-negative species: 
E. coli, Acinetobacter baumannii 
(6.25 μM MIC); less active against 
S. aureus, Streptococcus pyogenes, 
Listeria ivanovii, E. faecalis (≥50 μM 
MIC)

34

SP1, SP2, SP3, 
SP4

Short, charged DBAASP prediction algorithm based on 
clustering of 9 peptide physiochemical 
features; modified AMPs included D-
enantiomers

Designed to target gram-negative 
bacteria; varying activities toward E. 
coli, P. aeruginosa, A. baumannii, 
Enterococcus cloacae, Klebsiella 
pneumoniae (≤0.125 – ≥32 μg/ml 
MIC); not tested on gram-positive 
bacteria

37

NN2_0018, 
NN2_0022, 
NN2_0024, 
NN2_0027, 
NN2_0029, 
NN2_0035, 
NN2_0039, 
NN2_0046, 
NN2_0050, 
NN2_0055

Short, charged LSTM language model trained on MIC 
data against E. coli; top 10 sequences 
synthesized and characterized

Designed to target E. coli; varying 
activities (0.25 – ≥ 128 μg/ml MIC) 
toward 30 different gram-positive and 
gram-negative cultures

38

PA2-GNU7 Hybrid AMP, 
helical

Phage display high-throughput screening 
and conjugation to GNU7, a broad-
spectrum AMP with a GGG linker; 
the peptides individually or combined 
separately were less effective than the 
conjugated peptide

Selectively active on P. aeruginosa in 
mixed cultures with either E. coli or S. 
typhimurium

58

Peptides P1–
P18

Random sequence Bacterial high-throughput self-screening of 
surface displayed peptide libraries

Varying activities toward E. coli, P. 
aeruginosa, A. baumannii (≤2 – >128 
μM MIC)

48

KAM5, KAM8 Disulfide-cyclized Phage display high-throughput screening of 
peptides containing 2-acetylphenylboronic 
acid moieties

KAM5: S. aureus, no binding to E. 
coli or Bacillus subtilis; KAM8: A. 

49
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Peptide(s) Type/
characteristics

Discovery/design methodology Target Reference

baumannii, no binding to E. coli or S. 
aureus

Apidaecin and 
its analogs

Short, proline-rich Alanine substitution screening; peptides 
synthesized using SPOT synthesis

Single amino acid substitutions to 
apidaecin resulted in varying activities 
toward P. aeruginosa, E. coli, S. aureus 
(0.63 – >125 μg/ml MIC)

44

Abbreviations: AMP, antimicrobial peptide; CSP, competence-stimulating peptide; DBAASP, Database of Antimicrobial Activity and Structure of 
Peptides; LSTM, long short-term memory; MIC, minimum inhibitory concentration; STAMP, specifically targeted antimicrobial peptide.
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