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Abstract

Antimicrobial resistance threatens human and animal health, while the development of
new antibacterial agents remains slow. Phage display can identify peptides and antibody
fragments for bacterial targeting, antimicrobial engineering, antibiotic potentiation, de-
livery, and diagnostics. This narrative review examines the evidence needed to connect
ligand selection with antibacterial benefit. We distinguish enrichment and phage-associated
binding from the activity of the intended soluble or carrier-bound product, and compare
functional, microbiological, safety, resistance, and translational endpoints. We propose
the Binding-to-Antibiotic Action (B2A) framework as an unvalidated, application-specific
guide to evidence requirements, organized around display-related limitations such as
avidity, propagation bias, and non-native target presentation. Its five domains cover
binding relevance, biological function, antibacterial or antibiotic-related benefit, safety
and resistance, and translation. Diagnostic candidates require a parallel pathway based
on analytical performance, clinical validity, and decision impact. Representative stud-
ies demonstrate enzyme inhibition, targeted antimicrobial peptides, antibiotic delivery,
and bacterial detection; however, evidence remains heterogeneous and predominantly
preclinical. Sequencing, computational design, and chemical diversification can support
discovery but cannot replace experimental validation. The principal opportunity is to
connect molecular recognition with measurable therapeutic or diagnostic benefit across
human, veterinary, food, aquatic, and environmental settings.
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1. Introduction

Antibiotics have transformed human and veterinary medicine by making previously
lethal bacterial infections treatable and enabling procedures that depend on effective in-
fection control. Their value is increasingly threatened by antimicrobial resistance, the
movement of resistance determinants across human, animal, and environmental compart-
ments, and longstanding gaps in antibacterial development [1-3]. Therefore, innovation
can no longer depend solely on the discovery of entirely new small molecules. It should
also include strategies that reveal vulnerable bacterial targets, restore or potentiate existing
antibiotics, improve pathogen selectivity, and provide actionable diagnostic information.

Phage display is a molecular selection technology in which peptides, antibody frag-
ments, or other proteins are displayed on the surface of bacteriophages while the DNA
encoding each displayed molecule remains physically linked within the same particle. This
genotype—phenotype linkage enables iterative enrichment of binding variants from highly
diverse libraries [4—6]. Selections can be performed against purified proteins, bacterial cells,
and other complex biological targets, allowing the isolation of ligands for both mechanistic
and translational applications [7].

The antibacterial potential of phage display has been recognized for more than two
decades. Early studies demonstrated that phage-selected peptides could bind bacterial
targets and, in some cases, directly inhibit bacterial growth [7-9]. The field subsequently
expanded towards pathogen-selective peptides, recombinant antibodies, diagnostics, and
targeted drug delivery. However, enrichment or phage-associated binding alone does
not establish antibacterial function, because selected clones may benefit from multivalent
avidity or target-unrelated propagation advantages [10,11].

Recent studies have indicated a shift from affinity selection to functional antimi-
crobial engineering. Phage-selected targeting peptides have been used to improve
bacterial specificity and guide antimicrobial cargo, including targeted delivery against
Staphylococcus aureus and hybrid antimicrobial peptides with reported binding to bacterial
thymidylate kinase [12-14]. Together, these studies suggest that phage display can con-
tribute not only to ligand discovery but also to the engineering of antimicrobial specificity,
localization, and therapeutic function.

Phage-associated binding must be distinguished from the behavior of the intended
product. Multivalent display can produce avidity that is lost after synthesis of a free
ligand, while amplification may enrich clones with propagation advantages unrelated to
target recognition [10,11]. Soluble peptides and antibodies therefore require independent
validation after removal from the phage. When the phage is retained as a delivery scaffold,
validation should instead establish ligand-dependent recognition and function in that final
format, using matched scaffold and payload controls. The major contributions of phage
display across the antibiotic development pathway are summarized in Figure 1.

This review connects the antibacterial applications of phage display through a common
problem: demonstrating that a selected interaction contributes to a useful intervention.
The representative literature illustrates three recurrent concerns: phage-associated binding
may not persist in the intended product format; antibacterial assays and comparators
vary between studies; and targeting, killing, delivery, or diagnostic functions often require
separate validation. These qualitative observations motivate the proposed B2A framework;
they are not estimates of how frequently individual limitations occur across the entire field.
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Phage display functions as an antibiotic-enabling platform by linking

molecular recognition to discovery, engineering, delivery, rescue, and decision support.

Figure 1. Phage display across the antibacterial development continuum. Conceptual overview of
how display-derived ligands contribute to five interconnected functions: Discover, Design, Direct,
Rescue, and Diagnose. These functions are complementary rather than sequential. This scheme
distinguishes phage display from lytic phage therapy and links each function to a measurable
translational outcome. The antibody symbols in the schematic represent phage-display-derived
antibody fragments (Fab/scFv).

2. Scope and Literature-Search Framework

This critical review examines how phage display can contribute to the discovery,
optimization, delivery, and preservation of antibacterial therapy. Rather than treating
the technology as a generic affinity-selection method, we focused on studies in which
selected peptides, antibodies, protein domains, or engineered phage particles had a credible
connection with antibiotic action. Relevant outcomes include direct bacterial inhibition,
suppression of resistance mechanisms, restoration of antibiotic susceptibility, pathogen-
selective delivery, biofilm disruption, anti-virulence activity, and diagnostic information
that can alter the antimicrobial treatment [8,12,15,16].

The literature search covered PubMed /MEDLINE, Web of Science Core Collection,
Scopus, ScienceDirect, and CAB Abstracts, with Google Scholar used for citation tracking
and recovering older foundational studies. The main search window spanned January 2000
to 24 August 2026, while retaining earlier articles that established essential display plat-

”ou

forms. Search combinations included “phage display”, “phage-displayed”, “phage library”,

Y/

or “biopanning” together with “antibiotic”, “antibacterial”, “antimicrobial resistance”,

V/7i

adjuvant”,

Z7i

“biofilm”, “peptide”,
Conventional lytic phage therapy and phage—antibiotic combinations without a display

V7a7i

antibody”,

V77i

targeting”, “delivery”, or “diagnostic”.

component were outside the core synthesis; they are mentioned only to distinguish these
approaches from display-derived interventions.
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The core evidence base comprises primary studies that use phage display to identify
ligands against bacterial cells, proteins, toxins, resistance determinants, or biofilms; demon-
strate antibacterial, anti-biofilm, anti-adhesion, anti-virulence, or resistance-modifying ac-
tivity; employ a selected ligand for antibiotic or nanoparticle delivery; develop a treatment-
relevant diagnostic; or integrate sequencing and computational methods with antibacterial
selection. Studies centered on conventional phage therapy without a display component,
viral or cancer targets, or diagnostics with no plausible treatment relevance fell outside the
core synthesis.

The review considered the phage platform, display site, library architecture, target
format, selection controls, sequencing method, intended ligand format, specificity, bacterial
panel, mechanism, antibiotic interaction, safety, resistance, biological matrix, animal model,
and translational evidence, where these were reported. Particular attention was given
to whether binding was demonstrated on the phage, with the free ligand, or in the final
formulated product. These formats cannot be assumed to be interchangeable because
avidity and propagation bias can affect the apparent enrichment and binding [11,17-20].

This narrative review with qualitative synthesis is not a systematic review or meta-
analysis. The study designs and reported endpoints differed in terms of target, ligand
format, bacterial strain, medium, inoculum, exposure, comparator, and concentration
range. Missing endpoints were treated as reporting or evidence gaps, rather than negative
experimental findings. Quantitative values are interpretable within their original assay
conditions; direct comparisons between studies require compatible methods or explicit
adjustments for differences.

Evidence Mapping Used in This Review

Representative studies were described based on the types of evidence they reported,
including binding, biological activity, antibiotic relevance, safety, resistance, and transla-
tional testing. The evidence map highlights representative therapeutic examples rather than
providing an exhaustive inventory of studies. Animal experiments do not establish that
all preceding evidence requirements have been met. This descriptive mapping identifies
unresolved questions, whereas B2A proposes application-specific evidence requirements
for future developments.

Narrative designs may omit relevant studies and are susceptible to selection and
publication bias. Heterogeneous assays and incomplete reporting limit comparisons of
potency, selectivity, safety, and readiness for use of these compounds. The proposed B2A
framework has not been prospectively validated, and its usefulness in predicting successful
translations remains to be tested.

3. Phage-Display Platforms Relevant to Antibiotic Discovery

The core of phage display is the physical linkage between a displayed molecule and
the DNA sequence that encodes it. This arrangement allows very large molecular libraries
to pass through repeated cycles of binding, washing, recovery, amplification and reselection.
However, the phage platform is not a passive carrier; it shapes valency, folding, secretion,
library size, genetic stability, display efficiency, phage infectivity, and clone recovery,
and therefore influences the antibacterial targets and ligands that can be interrogated.
Consequently, platform choice is part of the biological design of the experiment. The
principal phage-display platforms and their relevance to antibacterial development are
summarized in Table 1.
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Table 1. Phage-display platforms and relevance to antibacterial development.

Platform Typical Display Site =~ Main Advantages Key Limitations Antibiotic-Interface Uses

M13/fd/f1  plI, pVIL pVII/pIX  with peptides and antibodies;

Large libraries; compatible Target discovery, bacterial
homing, diagnostics, affinity

maturation, drug carriers

Secretion bias; avidity;

. . i if
non-ly tic pro duction propagation artifacts

Cytoplasmic assembly; Host-dependent Display of selected poorly
T7 gp10 capsid rapid amplification; variable ~ propagation bias; capsid- secreted proteins; antibacterial

copy number assembly constraints ligand discovery

Large modular capsid; dual ~ Less established for MultlfuncF ional targeting,
T4 Hoc and Soc . . qe enzyme display,

or multicomponent display ~ antibiotic discovery .

payload delivery

Large inserts; suitable for Lower use in iterative Resistance-protein

Lambda Head or tail proteins ~ proteome and antibodies, antigen and

peptide discovery

antigen screening virulence-target discovery

3.1. Filamentous Phages

Filamentous Ff phages, including M13, fd, and f1, remain the dominant platforms for
phage display. The minor coat protein plll is generally preferred for the display of larger
proteins and antibody fragments, whereas pVIIl is particularly suited to the multivalent
presentation of short peptides [21]. In plll-based phagemid formats, reduced display
valency limits avidity effects and favors the selection of ligands according to their intrinsic
monovalent affinity. Conversely, multivalent display can enhance the apparent binding of
individually weaker ligands and may be useful when repeated interactions with bacterial
surfaces are desirable [7,21].

Alternative coat proteins, pVII and pIX, provide additional display configurations
and can support dual-display architectures, in which different molecular functions are
positioned on distinct regions of the filamentous phage particle [22]. Filamentous phages
are released without lysing the production host; however, displayed molecules must gen-
erally remain compatible with bacterial secretion, membrane translocation, and virion
assembly. Consequently, hydrophobic, toxic, or poorly exported sequences may be de-
pleted or underrepresented, reducing the functional diversity of a library relative to its
nominal size [21,23].

M13 systems are particularly well suited to linear or constrained peptide libraries, scFv
and Fab antibody fragments, bacterial-surface ligands, targeting domains, and affinity mat-
uration [7,21]. More recently, metagenome-inspired receptor-binding protein libraries were
used to engineer M13 variants targeting several Gram-negative bacterial species. A selected
variant recognizing Pseudomonas aeruginosa was subsequently conjugated with colistin,
producing a targeted antibacterial construct with substantially improved colistin potency
against multiple P. aeruginosa strains [24]. Because bactericidal activity was conferred by
the antibiotic cargo carried by a non-lytic M13 scaffold, this approach is mechanistically
distinct from conventional lytic phage therapy.

3.2. T7, T4, and Lambda Systems

T7 is a lytic double-stranded DNA phage in which foreign sequences are commonly
fused to the gp10 capsid protein. As capsid assembly occurs in the cytoplasm, T7 can
accommodate proteins that are difficult to secrete through filamentous phage pathways.
Different display valencies are available, although amplification-related changes in clone
representation remain relevant during the selection process [23,25].

Bacteriophage T4 has a large modular capsid containing non-essential Hoc and Soc
proteins, which can support multicomponent display, with the achievable density depend-
ing on cargo size and the attachment strategy [26]. Although T4 has been used mainly in
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vaccine and nanotechnology applications, its capacity for multifunctional display remains
relevant to antibacterial design [27].

Lambda display can accommodate relatively large inserts and has been used for
cDNA-derived proteins, antigen discovery, and large-scale screenings. Its potential at the
antibiotic interface includes the identification of resistance or virulence targets and the
display of larger bacterial domains that require a structural context [28,29].

3.3. Library Architecture and Selection Design

Random peptide libraries commonly contain short sequences, whereas longer inserts
can explore broader interaction surfaces of proteins. Cysteine-flanked libraries can form
disulfide-constrained loops under appropriate redox conditions, and the resulting effects on
affinity and stability must be measured [21,30]. Antibody libraries may include scFv, Fab, or
VHH formats derived from immune, naive, or synthetic repertoires. However, the nominal
library size does not necessarily reflect functional diversity because sequence bias, stop codons,
toxicity, packaging efficiency, and propagation can alter the clone representation [19,23].

Panning against purified targets facilitates mechanistic studies but may expose non-
native binding surfaces. Whole-cell panning preserves targets in a more native context
but requires careful counterselection against related bacteria, host cells, and experimental
components. The bacterial growth state and phenotype can also influence the accessible
surface repertoire [11,31].

Subtractive panning is particularly useful when selectivity is prioritized. Alternating
positive targets may favor conserved ligands, whereas negative selection reduces off-target
binding. Progressing from laboratory targets to clinical isolates and relevant biological
matrices may further improve their translational relevance [11,31].

3.4. Next-Generation Phage Display

Traditional phage-display workflows usually sequence only a limited number of final-
round clones. Next-generation sequencing can track large numbers of variants across the
naive library and successive selection rounds, revealing enrichment patterns, amplification-
associated expansion, family convergence, and diversity loss [19,32]. Importantly, sequence
abundance alone does not indicate the binding affinity. In a 2024 study, Sanger-selected can-
didates failed to show specific binding, whereas NGS revealed extensive library corruption
by a dominant clone [32].

NGS is therefore most informative when combined with amplification controls, repli-
cate selections, negative targets, sequence-family analysis, filters for target-unrelated clones,
and subsequent validation of soluble candidates [19,32]. Its principal value is not simply
exploring more sequences but clarifying how biologically relevant candidates emerge
during selection and separating reproducible target-dependent enrichment from library or
propagation artifacts [19,32].

4. Discovery of Bacterial Targets and Inhibitory Ligands

Target-based antibacterial discovery seeks molecules that disrupt proteins involved in
bacterial survival, cell wall synthesis, resistance, or virulence. Phage display can identify
peptide ligands and inhibitory surfaces that complement conventional small-molecule
screening, although strong binding to purified proteins does not guarantee activity against
native targets in intact bacteria [7].

4.1. Peptidoglycan-Biosynthesis Enzymes

Peptidoglycan biosynthesis is an attractive antibacterial target because it is essential
in many bacterial pathogens and absent from mammalian cells. Phage-display-derived
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peptides against Pseudomonas aeruginosa MurC and MurF inhibit these essential cell-wall
enzymes, although they require relatively high concentrations [33,34].

Therefore, these peptides may be more valuable as starting points for chemical or
structural optimization than as direct antibiotics. Minimization, cyclization, non-natural
residues, and conjugation to bacterial-targeting domains could improve potency, stability,
and cellular access.

4.2. Beta-Lactamases and Antibiotic Rescue

Inhibiting beta-lactamases provides a direct strategy for preserving beta-lactam antibi-
otics [35]. Phage display against TEM-1, followed by peptide-array optimization, produced
a short peptide that inhibited TEM-1 and beta-lactamases from other classes [7,15]. A
separate study identified a cyclic peptide inhibitor of the L-1 metallo-beta-lactamase of
Stenotrophomonas maltophilia [36].

These studies illustrate the principle of antibiotic rescue: a phage-selected ligand need
not be strongly bactericidal if it can neutralize a resistance mechanism and restore antibiotic
activity. However, translation requires efficacy against clinically relevant enzyme variants
and intact resistant bacteria in combination with defined antibiotics [35].

A decrease in MIC indicates increased in vitro activity; however, restoration of clinical
susceptibility should be claimed only when an applicable interpretive breakpoint and
relevant antibiotic exposure support that conclusion.

4.3. Nucleotide Metabolism and Hybrid Antimicrobials

In 2025, Hu et al. [13] identified heptapeptides by phage display and fused them to
WP, a peptide with weak activity against Gram-negative bacteria. The lead hybrid, SWP,
showed binding to thymidylate kinase, antibacterial activity against Escherichia coli, and
efficacy in a mouse peritonitis model. These findings support further investigation of the
hybrid; however, they do not establish a clinically adequate safety margin.

This strategy illustrates how a selected motif can contribute to antimicrobial activity.
Nevertheless, establishing a target-dependent mechanism requires evidence of access
to intracellular thymidylate kinase and discrimination between enzyme engagement and
membrane-mediated killing. Binding to the purified enzyme alone cannot establish whether
its inhibition drives antibacterial activity.

5. Precision Antimicrobial Peptides Derived from Phage Display

Antimicrobial peptides (AMPs) can act rapidly against antibiotic-resistant bacteria;
however, their clinical development is limited by toxicity, degradation, poor stability in
physiological environments, and insufficient pathogen selectivity [37,38]. Phage display
can address the selectivity problem by identifying bacterial-binding motifs with intrinsic
antimicrobial activity or by coupling recognition and killing as separate functions [7].

5.1. Whole-Cell Selection and Direct Antimicrobial Activity

Whole-cell panning enables the discovery of antibacterial peptides without prior
knowledge of the receptor. Subtractive selection against Campylobacter jejuni has iden-
tified phage-displayed peptides with strong and relatively selective growth-inhibitory
activity [9]. Similarly, EC5, selected against Escherichia coli, was bactericidal against E. coli
and Pseudomonas aeruginosa through membrane permeabilization, depolarization, and re-
duced ATP production [16].

Selection against a single bacterium does not necessarily produce narrow-spectrum
peptides. Candidate evaluation should therefore include target and nontarget isolates,
representative commensals, and mammalian cell toxicity to distinguish pathogen selectivity
from broader membrane-directed activity.

https://doi.org/10.3390/applbiosci5040101
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5.2. Targeting Modules for Established Antimicrobial Peptides

In 2024, the Staphylococcus aureus-binding sequence SYWVRAS was linked to Temporin-
SHf and further optimized. The lead hybrid SFK2 showed selective antibacterial activity in
the tested panel and efficacy in mouse and piglet infection models [39]. These experiments
provide evidence in two animal models but do not establish effectiveness in naturally
occurring livestock disease.

Appropriate controls should distinguish receptor-mediated targeting from nonspe-
cific effects caused by the charge, hydrophobicity, linker design, or peptide orientation.
Although targeted AMPs can reduce off-target antimicrobial exposure, the preserva-
tion of the microbiota should be demonstrated experimentally rather than inferred from
monoculture selectivity.

5.3. Chemically Diversified and Computationally Optimized Candidates

Phage-selected scaffolds can acquire antimicrobial activity after chemical modification.
Bicyclic peptides selected against lipid II were converted into lipopeptides active against
Gram-positive and vancomycin-resistant bacteria, with further optimization improving
antibacterial activity and reducing hemolysis [14].

Computational approaches can further optimize the potency, selectivity, toxicity, sta-
bility, and manufacturability of these compounds. Because improvements in membrane
activity may also increase host toxicity, multi-objective optimization followed by experi-
mental validation is essential [38].

5.4. Building Safety into the Screening Workflow

Safety can be incorporated before lead optimization rather than assessed only at
the end of development. During biopanning, negative or subtractive selection against
mammalian cells, abundant host proteins, representative commensal bacteria, and closely
related non-target species can reduce off-target binders. Early soluble-candidate testing
should include hemolysis, mammalian-cell cytotoxicity, serum or matrix stability, and—
when whole phage or nanoparticle carriers are retained—endotoxin control, innate immune
activation, and carrier-related toxicity. Candidates that gain potency through increasing
hydrophobicity or cationic charge should be re-evaluated because the same changes can
increase host-cell toxicity. These safety filters do not replace formal toxicology but can
prevent clearly unsuitable candidates from advancing through the B2A pathway [40,41].

6. Antibiotic Rescue and Potentiation

Phage-display-derived antibiotic enablers can be grouped into four major functional
classes: direct antimicrobial action, resistance or permeability modulation, targeted delivery,
and treatment-guiding diagnostics (Figure 2).

6.1. Mechanistic Classes

Resistance enzyme inhibitors, particularly beta-lactamase-binding peptides, should be
evaluated beyond purified enzyme assays. Translation requires the restoration of antibiotic
activity in intact resistant bacteria and evidence that the ligand reaches the relevant bacterial
compartment, especially the periplasm in Gram-negative organisms [35,42].

Outer-membrane permeabilizers can potentiate antibiotics with limited access to
Gram-negative bacteria. Evaluation should separate the potentiator’s own antibacterial
effect from its contribution to the combination and measure antibiotic accumulation at the
relevant site of action, including the periplasm for some agents. Efflux inhibition likewise
requires direct evidence from accumulation or efflux assays; a lower MIC alone does not
establish the mechanism [42—44]. These are general principles for evaluating proposed
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display-derived adjuvants and do not necessarily indicate that every class has reached the
same stage of development.
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Figure 2. Mechanistic classes of phage-display-derived antibiotic enablers. The four principal
mechanisms are direct antimicrobial action, resistance or permeability adjuvants, targeted antibiotic
delivery, and diagnostics that guide the selection of treatment.

Biofilm-directed ligands may target matrix components, biofilm-specific surface phe-
notypes, or persistent populations. Their activity should be evaluated against established
biofilms using viable-cell or eradication endpoints because biomass measurements, such as
crystal violet staining alone, do not establish antibacterial activity [45].

6.2. Quantifying Synergy and Evolutionary Durability

A reduction in the MIC after adding a peptide does not demonstrate synergy. Checker-
board analysis should be complemented by time-kill testing, particularly when the interac-
tion depends on the concentration or exposure sequence [46].

Combination studies should distinguish synergy, additivity, indifference, and antag-
onism and compare the individual components with the combination. Serial passage
or experimental evolution can then test whether a combination delays resistance under
experimental conditions and identify mechanisms such as altered membrane charge, efflux,
proteolysis, or receptor modification, together with their fitness consequences [47,48].

Conceptually, combining a conserved targeting ligand, a membrane-active component,
and an antibiotic with an independent intracellular target could increase the evolutionary
barrier to resistance; however, this strategy requires prospective experimental validation.
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7. Targeted Antibiotic Delivery

Targeted delivery aims to concentrate antibiotics at the site of infection while limiting
systemic exposure. Phage-display-derived ligands can provide this specificity by recog-
nizing pathogens or infection-associated structures and directing therapeutic cargo to the
relevant sites [7,12].

7.1. Nanoparticle and Peptide-Antibiotic Delivery

Cyclic peptide CARGGLKSC, identified by phage display against Staphylococcus aureus
and subsequent in vivo screening, was used to target vancomycin-loaded porous silicon
nanoparticles. CARG functionalization increased antibiotic accumulation in infected tissues
and improved antibacterial efficacy in mouse infection models [12].

Peptide-drug conjugates provide an alternative that may reduce carrier complexity;
however, conjugation must preserve both peptide recognition and antibiotic activity. Cleav-
able or non-cleavable linkers can control drug release, including designs that respond to
pH, redox conditions, or enzymes [49].

Targeting ligands can also be incorporated into liposomes, polymeric, and inorganic
nanoparticles, and other carriers. Properties such as size, surface charge, ligand density,
and release kinetics influence biodistribution, cellular uptake, and therapeutic performance
and should therefore be optimized together with the targeting ligand [50]. In 2026, targeted
M13 constructs were combined with copper—protocatechuic acid nanoparticles, with an-
tibacterial effects reported in zebrafish and mouse infection models [51]. This is an example
of a non-antibiotic payload and should be distinguished from antibiotic delivery.

7.2. Whole-Phage Carriers and Intracellular Delivery

Phage particles can function as multivalent delivery scaffolds. In 2025, a metagenome-
inspired M13 variant targeting Pseudomonas aeruginosa was conjugated with colistin, sub-
stantially reducing the amount of antibiotic required for bacterial inhibition [24]. Filamen-
tous phages offer genetic programmability and multivalent surface chemistry; however,
immune recognition, systemic clearance, production purity, and translational complexity
remain important considerations [52].

Intracellular infections present additional barriers because antibiotics must reach both
the infected host cell and the intracellular bacterium. Effective systems therefore require
cellular uptake, appropriate intracellular trafficking, and sufficient antibiotic accumulation
in the bacterial niche [53].

7.3. Translational Requirements

Successful targeted antibiotic delivery requires conserved receptor expression across
clinically or veterinary-relevant isolates and retention of the targeting activity in the in-
tended biological matrix. Formulation or conjugation should be reproducible and scalable,
improve bacterial exposure or biodistribution, and maintain acceptable safety for both
the targeting ligand and carrier. Importantly, the targeted system should provide greater
efficacy or a meaningful reduction in the antibiotic dose compared to the free drug. Po-
tential resistance through receptor loss, along with its associated fitness costs, should
also be evaluated [12,24,49,53]. Representative phage-display-derived antibacterial and
antibiotic-enabling strategies are summarized in Table 2.

7.4. Comparative Evidence Patterns and Translational Gaps

Table 2 illustrates the progression from biochemical inhibition to cell-based activity
and, for selected constructs, animal efficacy. These evidence types should not be treated
as a complete readiness ranking: demonstration of an animal effect does not establish
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adequate pharmacokinetics, resistance durability, or manufacturing feasibility. Potency and
selectivity also depend on the tested strains, media, inoculum, exposure, peptide purity,
and comparator. The practical gap is therefore the evidence still needed for each intended
product, rather than a numerical ranking of heterogeneous candidates.

Table 2. Representative phage-display-derived antibacterial and antibiotic-enabling strategies.

Strategy Target/Pathogen Selected Output Principal Function Highest Evidence Reported Reference
Enzyme S Cell-wall Purified-enzyme and
inhibitor MurC/MurfF Peptide ligands target inhibition biochemical validation [33,34]
Antibiotic TEM-1 and L-1 . . . Resistance-enzyme . .
rescue beta-lactamases Linear/cyclic peptides inhibition Biochemical lead stage [15,36]
. Membrane . . .
Direct AMP E. coli/ . ECS5 peptide permeabilization In Yltro aCtlYlty’ matrix, and [16]
P. aeruginosa 11s toxicity testing
and killing
Targeted SFK2 based on Pathogen targeting Mouse and piglet
S. aureus SYWVRAS- 2 . . [39]
AMP . plus killing infection models
Temporin-SHf
Targeted E. coli; thymidylate . Target binding plus . o
AMP Kinase SWP hybrid antimicrobial action Murine peritonitis model [13]
Targeted . . CARG-nanoparticle-  Infection-site Animal biodistribution and
¢ S. aureus infection . . . . . [12]
delivery vancomycin antibiotic delivery efficacy studies
Whole-phage P. aeruginosa M13-colistin conjugate Multivalent targeting  In vitro antibacterial [24]

carrier

and delivery evaluation only

8. Phage-Display-Derived Diagnostics for Antibiotic Selection

Rapid diagnostics support antimicrobial stewardship when results are timely and
linked to effective treatment decisions [54,55]. Phage display can generate peptides and
antibody-derived reagents that recognize bacterial surfaces or resistance-associated targets,
providing tools for pathogen identification and treatment-guiding diagnosis.

8.1. Diagnostic Functions

Phage-display-derived diagnostics can contribute to several complementary functions
at the antibiotic interface of bacteria. These include pathogen identification to determine
the infecting organism, detection of defined antimicrobial resistance determinants, pheno-
typic classification of bacterial states associated with antimicrobial response, and companion
diagnostics designed to identify patients or isolates most likely to benefit from a targeted inter-
vention. These functions differ in the type of information they provide, but collectively, they
can help shorten the interval between pathogen detection and informed treatment decisions.

Whole-cell biopanning has yielded diagnostic probes against Staphylococcus aureus
and Klebsiella pneumoniae. A specific S. aureus-binding phage clone was identified by
De Plano et al. [56], whereas the KP peptide TSATKFMMNLSP recognized K. pneumoniae
lipopolysaccharide, showed low cross-reactivity with other bacteria, and detected clinical
isolates, including resistant strains [57].

At the antibiotic interface, resistance-marker detection may provide rapid treatment
information but should complement rather than replace phenotypic susceptibility testing
because nucleic-acid- and affinity-based marker assays detect only their intended targets
and may not fully predict antimicrobial response [55,58].

8.2. Phage-Seq and Companion Diagnostics

Phage-seq combines VHH phage display, intact cell panning, and high-throughput se-
quencing to profile bacterial surfaces across multiple genotypes. In Pseudomonas aeruginosa,
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this approach identified VHHSs against native surface structures, including the outer mem-
brane channels of efflux systems OprM, OpzJ, and OprN. It also showed that VHHSs
selected against immobilized purified proteins may fail to recognize the same targets in
live cells [59].

Such multiplexed profiling could help compare susceptible and resistant isolates or
different bacterial physiological states, although it does not replace conventional suscepti-
bility tests. For narrow-spectrum therapies, companion diagnostics should establish the
presence of the pathogen, expression of the therapeutic receptor, and whether receptor
recognition predicts the treatment activity.

8.3. Minimum Diagnostic Performance Requirements

Minimum diagnostic performance requirements should encompass analytical sensi-
tivity, a prespecified limit-of-detection method, and reproducibility, together with demon-
strated inclusivity across representative target strains and exclusivity against clinically
or epidemiologically relevant non-target organisms [54,55]. Performance should also be
established in the intended biological matrix rather than being inferred from testing under
simplified laboratory conditions. Candidate assays should provide a turnaround time
compatible with the decision they are intended to support and should be compared with
appropriate reference methods such as culture, PCR, and/or antimicrobial susceptibility
testing. Diagnostic sensitivity and specificity should be estimated in the intended popu-
lation with confidence intervals, and predictive values should be interpreted at relevant
disease prevalence rates. Practical implementation further requires evidence of reagent
and device stability, suitable storage conditions, acceptable costs, and workflow feasibility.
Most importantly, assay performance should be linked to a predefined clinical, veteri-
nary, or antimicrobial stewardship decision because the diagnostic value depends not
only on analytical accuracy but also on whether the result leads to appropriate and timely
action. The principal diagnostic roles, required validation, and potential limitations of
phage-display-derived binders are summarized in Table 3.

Table 3. Diagnostic roles of phage-display-derived binders at the antibiotic interface.

Diagnostic Target Type Potential Decision Required Validation Principal Risk
Role Supported
Species- or Treatment narrowing  Clinical Species identification
Pathogen ) . . . e I
. 2 strain-associated or infection- sensitivity /specificity may not
identification . . ! . a1
surface antigen control action and matrix performance predict susceptibility
. Beta-lactamase, Avoid ineffective Isogenic controls and Marker absence does
Resistance-

marker detection

altered PBP, porin,
efflux component

drug or select
inhibitor combination

correlation between
expression and response

not exclude
other mechanisms

Biofilm, persistence,

Longitudinal collections

Phenotypic or treatment-induced Escalation, adjunct spanning diverse Association may be
classification selection, prognosis P & lineage-specific
surface state lineages
. Receptor for targeted L . . A binding signal
Companion sciirzi:rar?:ibaolfe ¢ Eligibility for Prospective correlation ma mn(:?grilgirz
diagnostic peptde, Y precision therapy with treatment outcome ynotp
or carrier therapeutic exposure

9. From Binding Enrichment to Antimicrobial Evidence: The
B2A Framework

A phage-display clone can be enriched through propagation advantages or binding
to experimental components rather than the intended target [10,11,19,32]. Even target-
associated binding can reflect avidity or non-native antigen presentation [21,59]. We
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propose the Binding-to-Antibiotic Action (B2A) framework as a guide to five evidence
domains for therapeutic candidates (Figure 3). The domains organize established validation
requirements around display-specific failure modes; they are not a validated score or a
claim of novel drug development stages. Progression is iterative, and safety and matrix
testing should begin early rather than wait for a nominal later gate.

Iterative validation and redesign

Relative abundance

Recovered sequence
abundance after
panning

[

Enriched candidates

ommme e aees T L — :
1 e 3
V. EEKIES\
N & E
Library o Binding Biological Antibacterial / Safety and 6 Translation
enrichment relevance function therapeutic benefit resistance

Specific, reproducible Enzyme inhibition, Direct killing, Resistance trajectory, Matrix stability,
binding in the intended membrane damage, potentiation, targeted cytotoxicity, haemolysis, pharmacology,
soluble or carrier-bound anti-virulence, delivery, or improved inflammatory effects, infection-model efficacy,
format; orthogonal anti-biofilm activity, infection outcome and microbiome manufacturability,
confirmation; target or relevant cargo with measurable consequences and workflow
accessibility. localisation. therapeutic gain. where relevant. feasibility.

Enrichment does not
! establish specific binding. |

Matrix performance,
achievable exposure, and
i scale-up may limit translation. |

Binding does not
i guarantee antibacterial !
i relevance.

Evidence requirements are application-specific and iterative;
claims should match the domains demonstrated.

Therapeutic candidates only; diagnostic applications follow a parallel performance pathway.

Figure 3. Proposed Binding-to-Antibiotic Action framework for therapeutic candidates. Evidence
domains address binding relevance, biological function, antibacterial or antibiotic-related benefit,
safety and resistance, and translation. Gate 1 applies to the intended soluble or carrier-bound format.
Tests may proceed in parallel or require a return to earlier domains after redesign. Passing preclinical
domains does not establish regulatory approval or readiness for deployment. Diagnostic applications
follow the performance pathway summarized in Table 3.

9.1. Gate 1—Binding Relevance

The first gate establishes specific recognition of the intended product format. Free
peptides or antibody fragments require reproducible binding after synthesis or recombinant
expression, supported by negative controls, concentration dependence, and native target
accessibility, where relevant. Products that retain a phage or another multivalent carrier re-
quire ligand-dependent recognition with matched untargeted or scrambled ligand controls;
loss of monovalent binding does not invalidate a deliberately multivalent construct. The
valency and ligand density should be reported. Passing this gate establishes binding under
the tested conditions, not antibacterial efficacy [7,60].

9.2. Gate 2—Biological Function

The second gate tests the proposed biological function. Appropriate endpoints may
include enzyme inhibition, membrane disruption, effects on adhesion or toxin activity,
biofilm modification, and improved immune clearance. Assays must distinguish target-
dependent activity from nonspecific physicochemical effects. For delivery-only ligands,
a relevant function may be cargo localization or uptake; direct killing by the ligand is
not required.
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9.3. Gate 3—Antibacterial or Therapeutic Benefit

Third, the gate tests antibacterial or therapeutic benefits with mechanism-appropriate

endpoints. Direct antimicrobials require MIC, killing or MBC measurements, regrowth

assessment, and a relevant isolate panel. Adjuvants require comparison of each component

and the combination, prespecified interaction criteria, and mechanism-linked confirmation.

Delivery systems require matched free-payload and untargeted-carrier comparators. Anti-

virulence candidates may instead demonstrate toxin neutralization or improved infection

outcomes without a lower MIC; claims of antibiotic sparing require direct testing [16,61].

9.4. Gate 4—Safety and Resistance

The fourth gate evaluates safety and evolutionary durability. Studies should assess

hemolysis, mammalian-cell cytotoxicity, inflammatory effects, and, where appropriate,

effects on beneficial microbiota and organ toxicity. Serial-passage or spontaneous-resistance

experiments can estimate resistance propensity under the tested conditions and characterize

associated mechanisms, fitness costs, or changes in virulence. Safety testing is particularly

important for antimicrobial peptides because potent antibacterial activity may coexist with
host-cell toxicity [40,41].

9.5. Gate 5—Translation

The final gate asks whether the activity persists under conditions that approximate

the intended use. Candidates should retain efficacy in the relevant biological matrix,

demonstrate appropriate stability, pharmacokinetics, and biodistribution, and provide

meaningful benefit relative to an appropriate comparator for the intended route and

indication. Manufacturing consistency, formulation, storage, regulatory identity, economic

feasibility, and compatibility with clinical or veterinary workflows should be considered

part of translational evidence rather than downstream considerations [41,62]. The minimum

evidence, common false inferences, and candidate classifications associated with each B2A

gate are summarized in Table 4.

Table 4. Binding-to-Antibiotic Action evidence gates.

Common False

Gate Core Question Minimum Evidence Candidate Label
Inference
.1 Does the intended soluble or Format—rpz.at.ched b1.n ding .
1. Binding . and specificity; native-target ~ Enrichment . .
carrier-bound format . Validated binder
relevance . relevance; matched scaffold equals affinity
recognize the relevant target? .
controls where applicable
2. Biological Does recognition produce Mechanism-matched Binding equals Functionally

function

the proposed function?

functional assays

antimicrobial action

characterized ligand
or construct

3. Antibacterial or
therapeutic benefit

Does it kill, potentiate,
deliver, or improve a
relevant infection outcome?

Mechanism-matched killing,
interaction, exposure, or
infection-outcome evidence

Lower MIC alone
proves synergy

Antibiotic-relevant
candidate

4. Safety and
resistance

Is the activity durable and
acceptably safe?

Exposure-relevant toxicity;
resistance testing; microbiota
effects where applicable

Narrow in vitro
spectrum
guarantees safety

Candidate
characterized for
safety and resistance

5. Translation

Does it remain effective in
the intended matrix and
deployment contexts?

Application-appropriate
exposure, efficacy,
comparator, manufacturing,
and feasibility data

Animal activity
automatically means
deployability

Candidate with
translational
feasibility evidence

For topical, food, or environmental applications, exposure, persistence, residue, or

ecotoxicity endpoints may be more relevant than systemic pharmacokinetics. Evidence
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of preclinical feasibility is distinct from regulatory authorization, field effectiveness, and
readiness for routine deployment. Diagnostics do not need to demonstrate bacterial killing;
their pathway requires analytical validity, clinical or field validity, and evidence that use
improves the intended decision (Table 3).

9.6. Technology Limitations Across the B2A Continuum

Phage display also has limitations that should be considered at every B2A gate. At
selection, library composition, secretion constraints, infectivity, amplification bias, and
target-unrelated binding can distort enrichment. At binding validation, multivalent avid-
ity and non-native target presentation can disappear when the free peptide or antibody
fragment is tested. At the functional stage, a ligand may bind without reaching an essen-
tial bacterial compartment or without altering a phenotype relevant to infection. At the
antibacterial stage, potency can be strain-specific, matrix-sensitive, or dependent on concen-
trations that are not achievable in vivo. At the safety and resistance stage, membrane-active
candidates may show hemolysis or cytotoxicity, while target loss, proteolysis, efflux, or
receptor modification can erode efficacy. Finally, translation can fail because of instability,
unfavorable pharmacokinetics, immunogenicity, formulation, manufacturing, storage, cost,
or workflow constraints. These limitations explain why successful biopanning should be
treated as the beginning of validation rather than as evidence of a deployable antimicrobial.

9.7. Commercial and Translational Precedent

Phage display has contributed to the discovery or engineering of approved biologics,
including adalimumab, ranibizumab, belimumab, and raxibacumab [63]. Raxibacumab is
directly relevant to bacterial disease: it neutralizes anthrax toxin and is used with appropri-
ate antibacterial drugs for the treatment of inhalational anthrax. It should be distinguished
from a directly bactericidal peptide or a ligand that restores antibiotic susceptibility. The
peptide and antibiotic-rescue examples discussed here remain experimental leads; this
selected literature set does not establish a complete global inventory of product approvals.
A recent review describes the broader use of phage display in peptide drug discovery [64].

10. One Health and Veterinary Relevance

Antimicrobial resistance is sustained and transmitted across human, animal, food
production, and environmental systems. The same phage-display principles can be used to
generate narrow-spectrum therapeutics, antibiotic-sparing interventions, farm-level diag-
nostics, food-pathogen probes, antivirulence antibodies, and environmental surveillance
reagents. Potential One Health benefits include reduced unnecessary antibiotic exposure
and improved health surveillance. The effects on microbiota or transmission between
sectors must be measured rather than inferred from target binding or laboratory selectivity.
The potential applications of phage-display-derived technologies across interconnected
human, animal, food, aquatic, and environmental settings are illustrated in Figure 4.

10.1. Bovine Mastitis

Bovine mastitis provides a particularly informative translational setting because any
new intervention must balance bacteriological cure, animal welfare, milk quality and
residues, discarded milk, antimicrobial stewardship and farm economics. Phage-display-
derived reagents can contribute to pathogen-specific diagnosis, anti-virulence therapy,
biofilm targeting, targeted intramammary delivery, and the development of pathogen-
selective antimicrobial peptides.

Zhang et al. [65] selected four single-chain variable fragments (scFvs) against the
LukE and LukD components of Staphylococcus aureus leukocidin ED using phage-display
biopanning. These scFvs reduced LukED-mediated killing of bovine neutrophils and mam-
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mary epithelial (MAC-T) cells and, in an experimental mouse mastitis model, decreased
mammary tissue damage, inflammatory-cell infiltration, and pro-inflammatory cytokine re-
sponses. These findings support toxin neutralization as a potential adjunct to conventional
antibacterial therapy rather than as a replacement for bacterial clearance.

Human medicine
Targeted antimicrobials,
resistance-guided diagnostics,
and adjuncts for multidrug-
resistant infections.

Dairy and livestock
Mastitis, enteric disease,

pathogen-selective therapy, \

and antibiotic-sparing
decision support.

Aquaculture

y D Water-compatible detection,
..... % . pathogen-targeted delivery,
and population-level
R stewardship.

Phage-display-enabled

Food safety

Selective detection or
control of foodborne
pathogens across
processing and
distribution chains.

antibacterial tools

N5 4

"""" o Environmental
i / surveillance
Monitoring of resistant
bacteria in wastewater,
farm effluent, slaughter

facilities, and aquatic

systems.

Connected pathway Resource-adapted pathway

/'/ / Y ,
Sequencing, biosensors, integrated [ \ Portable assays, |°W'§°5t affinity
data systems, and advanced L | | probes, simplified enrichment
delivery platforms. \ 6 / 4 methods, and field-ready

N y workflows.

[ @ A One Health strategy requires both scientific sophistication and deployable implementation pathways. }

Figure 4. One Health deployment map. Potential applications are shown across human medicine,
dairy and livestock production, aquaculture, food safety, and environmental surveillance, with both
connected and resource-adapted implementation pathways.

However, the translation to dairy cattle will require evidence of stability and biological
activity in milk, adequate intramammary retention, efficacy against genetically diverse
mastitis-associated isolates, and compatibility with existing antimicrobial or supportive
treatments. Pharmacokinetics, local immunogenicity, milk withdrawal requirements, and
manufacturing consistency should also be considered before clinical application.

10.2. Food-Producing Animals and Food Safety

Hu et al. [66] combined phage-display screening, next-generation sequencing, and
rational peptide design to develop a specifically targeted antimicrobial peptide against
pathogenic Escherichia coli. The resulting peptide, WK, incorporated an E. coli-binding
domain identified by phage display, and was predicted by molecular docking to interact
with the fimbrial adhesin FaeG, disrupt bacterial membranes, and show lower activity
against the probiotic bacteria included in the study. Its application also improved the
preservation of experimentally contaminated yogurt and tomato surfaces, providing a
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proof of concept in the tested food matrices. A docking result does not establish FaeG as the
causal receptor, and recognition cannot be generalized to E. coli strains lacking that adhesin.

Similar workflows can be extended to other foodborne pathogens, including Salmonella
enterica, Campylobacter jejuni, Clostridium perfringens, Listeria monocytogenes, and resistant
staphylococci. However, specificity cannot be assumed across species or strains; binders
must be selected and validated against representative target populations and relevant
food matrices. The intended application should also be defined early, because animal
therapeutics, food preservatives, carcass or surface decontamination agents, and active
packaging technologies have different performance, safety, and regulatory requirements.
Recent reviews of phage-display-derived biorecognition elements emphasize this transition
from binder discovery toward matrix-specific diagnostic and food-safety validation [67].

A complementary example comes from Xu et al. [67], who integrated phage display
with computational peptide design and machine learning to identify specifically targeted
antimicrobial peptides against C. perfringens. The optimized peptides damaged bacterial
cells, disrupted biofilms, and could self-assemble into nanoparticles, while an engineered
gut-targeted delivery system improved outcomes in experimental intestinal infections. This
work illustrates how target recognition, antimicrobial design, computational optimiza-
tion, and delivery engineering can be developed as an integrated platform rather than as
independent technologies.

Xu et al. [68] also developed a targeted antimicrobial peptide, P18E6, against
methicillin-resistant S. aureus and combined it with a bacterial-entrapping peptide that
self-assembled into nanonetworks around the pathogen. The combination enhanced an-
tibacterial activity and reduced systemic MRSA infection in vivo. Veterinary translation
will require direct validation against livestock-associated MRSA and mastitis-associated
S. aureus lineages, because recognition of receptors expressed by human-associated
strains cannot be assumed to extend to animal-adapted populations.

10.3. Aquaculture

Aquaculture is particularly suitable for precision antimicrobial and diagnostic ap-
proaches because of intensive production, water-mediated transmission, and antimicrobial
exposure, which can facilitate pathogen spread and the selection of antimicrobial resis-
tance [69,70]. Phage-display applications have already been demonstrated for several
relevant aquatic pathogens. A workflow combining phage display with a quorum-sensing
biosensor identified inhibitory peptides, and cell-penetrating peptide constructs showed
protective effects against Aeromonas hydrophila in experimental zebrafish and mouse infec-
tion models [71], whereas phage-display-derived affinity probes have been developed for
the detection of Vibrio parahaemolyticus and Edwardsiella tarda [72,73].

For V. parahaemolyticus, a specific nonapeptide-derived pVIII fusion probe selected
from a landscape phage library was incorporated into a colorimetric assay that achieved
a detection limit of 15 CFU/mL and was evaluated in the marine samples reported in
that study [72]. For E. tarda, phage-display-derived peptide ligands were incorporated
into fluorescence-polarization and quartz-crystal-microbalance assays, enabling sensitive
bacterial detection [73]. These studies provide direct evidence that phage-selected recog-
nition elements can function in aquatic pathogen detection rather than representing only
theoretical applications.

Nevertheless, the selection conditions should reproduce the environment in which the
ligand ultimately operates. For aquaculture applications, this includes relevant salinity, pH,
temperature, organic matter, microbial background, and the pathogen’s physiological state.
Environmental conditions can substantially influence bacterial physiology and virulence,
supporting validation under conditions representative of the intended aquatic system,
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rather than solely in simplified buffers [74]. Binding measured under purified laboratory
conditions may not predict performance in pond water, seawater, intestinal contents,
biofilms, or infected tissues.

10.4. Environment and Equitable Deployment

Phage-display-derived probes can also be adapted to capture or pre-concentrate
target bacteria from wastewater, livestock effluent, slaughter facilities, soil, and farm
water before culture or molecular analysis. Phage-display-derived peptides have been
incorporated into magnetic-separation systems for bacterial enrichment, supporting the
feasibility of this approach [75]. However, in environmental applications, performance
should be evaluated under realistic biofouling, particulate, organic-matter, and microbial-
background conditions. Recent reviews have identified food- and water-borne pathogen
detection as expanding applications for phage-display-derived peptides, antibodies,
and nanobodies [76-78].

Finally, a credible One Health strategy should include technologies that are useful
outside highly equipped laboratories. Phage-display-derived affinity reagents can be incor-
porated into portable biosensing systems, including colorimetric and magnetic-enrichment
formats [77,78]. The objective should not be maximal technological complexity but suffi-
cient analytical performance to support a predefined action. In this context, the practical
value of a diagnostic test is determined by the decision it improves rather than by the
sophistication of the platform itself.

11. Next-Generation Convergence and Research Priorities
11.1. Selection Trajectories, Next-Generation Sequencing, and Artificial Intelligence

Sequencing the naive library and successive rounds of selection can provide sub-
stantially more information than sequencing only the final, enriched pool. Longitudinal
analysis can identify early enrichment, convergence within sequence families, loss of diver-
sity, initially rare candidates with reproducible target-dependent enrichment, and clones
that increase primarily because of propagation or amplification. Because naive phage
libraries may already contain substantial compositional and abundance biases, enrichment
should be interpreted relative to baseline frequency and appropriate negative-selection or
amplification controls, rather than from final-round abundance alone [79,80].

Sequence trajectories should subsequently be linked to experimentally measured
phenotypes. For antibacterial discovery, useful metadata include target affinity, receptor
identity, strain coverage, MIC and MBC, killing kinetics, biofilm activity, antibiotic poten-
tiation, hemolysis, cytotoxicity, matrix stability, and resistance frequency. This creates a
sequence-to-function dataset rather than a sequence-to-abundance dataset.

Machine learning can identify sequence features associated with enrichment, binding,
specificity, antimicrobial activity, or toxicity; however, the antibacterial evidence base
remains limited and heterogeneous. Phage-display studies have shown that round-specific
abundance information can support machine-learning prediction of antigen-reactive clones
and that deep-learning approaches can guide affinity maturation [81,82]. More recently,
deep sequencing combined with machine learning recovered functional antibody variants
from a phage selection affected by amplification bias and proposed mutations that improved
affinity [83]. These are proof-of-concept demonstrations rather than evidence that Al can
independently nominate translatable antibacterial agents. Models trained only on final-
round abundance may learn selection and propagation artifacts rather than the desired
biological phenotype.

Accordingly, antibacterial models should ideally incorporate naive frequencies, round-
specific enrichment, positive and negative selection, amplification controls, soluble or
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cell-based binding measurements, and functional and safety outcomes. Cross-platform
work using massively parallel sequencing and display technologies further demonstrates
the potential of computationally guided affinity optimization [84], although antibacterial
discovery requires optimization for function rather than binding alone. Therefore, model-
generated peptides, antibodies, or nanobodies should enter the B2A framework at Gate 1
as new candidates requiring experimental validation, not as validated antimicrobials.

11.2. Function-First and Chemically Diversified Selections

Future antibacterial selection should incorporate the properties required for the in-
tended product as early as experimentally feasible. Depending on the application, these
may include retention of binding or function in serum, milk, intestinal contents, or aquatic
matrices; biofilm access; bacterial surface recognition; intracellular entry; enzyme inhibition;
potentiation at sub-MIC antibiotic concentrations; low binding to host cells and commensal
organisms; and resistance to relevant proteases.

A function-first workflow could begin with enrichment against the molecular or cellu-
lar target, followed by counterselection against host cells, commensals, or closely related
non-target bacteria. Surviving candidates can then be challenged in the intended biological
matrix and screened for a predefined phenotype, such as membrane permeabilization,
inhibition of an essential or resistance-associated enzyme, biofilm disruption, restoration of
antibiotic susceptibility, or selective bacterial killing. This approach would progressively
reduce the common disconnect between high-affinity binding under idealized laboratory
conditions and useful antibacterial activity in complex biological environments.

The accessible chemical space should also extend beyond conventional short linear
peptides. Disulfide-constrained peptides and chemically cyclized or bicyclic scaffolds can
increase conformational constraint, affinity, and proteolytic stability, while genetic-code
expansion enables the incorporation of noncanonical amino acids into phage-displayed li-
braries. Post-translational and post-selection chemical diversification can further introduce
stable cyclization chemistries, reactive groups, pharmacophores, lipid anchors, or other
modifications that improve function and pharmacological properties [85]. These strategies
substantially expand the chemical diversity accessible to phage-display discovery.

However, chemical optimization can alter affinity, selectivity, membrane interac-
tions, toxicity, and mechanism of action. The optimized molecule should therefore be re-
characterized rather than assumed to retain the properties of the original phage-displayed
hit. Ideally, the dependence on the target interaction that motivated the original selection
should remain experimentally traceable throughout optimization.

11.3. Combination-Aware Discovery and Benchmark Datasets

Antibiotic adjuvants are commonly identified as independent compounds and are
subsequently tested in combination with existing drugs. For phage-display-derived antibac-
terial candidates, a complementary future strategy would be to incorporate the intended
antibiotic into functional screening and, where technically feasible, into the selection pres-
sure. The design must distinguish the effects on the target organism from those on the
bacterial host used for phage amplification. Candidates can then be prioritized because
they restore susceptibility, increase intracellular antibiotic access, suppress regrowth, dis-
rupt biofilm-associated tolerance, or enhance killing at antibiotic concentrations that are
ineffective alone.

Such candidates should not be classified as synergistic from a single concentration pair.
Combination effects depend on the concentrations tested, bacterial strain, growth condi-
tions, endpoint, and mechanism of action. Initial concentration-matrix experiments should
therefore be complemented, when appropriate, by time-kill analyses and mechanistic
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studies, with antagonism assessed as explicitly as synergy [46,61]. Particularly promis-
ing combinations should also be evaluated for their ability to suppress the emergence of
resistance and retain activity under physiologically relevant conditions.

Progress in computational discovery also depends on the availability of benchmark
datasets that retain the experimental context of each sequence. At a minimum, these datasets
should report the library architecture, naive and round-specific sequence counts, positive and
negative targets, amplification controls, selection conditions, binding measurements, receptor
information, bacterial species and strain, MIC and MBC values, killing kinetics, combination
outcomes, toxicity, stability in relevant matrices, and in vivo efficacy when available.

Negative experimental outcomes and unsuccessful selection procedures are partic-
ularly important. A model trained predominantly on successful cationic antimicrobial
peptides may learn charge, hydrophobicity, or other generic sequence properties rather than
target-dependent antibacterial function. Training and evaluation sets should be separated
by sequence similarity and, where feasible, selection campaigns or targets to reduce data
leakage. External experimental validation is required to assess generalization. Includ-
ing non-binders, non-selective binders, inactive peptides, toxic candidates, amplification-
dominant clones, and failed combinations would make future models substantially more
informative and reduce the survivorship bias.

11.4. Core Outcomes and Priority Questions

A proposed set of reporting domains could improve comparisons among studies and
reduce the current fragmentation between ligand discovery, microbiology, formulation,
and translational testing. At a minimum, antibacterial phage-display studies should con-
sider mechanism-appropriate outcomes across six domains: molecular target engagement;
microbiological activity; safety and selectivity; translational stability and pharmacology;
in vivo efficacy; and manufacturability.

For therapeutic candidates, the corresponding measurements should include affinity
and receptor identity, strain coverage, MIC and MBC, killing kinetics, biofilm activity,
resistance frequency, combination effects and antagonism, hemolysis, cytotoxicity, immuno-
genicity where relevant, microbiome selectivity, stability in the intended biological matrix,
pharmacokinetics, infection-model efficacy, manufacturing yield, and projected production
cost. Not every early-stage study must measure every endpoint, but the required evidence
should increase progressively as the candidate advances through the B2A gates.

Several questions must be prioritized. First, can selections be designed to enrich
antibacterial function rather than binding alone? Second, can target recognition be main-
tained across genetically and phenotypically heterogeneous clinical and veterinary isolates
without causing excessive damage to commensal organisms? Third, which phage-display-
derived candidates remain active in the biological matrices in which they will actually be
used? Fourth, can peptides or antibody fragments reproducibly restore susceptibility to
existing antibiotics while limiting resistance emergence? Fifth, can sequencing and ma-
chine learning distinguish true functional enrichment from library and propagation biases?
Sixth, which chemical modifications improve stability and delivery without changing the
target specificity or creating unacceptable toxicity? Finally, can promising candidates be
manufactured, formulated, and deployed at a cost compatible with veterinary medicine,
food production, aquaculture, and resource-limited One Health settings?

11.5. Phage Display Versus In Silico Antimicrobial-Peptide Discovery

Phage display and bioinformatic AMP prediction solve different parts of the discovery
problem and are best viewed as complementary rather than competing technologies. Phage
display experimentally couples sequence recovery to binding or selection under defined
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conditions and can incorporate counterselection against host cells, commensals, or non-
target bacteria, which is advantageous when target specificity is central. Its disadvantages
include library and propagation bias, dependence on experimentally accessible targets, and
substantial wet-laboratory effort. In silico prediction can explore sequence space at much
greater scale and rapidly prioritize potency, toxicity, structure, or manufacturability, but
performance depends on the quality and domain of the training data, and predictions do
not establish receptor engagement, strain coverage, matrix activity, or safety. The practical
workflow with the strongest current rationale is therefore iterative: computational methods
prioritize or redesign candidates, whereas phage display and subsequent microbiological
assays provide experimental selection and validation. Neither approach removes the need
for B2A-style functional, safety, resistance, and translational testing [38,64].

Answering these questions would move phage-display antibacterial research from binder
discovery toward a reproducible, function-driven, and translationally accountable develop-
ment pipeline. To improve reproducibility and translational comparability, the proposed
reporting recommendations for antibacterial phage-display studies are proposed in Table 5.

Table 5. Proposed reporting recommendations for translational phage-display antimicrobial studies.

Domain Information to Report When Applicable Why It Matters
Library Phage system, coat protein, valency, diversity, insert  Defines the accessible sequence space
and platform architecture, input titers and degree of avidity

Selection

Target preparation, growth state, positive/negative
selections, rounds, recovery, amplification controls

Distinguishes genuine target
selection from experimental artifacts

Sequence analysis

Clone counts or raw NGS, enrichment by round,
clustering, bias filters, prioritization rules

Makes candidate emergence
transparent and reproducible

Binding validation

Intended ligand or carrier format, valency, specificity,
native-target recognition, matched controls

Confirms that phage-associated
enrichment is retained after
format conversion

Antimicrobial
testing

Mechanism-matched endpoints; units, inoculum,
medium, exposure, replicates, isolate panel,
biofilm methods

Allows comparison and
mechanism-appropriate interpretation

Combination testing

Interaction model and thresholds, time-kill where
appropriate, dose sequence, antagonism,
mechanism controls

Prevents unsupported claims
of synergy

Safety and resistance

Hemolysis, cytotoxicity, immune effects, microbiome,
serial passage, resistant-mutant analysis

Defines the therapeutic index and
evolutionary durability

Translation

Application-appropriate exposure, efficacy model,
comparator, production, stability, feasibility

Separates laboratory promise from a
deployable intervention

12. Conclusions

Phage display has traditionally been regarded as a platform for isolating peptide and
antibody binders; however, its relevance to antibacterial discovery extends well beyond
affinity selection. It can help identify vulnerable bacterial targets, generate targeted antimi-
crobial or anti-virulence molecules, interfere with resistance mechanisms, direct therapeutic
cargo to pathogens or infected tissues, and provide diagnostic reagents that support more
informed antimicrobial use.

A central challenge is establishing useful activity in the intended product format and
application. The selected studies illustrate gaps in functional validation, strain coverage,
resistance testing, safety, and translation; however, their heterogeneous designs do not
support estimates of how common each gap is across the field. B2A organizes these
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requirements around display-specific selection bias and format-dependent binding. It is a
proposed guide for iterative validation, not a validated predictor of clinical success, nor a
substitute for established development and regulatory requirements.

The convergence of phage display with next-generation sequencing, computational and
machine-learning approaches, targeted antimicrobial peptide engineering, chemical diversifi-
cation, and advanced delivery systems is beginning to shift the field from descriptive binder
discovery to function-driven antibacterial development. Realizing this potential will require
validation in biologically relevant matrices, genetically diverse isolates, rigorous combination
studies, standardized reporting, explicit negative controls, and evidence frameworks that
distinguish promising binders from genuinely translatable antibacterial candidates.

Phage display is unlikely to replace conventional antibiotic discovery methods. Its
more distinctive value may lie in adding molecular precision to antibacterial intervention
by identifying actionable targets, enabling pathogen-selective therapeutics, extending the
useful life of existing antibiotics through targeted adjuvant strategies, and linking diagnosis
more directly to treatment decisions. If these capabilities can be translated reproducibly
across human medicine, veterinary medicine, food production, aquaculture, and environ-
mental surveillance, phage display could become an important enabling technology for a
more precise and integrated One Health response to antimicrobial resistance.
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