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Antimicrobial resistance (AMR) has emerged as one of the most urgent global public-

health threats of the 21st century, driven by the widespread misuse of antibiotics and the 

evolutionary adaptability of bacterial pathogens. As traditional antibiotic discovery 

pipelines have stagnated, bacteria have continued to develop and disseminate resistance 

through mechanisms such as enzymatic degradation, target modification, efflux pump 

activation, and biofilm formation. The review “ZAYNICH and Beyond” explores the 

new wave of molecular strategies designed to outpace this crisis. Recent advances 

include high-throughput discovery of novel natural products from uncultured 

microorganisms using tools like iChip, and rationally designed narrow-spectrum 

antibiotics that minimize off-target microbiome disruption. Antimicrobial peptides and 

peptidomimetics offer membrane-targeting alternatives, while bacteriophages and their 

lytic enzymes provide precision biocontrol of pathogens. Sequence-specific CRISPR-

Cas systems promise programmable bacterial targeting, and anti-virulence or quorum-

sensing inhibitors aim to disarm pathogens rather than kill them outright. 

Complementary strategies include efflux pump inhibitors, synergistic drug–adjuvant 

combinations, and nanotechnology-based delivery systems for enhanced efficacy. 

Immunological approaches such as monoclonal antibodies and vaccines are expanding 

prevention and treatment frontiers, whereas microbiome modulation and synthetic-

biology tools open new therapeutic landscapes. Despite remarkable progress, challenges 

remain in safety validation, resistance re-emergence, and regulatory translation. 

Together, these molecular and translational strategies represent a comprehensive, 

forward-looking arsenal to combat multidrug-resistant bacterial infections and preserve 

global antimicrobial efficacy. 
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INTRODUCTION The discovery of antibiotics stands as one of the 

most profound achievements in the history of 
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medicine. The introduction of penicillin by 

Alexander Fleming in 1928, followed by its mass 

production during World War II, ushered in an era 

that fundamentally transformed healthcare and 

human survival. Throughout the “golden age” of 

antibiotic discovery—from the 1940s to the 

1960s—scientists uncovered a wealth of antibiotic 

classes, including β-lactams, aminoglycosides, 

macrolides, tetracyclines, sulfonamides, and 

glycopeptides. These compounds revolutionized 

the treatment of bacterial infections, dramatically 

reducing global morbidity and mortality, and 

enabling advancements in complex medical 

interventions such as surgery, chemotherapy, and 

organ transplantation. 

However, this triumph has gradually been 

overshadowed by the relentless rise of 

antimicrobial resistance (AMR)—a phenomenon 

that now poses one of the greatest global health 

threats of the 21st century. The widespread, and 

often inappropriate, use of antibiotics in clinical, 

agricultural, and environmental settings has 

exerted intense selective pressure on microbial 

populations, fostering the survival and 

proliferation of resistant strains. Today, bacterial 

pathogens have evolved an array of resistance 

mechanisms that can neutralize or evade nearly 

every major class of antibiotics. The emergence of 

multidrug-resistant (MDR) and extensively drug-

resistant (XDR) bacteria—including Klebsiella 

pneumoniae, Acinetobacter baumannii, 

Pseudomonas aeruginosa, and methicillin-

resistant Staphylococcus aureus (MRSA)—has 

rendered many previously treatable infections 

increasingly difficult, and in some cases, 

impossible, to cure. The molecular basis of 

resistance is multifaceted. Bacteria acquire 

resistance through chromosomal mutations and 

horizontal gene transfer (HGT), mediated by 

plasmids, transposons, integrons, and 

bacteriophages. Mechanisms such as enzymatic 

degradation of antibiotics (e.g., β-lactamases and 

carbapenemases), modification of drug targets, 

reduced membrane permeability, biofilm 

formation, and active efflux pump systems 

collectively confer resilience against diverse drug 

classes. The ecological dimension of AMR further 

complicates control efforts; resistant genes 

circulate not only in hospitals and communities but 

also in environmental reservoirs such as 

wastewater, soil, and livestock ecosystems. These 

interconnected “resistomes” enable the global 

dissemination of resistance determinants, making 

AMR a truly transboundary issue that transcends 

human medicine. Compounding this biological 

challenge is a stagnation in antibiotic discovery 

and development. Since the 1980s, few truly novel 

antibiotic classes have reached clinical use. Most 

new agents are structural derivatives of existing 

drugs, designed to temporarily bypass known 

resistance mechanisms rather than introduce 

fundamentally new modes of action. The 

pharmaceutical industry’s declining interest in 

antibiotic research is driven by complex economic 

and regulatory factors—high costs, uncertain 

returns, and the short therapeutic lifespan of 

antibiotics due to emerging resistance. 

Consequently, a dangerous innovation gap has 

formed between the rapid evolution of resistant 

bacteria and the sluggish development of new 

antimicrobials. The global implications of this 

imbalance are severe. The World Health 

Organization (WHO) and the United Nations have 

recognized AMR as one of the top ten threats to 

global health. Estimates suggest that AMR 

currently causes nearly 1.3 million deaths 

annually, with projections indicating a potential 

rise to 10 million deaths per year by 2050 if no 

effective interventions are implemented. The 

economic burden is equally alarming, with 

healthcare systems facing increased 

hospitalization costs, longer treatment durations, 

and reduced productivity. The erosion of effective 

antibiotics also jeopardizes modern medical 



Dr. M. Govardhan, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 3, 2282-2298 | Mini Review 

                 
              INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES                                                                                 2284 | P a g e  

procedures that depend on infection control, such 

as neonatal care, cancer therapy, and organ 

transplantation. In response to this growing crisis, 

research has shifted toward the development of 

innovative molecular strategies that transcend the 

limitations of conventional antibiotic discovery. 

These emerging approaches draw on advances in 

genomics, molecular biology, bioengineering, and 

synthetic chemistry to design targeted, sustainable, 

and adaptable therapeutics. Pathogen-directed 

strategies—such as bacteriophage therapy, phage-

derived lysins (enzybiotics), CRISPR-Cas–based 

antimicrobials, antimicrobial peptides, and 

narrow-spectrum synthetic antibiotics—offer 

precise mechanisms to eradicate resistant bacteria 

while minimizing collateral damage to commensal 

microbiota. Concurrently, host-directed therapies 

aim to enhance immune defenses, modulate 

inflammation, and restore microbiome 

homeostasis, thereby improving resilience against 

infections. 

Additionally, non-traditional modalities such as 

nanotechnology-based drug delivery, 

photodynamic antimicrobial therapy, and anti-

virulence compounds that disrupt quorum sensing 

or toxin production are showing strong potential in 

preclinical and early clinical studies. 

Complementary innovations in diagnostics, 

including rapid genomic and point-of-care tools, 

enable earlier detection and more rational 

antimicrobial use, supporting global antibiotic 

stewardship efforts. This review, titled 

“ZAYNICH and Beyond: Emerging Molecular 

Strategies to Defeat Multidrug-Resistant 

Bacteria,” provides a comprehensive overview of 

these next-generation molecular approaches. It 

examines both pathogen-targeted and host-

targeted therapeutics, highlighting their 

mechanistic underpinnings, translational progress, 

and current limitations. The review also 

emphasizes the importance of integrating 

molecular innovation with robust diagnostic 

frameworks, stewardship programs, and policy 

interventions to ensure sustainable clinical impact. 

By combining molecular ingenuity with 

coordinated global action, the scientific 

community can aspire not merely to keep pace 

with bacterial evolution, but to anticipate and 

outmaneuver it. The collective strategies explored 

herein represent a multidimensional blueprint for 

restoring antimicrobial efficacy and securing the 

future of infectious disease management. 

2.Major Mechanisms of Bacterial Resistance 

Understanding the molecular mechanisms by 

which bacteria develop and propagate 

antimicrobial resistance (AMR) is fundamental to 

designing effective therapeutic interventions. 

Bacteria employ a variety of adaptive strategies—

both genetic and physiological—to evade the 

action of antibiotics. These mechanisms can act 

independently or synergistically, enabling 

pathogens to survive even under intense 

antimicrobial pressure. The major mechanisms are 

summarized below. 

1. Enzymatic Drug Inactivation: 

One of the most widespread resistance 

mechanisms involves the enzymatic degradation 

or modification of antibiotics. Bacteria produce 

enzymes that chemically alter antibiotic 

molecules, rendering them inactive before they 

reach their targets. The most well-known example 

is the β-lactamase family of enzymes, which 

hydrolyze the β-lactam ring of penicillins, 

cephalosporins, and carbapenems. Extended-

spectrum β-lactamases (ESBLs) and 

carbapenemases have significantly compromised 

the efficacy of critical last-resort antibiotics. 

Similarly, aminoglycoside-modifying enzymes 

(acetyltransferases, phosphotransferases, and 

nucleotidyltransferases) alter the structure of 
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aminoglycosides, reducing their binding affinity to 

ribosomal targets. 

2. Target Modification: 

Bacteria can evade antibiotic action through 

structural alterations in the molecular targets of 

drugs. Mutations or enzymatic modifications in 

key bacterial proteins—such as penicillin-binding 

proteins (PBPs), DNA gyrase, RNA polymerase, 

and ribosomal subunits—can reduce antibiotic 

binding affinity. For example, mutations in the 

rpoB gene confer resistance to rifampicin, while 

alterations in 23S rRNA lead to macrolide 

resistance. Methylation of ribosomal RNA by erm 

genes similarly blocks the binding of macrolides, 

lincosamides, and streptogramins, demonstrating 

how target modification underlies cross-resistance 

among related antibiotic classes. 

3. Reduced Permeability and Altered Uptake: 

In Gram-negative bacteria, the outer membrane 

serves as a selective permeability barrier. Changes 

in porin proteins, which act as channels for small 

molecules, can significantly reduce the uptake of 

antibiotics such as β-lactams, tetracyclines, and 

fluoroquinolones. Loss or modification of porins 

(e.g., OmpF and OprD) limits drug entry, 

especially in pathogens like Pseudomonas 

aeruginosa and Klebsiella pneumoniae. Reduced 

permeability often acts in concert with other 

mechanisms, such as efflux pumps, to create 

formidable multidrug-resistant phenotypes. 

4. Active Efflux Pumps: 

Efflux pumps actively expel antibiotics and toxic 

compounds from the bacterial cell, lowering 

intracellular drug concentrations to sub-lethal 

levels. These membrane transport proteins are 

powered by ATP hydrolysis or proton gradients. 

Several major efflux pump families have been 

identified, including the ATP-binding cassette 

(ABC), major facilitator superfamily (MFS), 

resistance–nodulation–cell division (RND), small 

multidrug resistance (SMR), and multidrug and 

toxic compound extrusion (MATE) families. The 

RND pumps, such as AcrAB-TolC in Escherichia 

coli and MexAB-OprM in Pseudomonas 

aeruginosa, are particularly important in 

conferring broad-spectrum multidrug resistance. 

5. Biofilm Formation and Persister Cells: 

Biofilm formation represents a community-based 

defense strategy wherein bacterial cells adhere to 

surfaces and embed themselves within a self-

produced extracellular matrix. This matrix acts as 

a physical and chemical barrier, limiting antibiotic 

penetration and promoting horizontal gene 

exchange. Biofilms are common in chronic 

infections, such as those involving P. aeruginosa 

in cystic fibrosis or Staphylococcus epidermidis in 

indwelling medical devices. Within biofilms, a 

subpopulation of metabolically inactive persister 

cells exhibits transient tolerance to antibiotics, 

allowing infections to recur even after prolonged 

treatment. 

6. Horizontal Gene Transfer (HGT): 

The rapid dissemination of resistance determinants 

across bacterial populations is largely driven by 

horizontal gene transfer. Unlike vertical 

inheritance, HGT allows genetic material to move 

between unrelated bacteria through plasmids, 

transposons, integrons, and bacteriophages. 

Plasmids often carry multiple resistance genes, 

enabling simultaneous resistance to several drug 

classes. Integrons capture and express gene 

cassettes encoding resistance determinants, while 

transposons facilitate their integration into the 

bacterial chromosome. This genetic fluidity 

accelerates the emergence of multidrug-resistant 

and even pan-resistant strains, posing a significant 

threat to global health. 
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In summary, bacterial resistance is a multifactorial 

phenomenon shaped by enzymatic degradation, 

target alteration, membrane adaptation, active 

efflux, biofilm-mediated tolerance, and gene 

transfer. A comprehensive understanding of these 

mechanisms provides the molecular foundation for 

developing innovative therapeutic strategies, such 

as enzyme inhibitors, efflux pump blockers, and 

CRISPR-based gene-targeting tools, to combat the 

escalating AMR crisis. 

These resistance mechanisms rarely act in 

isolation; rather, they frequently coexist within the 

same bacterial cell, particularly in clinical isolates 

derived from hospital and community settings. 

The simultaneous presence of multiple resistance 

determinants—such as β-lactamases, efflux 

pumps, porin loss, and target-site mutations—

confers multidrug-resistant (MDR) or extensively 

drug-resistant (XDR) phenotypes that are 

extremely difficult to treat [1,2,3,4]. For example, 

Klebsiella pneumoniae strains may produce 

extended-spectrum β-lactamases (ESBLs) or 

carbapenemases while also exhibiting porin 

mutations and overexpressed efflux systems, 

leading to resistance against nearly all β-lactams 

and fluoroquinolones. Similarly, Pseudomonas 

aeruginosa and Acinetobacter baumannii combine 

reduced membrane permeability, efflux activation, 

and enzymatic degradation to withstand multiple 

antibiotic classes simultaneously. 

This molecular complexity poses major challenges 

for therapy, as the efficacy of even last-resort 

antibiotics such as colistin or tigecycline can be 

compromised through stepwise accumulation of 

resistance factors. The integration of resistance 

genes via plasmids, transposons, and integrons 

accelerates this process, facilitating the rapid 

evolution of “superbug” lineages that thrive in 

high-antibiotic-pressure environments, 

particularly in intensive care units. Moreover, 

these composite resistance networks often coexist 

with virulence factors, biofilm-forming ability, 

and stress-response pathways, creating highly 

adaptable pathogens capable of persisting despite 

aggressive antimicrobial regimens. 

The coexistence and interaction of multiple 

mechanisms thus amplify bacterial survival 

capacity and complicate both diagnosis and 

treatment. Understanding these synergistic 

networks is critical for designing combination 

therapies, adjuvants, and molecular interventions 

that can effectively disrupt or bypass the 

multifactorial resistance architecture observed in 

MDR and XDR pathogens. 

3. Renewed natural product discovery & novel 

small molecules: 

Natural products have historically been the 

cornerstone of antibiotic discovery, providing the 

structural frameworks for nearly two-thirds of all 

clinically used antibacterial agents. Classic 

examples such as penicillin, streptomycin, 

erythromycin, tetracycline, and vancomycin were 

all derived from microbial secondary metabolites, 

particularly from Streptomyces species and other 

actinomycetes. However, by the late 20th century, 

traditional natural-product screening methods had 

reached a plateau, yielding diminishing returns 

due to the repeated rediscovery of known 

compounds. This stagnation contributed 

significantly to the current innovation gap in 

antibiotic development. 

In recent years, advances in genomics, 

metagenomics, bioinformatics, and synthetic 

biology have reignited interest in natural product 

discovery. Genome sequencing of actinomycetes 

and other environmental microbes has revealed 

that only a fraction of their biosynthetic gene 

clusters (BGCs) are expressed under standard 

laboratory conditions. These so-called “silent” or 

“cryptic” gene clusters encode a vast reservoir of 

unexplored chemical diversity. Modern 

approaches aim to activate or express these 

clusters through genetic engineering, heterologous 
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expression, or environmental cues—unlocking 

previously inaccessible metabolites with potential 

antimicrobial activity. 

One transformative innovation in this field is the 

iChip technology, which enables cultivation of 

previously “unculturable” soil bacteria in their 

natural microenvironments. Using this method, 

researchers discovered teixobactin, a novel 

depsipeptide antibiotic that targets lipid II and 

lipid III—precursors of bacterial cell wall 

synthesis—without detectable resistance 

development. Teixobactin’s unique mode of action 

and inability to induce resistance in vitro have 

made it a promising prototype for next-generation 

antibiotics. Similar approaches are being used to 

mine marine sediments, extreme habitats, and 

microbiome-derived bacteria for new bioactive 

compounds. 

Parallel to natural product rediscovery, synthetic 

chemistry and rational drug design have advanced 

the creation of novel small molecules with 

enhanced specificity and stability. These include 

narrow-spectrum antibiotics tailored to target 

specific pathogens while preserving beneficial 

microbiota, thereby reducing selection pressure for 

resistance. Fragment-based drug design, structure-

guided optimization, and artificial intelligence–

driven screening are accelerating the identification 

of novel scaffolds with desirable pharmacokinetic 

and pharmacodynamic properties. Examples 

include synthetic oxazolidinone derivatives, novel 

β-lactam/β-lactamase inhibitor combinations, and 

hybrid molecules that integrate multiple 

mechanisms of action. 

Furthermore, semi-synthetic modification of 

natural scaffolds has produced potent analogues 

capable of overcoming pre-existing resistance. 

The development of lipoglycopeptides (e.g., 

dalbavancin, oritavancin) and new tetracycline 

derivatives (e.g., eravacycline, omadacycline) 

illustrates how structural innovation can restore 

efficacy against MDR pathogens. Combined with 

computational modeling and high-throughput 

screening, these strategies expand the chemical 

space available for antibacterial discovery. 

Despite these advances, several challenges persist. 

Many natural products possess complex structures 

that are difficult to synthesize or optimize, and 

translating in vitro activity into clinical success 

remains arduous. Additionally, the economic 

disincentives associated with antibiotic 

development hinder large-scale investment and 

commercialization. To overcome these obstacles, 

collaborative frameworks—such as open-access 

compound libraries, academic–industry 

partnerships, and public funding initiatives (e.g., 

CARB-X, GARDP)—are playing a pivotal role in 

revitalizing natural product–based discovery 

pipelines. 

In summary, the convergence of genomic mining, 

synthetic chemistry, and advanced screening 

technologies has ushered in a renewed era of 

antibiotic discovery. By harnessing both nature’s 

chemical diversity and modern molecular tools, 

researchers are uncovering novel small molecules 

capable of counteracting the growing menace of 

multidrug-resistant bacteria, thus rejuvenating one 

of medicine’s most vital therapeutic frontiers. 

3.1 Revisiting nature with novel platforms: 

1. Revisiting Nature: 

This implies going back to natural sources, 

phenomena, or mechanisms for inspiration. In 

science, nature has often served as a model for: 

• Drug discovery: Natural compounds from 

plants, microbes, or marine organisms. 

• Biological systems: Learning from immune 

mechanisms, enzymes, or metabolic 

pathways. 

• Ecology & evolution: Understanding 

interactions in natural ecosystems. 

The idea is to rediscover or reinterpret natural 

processes rather than invent everything artificially. 
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2. Novel Platforms: 

Modern technologies or platforms allow us to 

study, manipulate, or harness nature in ways that 

were previously impossible. Examples include: 

• High-throughput screening & synthetic 

biology: Rapidly testing natural molecules for 

activity or engineering organisms. 

• CRISPR and gene-editing tools: Precisely 

modifying genes inspired by natural 

regulatory mechanisms. 

• AI and machine learning: Mining biological 

data or predicting natural interactions. 

• Nanotechnology & bioengineering: Using 

materials inspired by natural structures (like 

lotus leaves or spider silk). 

• Phage or microbial platforms: Harnessing 

bacteriophages or microbiomes as therapeutic 

agents. 

3 Integration: Nature + Novel Platforms: 

The concept is biomimicry meets modern 

innovation: 

o Drug development: Using AI to identify 

plant-derived compounds as antibiotics 

against resistant bacteria. 

o Sustainable materials: Creating 

biodegradable plastics inspired by natural 

polymers. 

o Therapeutic strategies: Using engineered 

viruses or microbial consortia to mimic 

natural defense systems. 

4. Implications: 

By revisiting nature with novel platforms, we can: 

▪ Unlock new therapeutic and technological 

solutions. 

▪ Improve efficiency and sustainability, 

using nature-inspired approaches. 

▪ Accelerate translation from discovery to 

application, leveraging modern tools. 

Classic natural product sources remain fertile but 

underexplored due to cultivation barriers. New 

methods such as high-throughput microcultivation 

(e.g., iChip) enable growth of previously 

uncultivable microorganisms and have led to the 

discovery of promising scaffolds (e.g., 

teixobactin) that target lipid II and other highly 

conserved structures, demonstrating low 

propensity for resistance in vitro [5,6]. 

3.2 Synthetic chemistry and target-directed 

screens: 

1. Synthetic Chemistry 

Definition: 

Synthetic chemistry is the branch of chemistry 

concerned with designing, constructing, and 

modifying molecules through chemical reactions. 

It allows scientists to create compounds that may 

not exist in nature or improve upon natural 

molecules to make them more effective, stable, or 

selective. 

Key Features and Goals: 

Molecule design: Chemists design molecules to 

interact with specific biological targets (enzymes, 

receptors, DNA, etc.). 

Optimization: Modifying structures to improve 

potency, solubility, stability, or reduce toxicity. 

Diversity: Generating libraries of chemical 

compounds with structural variations to explore 

chemical space. 

Applications: 

Drug discovery: Synthetic chemistry enables the 

creation of novel therapeutics, including 

antibiotics, anticancer agents, or antivirals. 

Materials science: Synthesis of polymers, dyes, or 

sensors. 
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Chemical probes: Creating molecules to study 

biological pathways. 

Example: Modification of a natural antibiotic like 

penicillin to create semi-synthetic derivatives like 

amoxicillin with broader activity or better oral 

absorption. 

2. Target-Directed Screens: 

Definition: 

Target-directed screens (also called target-based 

screening) are experimental approaches used to 

identify molecules that interact specifically with a 

biological target. The target is usually a protein, 

enzyme, receptor, or nucleic acid that plays a 

critical role in disease or a biological process. 

Key Features: 

Rational approach: Unlike traditional “phenotypic 

screens,” which look at overall cellular effects, 

target-directed screens focus on a predefined 

molecular target. 

Assay-based: These screens use biochemical or 

biophysical assays to detect binding, inhibition, or 

activation. 

High-throughput compatibility: Modern 

platforms can test thousands to millions of 

compounds efficiently. 

Applications: 

Drug discovery: Identifying lead compounds that 

modulate disease-relevant targets. 

Enzyme inhibitors: Screening for molecules that 

block specific enzymes in cancer or infectious 

diseases. 

Pathway modulation: Finding compounds that 

selectively affect signaling pathways. 

Example: Screening a chemical library to find 

inhibitors of HIV protease, which eventually led to 

the development of protease inhibitor drugs. 

3. Integration: Synthetic Chemistry + Target-

Directed Screens 

When combined, these two strategies are 

extremely powerful: 

1. Synthetic chemistry generates diverse and 

optimized chemical libraries. 

2. Target-directed screens test these compounds 

against a defined biological target to find active 

“hits”. 

3. Iterative process: Hits are optimized further 

through synthetic modifications to improve 

potency, selectivity, and pharmacological 

properties. 

Structure-guided medicinal chemistry continues to 

optimize existing scaffolds and generate narrow-

spectrum agents that spare microbiota—reducing 

selection for resistance. High-throughput 

phenotypic and target-based screens, combined 

with advances in fragment-based drug design and 

AI-assisted lead optimization, are accelerating 

discovery pipelines [7,8]. 

Takeaway: Enhanced discovery platforms paired 

with modern chemistry can renew antibiotic 

pipelines while decreasing collateral selection 

pressures. 

4. Antimicrobial peptides (AMPs) and 

peptidomimetics: 

Antimicrobial Peptides (AMPs): 

Definition: Small, naturally occurring cationic 

peptides (12–50 aa) part of innate immunity. 

Sources: Humans (defensins, LL-37), plants, 

microbes (bacteriocins). 

Mechanism: 

• Membrane disruption: Forms pores → cell 

lysis. 

• Intracellular targeting: Inhibits 

DNA/RNA/protein synthesis. 

• Immunomodulation: Enhances immune 

response and wound healing. 

Applications: Treat MDR infections, biofilms, 

wound care; medical device coatings. 
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Pros: Rapid, broad-spectrum, low resistance 

potential. 

Cons: Protease degradation, toxicity, high cost, 

reduced in vivo efficacy. 

Peptidomimetics: 

• Definition: Synthetic molecules mimicking 

AMPs with better stability and 

pharmacokinetics. 

• Design: Cyclization, non-natural amino acids, 

lipid conjugation. 

• Mechanism: Similar to AMPs—membrane 

disruption or intracellular targeting. 

• Applications: MDR bacterial infections, anti-

biofilm, potential antiviral/anticancer agents. 

• Examples: Omiganan, Brilacidin. 

AMPs are innate-immune effectors with 

membrane-active mechanisms that reduce cross-

resistance with classic antibiotics. Engineered 

AMPs and peptidomimetics improve stability, 

reduce toxicity, and enhance selectivity [9]. Several 

AMPs have advanced to clinical trials for topical 

and systemic uses; challenges include protease 

susceptibility and host toxicity at higher doses. 

5. Bacteriophage therapy and phage-derived 

enzymes: 

5.1 Phage therapy revival: 

Bacteriophages (phages) offer species-specific 

killing and the ability to co-evolve with bacterial 

targets. Case reports and compassionate-use 

successes in recalcitrant infections demonstrate 

potential, while controlled clinical trials are 

ongoing. Regulatory and manufacturing 

frameworks remain challenging due to phage-

specificity and need for personalized cocktails 
[10,11,12]. 

5.2 Phage lysins and enzybiotics: 

Recombinant phage-derived lytic enzymes 

(lysins) can rapidly degrade bacterial cell walls 

even in Gram-positive pathogens when applied 

exogenously. Engineered lysins with enhanced 

stability and spectrum provide an alternative to 

whole-phage therapy, with lower immunogenicity 

and easier standardization [13]. 

6. Precision antimicrobials: CRISPR-based and 

sequence-specific systems: 

Precision Antimicrobials: 

Definition: Targeted therapies that selectively kill 

or suppress specific bacteria while sparing 

beneficial microbiota. 

CRISPR-Based Systems: 

▪ Use CRISPR-Cas nucleases (e.g., Cas9, Cas3) 

programmed with guide RNAs to cleave 

bacterial DNA. 

▪ Can eliminate MDR bacteria, remove 

resistance genes, or inhibit virulence factors. 

▪ Delivery: Phage vectors, plasmids, or 

nanoparticles. 

Other Sequence-Specific Approaches: 

• Antisense oligonucleotides (ASOs): Block 

translation of essential mRNAs. 

• Peptide nucleic acids (PNAs): Hybridize with 

DNA/RNA to inhibit replication/gene 

expression. 

Advantages: 

▪ Highly selective, spares microbiome. 

▪ Directly targets resistance or virulence genes. 

▪ Reduces pressure for broad antibiotic 

resistance. 

Sequence-specific antimicrobials use CRISPR–

Cas or antisense constructs to selectively kill or 

sensitize bacteria carrying defined resistance 

genes or virulence loci. Phage or conjugative 

plasmid delivery of CRISPR constructs can 
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selectively excise resistance genes, re-sensitizing 

populations to existing antibiotics [14,15,16]. 

Challenges include efficient delivery to target 

strains in vivo and avoidance of off-target effects, 

but the approach offers a high degree of specificity 

and minimal microbiome disruption. 

7. Anti-virulence and quorum-sensing 

inhibitors: 

Anti-Virulence Agents: 

Definition: Disarm pathogens by targeting 

virulence factors (toxins, adhesion, secretion 

systems) rather than killing bacteria. 

Mechanism: Neutralize toxins, block adhesion, 

inhibit secretion systems or enzymes. 

Advantage: Reduces disease severity and slows 

resistance development; preserves microbiota. 

Quorum-Sensing Inhibitors (QSIs): 

Definition: Block bacterial communication 

(quorum sensing) that regulates virulence and 

biofilm formation. 

Mechanism: 

• Inhibit signal synthesis 

• Degrade autoinducers 

• Block signal receptors 

Targeting virulence rather than viability—

disarming pathogens instead of killing them—

should exert less selective pressure for resistance. 

Small molecules that inhibit quorum sensing, toxin 

production, secretion systems, or adhesion can 

attenuate disease and synergize with host 

immunity and antibiotics [17,18]. This strategy is 

promising for chronic biofilm-associated 

infections where virulence drives pathology more 

than bacterial burden. 

8. Adjuvants and efflux pump inhibitors 

(EPIs): 

Adjuvants: 

Compounds that enhance antibiotic efficacy 

without direct antibacterial activity. 

Mechanisms: inhibit degrading enzymes (e.g., β-

lactamases), increase drug uptake, or disrupt 

membranes. 

Example: Clavulanic acid combined with β-

lactams. 

Efflux Pump Inhibitors (EPIs): 

▪ Block bacterial efflux pumps that expel 

antibiotics, restoring drug susceptibility. 

▪ Examples: PAβN (AcrAB-TolC), Reserpine 

(NorA). 

▪ Often used in combination therapy to combat 

multidrug-resistant bacteria. 

Advantages: 

▪ Rescues effectiveness of existing antibiotics. 

▪ Reduces selective pressure for resistance. 

▪ Can enhance treatment of biofilm-associated 

infections. 

Adjuvant therapy—co-administering compounds 

that neutralize resistance mechanisms—extends 

the utility of existing antibiotics. Examples: β-

lactamase inhibitors restored β-lactam efficacy; 

novel EPIs aim to block efflux pumps that mediate 

multidrug resistance. While several candidate EPIs 

exist, clinical translation demands careful toxicity 

profiling, as efflux pumps often have homologues 

in host cells [19,20]. 

9. Combination therapies and drug 

repurposing: 

Rational combination therapies can produce 

synergistic killing and suppress emergence of 

resistance—e.g., using membrane-disrupting 

agents to enhance intracellular antibiotic 

penetration, or pairing antibiotics with inhibitors 

of resistance enzymes. Drug repurposing (using 

non-antibiotic drugs with antimicrobial adjuvant 

properties) is attractive due to known safety 

profiles and lower development cost [21]. 
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10. Nanotechnology & targeted delivery 

systems: 

Nanoparticles can enhance antibiotic delivery, 

improve pharmacokinetics, target biofilms, and 

reduce systemic toxicity. Liposomes, polymeric 

nanoparticles, and metal-based systems facilitate 

controlled release and can incorporate targeting 

ligands for specific tissues or bacteria. Some 

systems also combine antimicrobial activity with 

photothermal or photodynamic mechanisms [22]. 

11. Photodynamic and light-based 

antimicrobial therapies: 

Antimicrobial photodynamic therapy (aPDT) uses 

photosensitizers activated by light to generate 

reactive oxygen species that kill microbes, disrupt 

biofilms, and degrade resistance determinants 

locally. aPDT is especially useful for localized 

infections (wounds, oral cavity) and as surface 

decontamination, with a low tendency for inducing 

resistance [23]. 

12. Vaccines, monoclonal antibodies and host-

directed therapies: 

Preventing infection reduces antibiotic use and 

AMR selection. Vaccines against bacterial 

pathogens (e.g., pneumococcus, Haemophilus) 

have already reduced disease burden and 

resistance. Development of vaccines for other 

priority pathogens (e.g., E. coli, S. aureus, A. 

baumannii) remains a major priority. Monoclonal 

antibodies targeting toxins or surface structures 

provide adjunctive therapy for severe infections 
[24,25]. 

13. Microbiome therapeutics and fecal 

microbiota transplantation (FMT): 

Restoring colonization resistance via microbiome 

modulation prevents pathogen overgrowth and 

reduces antibiotic exposure. FMT has proven 

highly effective for recurrent Clostridioides 

difficile infection and shows promise for 

preventing colonization by MDR Gram-negative 

organisms. Rationally designed probiotic 

consortia and synbiotics are under active 

development [26,27]. 

14. Synthetic biology and engineered live 

therapeutics: 

Synthetic-biology enables the design of 

engineered microbes that sense and kill pathogens, 

deliver anti-virulence payloads, or restore 

dysbiotic microbiomes. Engineered probiotics that 

release antimicrobials or CRISPR payloads in situ 

represent an innovative frontier, though safety and 

containment are critical [28]. 

15. Rapid diagnostics and companion 

diagnostics: 

Molecular and phenotypic rapid diagnostics 

(point-of-care PCR, microfluidic AST, 

sequencing) are essential to apply precision 

therapies, limit unnecessary antibiotic use, and 

guide targeted interventions like phage or CRISPR 

therapies. Integrating diagnostics within 

stewardship programs amplifies the impact of 

molecular therapeutics [29]. 

16. Barriers to Translation and 

Implementations: 

Despite rapid advances in molecular antimicrobial 

research, significant challenges remain in 

translating laboratory discoveries into clinically 

viable therapeutics. The transition from proof-of-

concept studies to approved interventions is 

hindered by biological, technical, regulatory, and 

economic obstacles that collectively slow progress 

and limit real-world impact. 

1. Delivery Challenges: 

A major limitation in the application of molecular 

antimicrobials lies in achieving effective in vivo 
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delivery. Many innovative agents—such as 

antimicrobial peptides (AMPs), CRISPR-Cas 

constructs, and bacteriophages—struggle to 

penetrate biofilms, reach intracellular pathogens, 

or maintain stability in complex host 

environments. Biofilms, in particular, act as 

physical and biochemical barriers, reducing drug 

diffusion and harboring metabolically dormant 

“persister” cells that evade killing. Furthermore, 

physiological barriers such as pH variability, 

serum proteases, and immune clearance can 

degrade or inactivate these agents before they 

reach their target. The development of optimized 

delivery vehicles—such as liposomes, polymeric 

nanoparticles, and targeted conjugates—remains a 

high priority to improve bioavailability and tissue 

specificity. 

2. Safety and Off-Target Effects: 

Novel antimicrobials, especially biologics like 

phages, lysins, and AMPs, must undergo rigorous 

evaluation for host toxicity, immunogenicity, and 

off-target interactions. For example, 

bacteriophages may trigger immune responses or 

horizontal gene transfer, while CRISPR-based 

antimicrobials risk unintended genomic edits or 

collateral DNA damage. Similarly, cationic AMPs 

can disrupt mammalian cell membranes at higher 

doses. Comprehensive preclinical models and 

advanced in silico safety screens are needed to 

evaluate pharmacodynamics, immunological 

profiles, and long-term host–microbe interactions 

before clinical adoption. 

3. Regulatory and Manufacturing Constraints: 

Traditional drug approval systems were designed 

for chemically defined small molecules, not for 

complex biologics and personalized therapies. 

Regulatory agencies face unprecedented 

challenges in evaluating the safety, efficacy, and 

quality control of agents such as phages, 

engineered enzymes, and gene-editing 

antimicrobials. Each phage preparation, for 

instance, may require case-specific validation, 

complicating standardization. Moreover, large-

scale manufacturing of biologics—ensuring 

purity, stability, and consistency—remains 

technically demanding and costly. The 

establishment of adaptive regulatory frameworks 

and modular production systems is essential to 

streamline approval processes and enable timely 

patient access. 

4. Economic and Market Barriers: 

The economic model for antibiotic development is 

fundamentally unsustainable. The high cost of 

research and clinical trials, coupled with limited 

profitability and stewardship-driven restrictions 

on use, discourages pharmaceutical investment. 

Many biotech companies have withdrawn from 

antibiotic R&D altogether, leading to a “market 

failure” in one of medicine’s most critical 

domains. Innovative financing mechanisms—such 

as push–pull incentives, subscription models, and 

public–private partnerships—are urgently 

required to sustain development pipelines and 

ensure equitable access to life-saving 

antimicrobials. 

5. Evolutionary Pressure and Resistance 

Emergence: 

Even the most advanced molecular therapeutics 

remain vulnerable to evolutionary adaptation. 

Bacteria continuously evolve under selective 

pressure, developing mechanisms to evade phages, 

modify CRISPR target sequences, or alter binding 

sites for synthetic molecules. Without integrated 

combination strategies and antibiotic stewardship, 

resistance to new modalities could emerge rapidly, 

mirroring historical patterns. Therefore, parallel 

investments in surveillance, diagnostics, and 
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stewardship programs are indispensable to 

preserve the longevity of novel interventions. 

17. Integrated Research and Policy Roadmap: 

To translate molecular innovation into tangible 

clinical and public-health impact, a coordinated 

and multidimensional framework is essential. 

Combating antimicrobial resistance (AMR) 

requires not only scientific breakthroughs but also 

systemic integration across diagnostics, 

therapeutics, regulation, and global governance. 

The following roadmap outlines key strategic 

priorities to accelerate the translation of emerging 

molecular strategies into sustainable real-world 

solutions. 

1. Parallel Development: Integrating 

Therapeutics, Diagnostics, and Stewardship: 

The next generation of antimicrobial strategies 

must be deployed alongside rapid diagnostic 

technologies and robust antimicrobial stewardship 

programs. Real-time diagnostics—such as 

genomic sequencing, point-of-care PCR, and 

biosensor-based assays—enable precise pathogen 

identification and resistance profiling, guiding the 

appropriate use of novel therapeutics. Parallel 

development ensures that innovative molecular 

treatments (e.g., phage therapy, CRISPR 

antimicrobials, and nanoparticle formulations) are 

used judiciously, minimizing misuse and slowing 

the evolution of resistance. Integrating these tools 

within healthcare systems will improve treatment 

precision while preserving the efficacy of new 

agents. 

2. Adaptive Clinical Trial Designs: 

Traditional antibiotic trials often fail to capture the 

complex and evolving nature of resistant 

infections. Adaptive trial frameworks, such as 

platform trials, basket trials, and compassionate-

use registries, offer flexible designs that allow 

iterative learning and rapid assessment of 

therapeutic efficacy. These models facilitate real-

time modification of trial parameters—such as 

dosing, combination regimens, or patient 

subgroups—based on emerging data. Moreover, 

adaptive trials can accommodate multiple 

interventions within a shared infrastructure, 

reducing costs and accelerating approval timelines 

for promising candidates, especially biologics and 

gene-based antimicrobials. 

3. Manufacturing and Regulatory Innovation: 

Novel molecular therapeutics—such as 

bacteriophages, CRISPR-Cas systems, 

monoclonal antibodies, and engineered peptides—

pose unique challenges to current manufacturing 

and regulatory paradigms. Standard antibiotic 

approval frameworks are often ill-suited to these 

biologics. Regulatory agencies must therefore 

develop flexible evaluation pathways that 

emphasize safety, genetic stability, and quality 

control while accommodating personalized and 

adaptive therapies. Parallel efforts should focus on 

scalable and cost-effective manufacturing 

platforms for biologics and synthetic molecules, 

particularly in low- and middle-income countries, 

to ensure equitable access and sustainable 

production capacity. 

4. Economic Incentives and Sustainable Market 

Models: 

The economic landscape of antibiotic 

development remains a critical bottleneck. Market 

failure—driven by high R&D costs and low 

financial returns—has deterred industry 

investment. To address this, policymakers should 

adopt push–pull incentive mechanisms, including 

direct R&D grants, tax credits, milestone prizes, 

and advanced market commitments that guarantee 

a return on successful innovation. Subscription-

based reimbursement models (e.g., the “Netflix 
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model”), wherein healthcare systems pay fixed 

fees for access to essential antibiotics regardless of 

volume, can help delink profit from sales, 

encouraging responsible use while maintaining 

industry engagement. Such models have already 

shown promise in the United Kingdom and 

Sweden and should be expanded globally. 

5. Global Genomic Surveillance and Data 

Sharing: 

A robust, interconnected global surveillance 

network is essential for monitoring resistance 

evolution and assessing therapeutic efficacy. 

Enhanced genomic surveillance, leveraging 

whole-genome sequencing and bioinformatics, 

enables early detection of novel resistance genes 

and transmission pathways. Integrating 

surveillance data across human, animal, and 

environmental sectors the One Health approach 

provides a holistic view of resistance ecology. 

Open-access databases and international data-

sharing platforms (e.g., WHO GLASS, GISAID 

for AMR) should be strengthened to facilitate 

coordinated responses and inform public-health 

policy. 

Parameter ZAYNICH

™ (Cefepime 

+ 

Zidebactam) 

Ceftazidime + 

Avibactam 

Meropenem + 

Vaborbactam 

Imipenem + 

Relebactam 

Cefiderocol 

Developer / Status Wockhardt 

Ltd (India); 

Phase III 

completed / 

regulatory 

submission 

(2024–25) 

Pfizer / 

AstraZeneca; 

Approved 2015 

Melinta / 

Carbavance; 

Approved 2017 

Merck; Approved 

2019 

Shionogi; 

Approved 

2019 

Drug class / Type 4th-gen 

cephalosporin 

+ β-lactam 

“enhancer” 

3rd-gen 

cephalosporin + 

β-lactamase 

inhibitor 

Carbapenem + 

boronic-acid 

inhibitor 

Carbapenem + 

diazabicyclooctan

e inhibitor 

Siderophore 

cephalospori

n 

Mechanism of 

Action 

Cefepime 

inhibits 

PBP3; 

Zidebactam 

binds PBP2 

and blocks β-

lactamases → 

dual synergy 

and 

PBP2/PBP3 

co-targeting 

Inhibits class A 

(KPC), C, some 

D β-lactamases 

Blocks KPC & 

class A 

carbapenemase

s + carbapenem 

activity 

Inhibits KPC & 

class C β-

lactamases 

Trojan-horse 

uptake via 

iron transport 

+ β-lactam 

action 

Spectrum of 

Activity 

Broad Gram-

negative 

coverage incl. 

ESBL, 

AmpC, KPC, 

OXA-48, 

some MBL 

(esp. NDM, 

VIM); P. 

ESBL, AmpC, 

KPC, OXA-48; 

inactive vs 

MBL 

KPC 

producers; 

limited vs OXA 

or MBL 

KPC & AmpC; 

not MBL 

Extensive 

Gram-

negative 

coverage 

incl. most 

MBL strains 
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aeruginosa, 

A. baumannii 

Notable Strengths Active vs 

many 

carbapenem-

resistant & 

MBL-

producing 

isolates where 

others fail 

Reliable vs 

KPC & OXA-

48 

Enterobacterale

s 

Strong vs KPC 

CRE 

Potent vs KPC & 

AmpC CRE 

“Last-line” 

agent for 

MBL 

pathogens 

Weaknesses / Gaps Limited data 

on Gram-

positives; 

pending peer-

reviewed 

Phase III 

outcomes 

Fails vs 

NDM/VIM/IM

P MBLs 

Ineffective vs 

MBL & OXA-

48 

Ineffective vs 

MBL 

Possible 

resistance in 

NDM co-

producers; 

high cost 

Pharmacokinetics / 

Dosing 

2 g cefepime 

+ 1 g 

zidebactam 

IV q8h (1 h 

infusion); 

renal 

excretion 

2 g / 0.5 g IV 

q8h (2 h 

infusion) 

2 g / 2 g IV q8h 

(3 h infusion) 

1 g / 1 g IV q6h 

(0.5 h infusion) 

2 g IV q8h (3 

h infusion) 

Clinical 

Indications 

(Studied/Approved

) 

HABP/VABP

, BSI, cIAI, 

cUTI due to 

MDR Gram-

negatives 

(Phase III 

data ≈97 % 

cure per 

Wockhardt) 

cUTI, cIAI, 

HABP/VABP 

cUTI, 

HABP/VABP 

cUTI, 

HABP/VABP 

cUTI, 

HABP/VAB

P (in some 

regions) 

Adverse Effects 

(typical) 

Mild GI 

disturbance 

(Phase I); 

cefepime-

class 

neurotoxicity 

possible in 

renal 

impairment 

GI upset, LFT 

↑, 

hypersensitivity 

Headache, 

phlebitis, 

hypokalemia 

Nausea, diarrhea, 

CNS effects 

Diarrhea, 

hypokalemia

, infusion site 

pain 

Renal Adjustment Required 

(both agents 

renally 

cleared) 

Required Required Required Required 

Clinical Evidence 

Status 

Phase III 

completed; 

peer-review 

pending 

Multiple Phase 

III & real-world 

studies 

Approved 

based on 

TANGO trials 

Approved based 

on RESTORE-

IMI trials 

Approved 

based on 

APEKS & 

CREDIBLE 

trials 



Dr. M. Govardhan, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 3, 2282-2298 | Mini Review 

                 
              INTERNATIONAL JOURNAL OF PHARMACEUTICAL SCIENCES                                                                                 2297 | P a g e  

Distinctive Feature First β-

lactam 

enhancer 

(PBP2 

binder) co-

targeting 

PBP2/PBP3 

— beyond 

inhibitors 

Potent 

KPC/OXA-48 

coverage 

Optimized for 

KPC CRE 

Restores 

imipenem activity 

vs KPC 

Iron-

chelation 

“Trojan-

horse” entry 

Development 

Timeline 

Phase I → III 

(2018–2024); 

regulatory 

submission 

2024 – 2025 

Approved 2015 Approved 2017 Approved 2019 Approved 

2019 

CONCLUSION 

No single silver bullet will solve AMR. Instead, a 

portfolio approach—integrating new antibiotics, 

precision antimicrobials (CRISPR and phage), 

adjuvants, host-directed therapies, diagnostics, 

and stewardship—offers the best path forward. 

Molecular innovations described here provide 

powerful tools, but their success will depend on 

improved delivery technologies, regulatory 

adaptation, economic incentives, and global 

coordination. 
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