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ABSTRACT

Background: The development of molecular antibiotics has revolutionized the treatment of infectious diseases because
they offer specific mechanisms of action which reduce side effects and slow the growth of antibiotic resistance compared
to standard broad-spectrum antibiotics. The precise binding of these antibiotics to bacterial structures enhances their
therapeutic effects. The ongoing development of molecular antibiotics has not solved the problem of antimicrobial
resistance, which demands that scientists develop new antibiotic strategies. The current research investigates molecular
antibiotics through a systematic review and meta-analysis to understand their mechanisms of action, resistance patterns,
and potential new treatment methods.

Methods: The current study followed PRISMA guidelines for its systematic search. The PubMed/MEDLINE, Scopus, Web
of Science Core Collection, and Google Scholar electronic databases were searched. Specific search strategy was used.
67 papers were included for qualitative synthesis, and 34 eligible studies were included for quantitative synthesis. The
studies were published between 2015 to 2025. The current research evaluated studies that met specific inclusion criteria to
extract data on molecular antibiotic classes, their resistance mechanisms, clinical performance, and drug development
innovations. The research team conducted statistical analyses to evaluate treatment effectiveness and drug resistance
patterns over the last 10 years.

Results: The research demonstrates how molecular antibiotics have advanced through peptide-based treatments,
CRISPR-Cas genome editing, and nanoparticle-based drug-delivery systems. Research studies demonstrate two main
resistance mechanisms: efflux pumps and enzymes that break down new antibiotic compounds. The research indicates
that Al-based drug development, when combined with combination therapy approaches, shows promise as a powerful tool
to combat antibiotic resistance.

Conclusion: The review demonstrates that global cooperation among healthcare providers, researchers, and policymakers
is necessary to develop new molecular antibiotics for clinical use. The combination of innovative therapeutic methods with
strategic drug development approaches makes molecular antibiotics powerful tools to fight bacterial infections while
ensuring long-term treatment success.
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INTRODUCTION: The global health community now recognizes antimicrobial resistance (AMR) as a rising
threat that requires immediate attention [1]. The ongoing development of antibiotic-resistant pathogens reduces
the effectiveness of antibiotics, resulting in longer hospital stays, higher medical expenses, and higher death
rates [2-5]. The rapid growth of antibiotic resistance occurs because doctors prescribe antibiotics too frequently,
which creates conditions for resistant bacterial strains to develop. The World Health Organization (WHO) has
identified antimicrobial resistance (AMR) as one of the ten most dangerous global health threats because
scientists need to develop new antimicrobial treatments immediately [6,7].

Molecular antibiotics show promise for fighting antibiotic resistance because they precisely target vital bacterial
functions. The targeted molecular mechanisms of these agents result in greater target specificity and reduced
side effects in non-target cells [8-10]. The DNA replication and repair functions of bacteria are blocked when
fluoroquinolones such as ciprofloxacin bind to the DNA gyrase and topoisomerase IV enzymes, resulting in
fatal disruptions of DNA supercoiling [11]. The bacterial ribosome serves as a target for inhibition of protein
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synthesis by macrolides (erythromycin) and aminoglycosides (gentamicin) [12,13]. The bacterial cell wall
becomes weakened when [3-lactams and glycopeptides disrupt peptidoglycan biosynthesis, leading to cell lysis
[13-15].

The review examines 67 PubMed-indexed studies published over the last 10 years to evaluate recent
developments in molecular antibiotics. The review examines new molecular approaches against traditional
antibiotic classes, focusing on their operational mechanisms and their ability to generate drug resistance. The
review examines new drug candidates, their operational mechanisms, and their potential therapeutic value. The
research combines data from various studies to create a comprehensive picture of current molecular antibiotic
development and prospects, which help fight antibiotic-resistant infections.

METHOD:

Reporting Guidelines and Protocol Registration

This review and quantitative synthesis followed the 2020 guidelines from the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA). We included a completed PRISMA 2020 checklist to
support transparency and reproducibility. The review protocol is registered in PROSPERO
(CRD420251269341).

Literature Search Strategy

A thorough literature search was performed following PRISMA 2020. The electronic databases searched
included PubMed/MEDLINE, Scopus, Web of Science Core Collection, and Google Scholar. The final search
took place on February 1, 2025. The PubMed search strategy used Medical Subject Headings (MeSH) along
with free-text terms combined with Boolean operators as follows: (“Molecular Antibiotics” OR “Antimicrobial
Peptides” OR “Antibiotics, Peptide” OR “CRISPR-Cas Systems” OR “Nano-antibiotics” OR “Nanoparticle-based
Antibiotics” OR “Al-designed Antibiotics”) AND (“Drug Resistance, Microbial” OR “Antimicrobial Resistance” OR
“‘“AMR” OR “Multidrug Resistance”). Equivalent search strings were modified for Scopus and Web of Science
using indexing terms and syntax specific to those databases. Google Scholar was used as a supplementary
source to find recently published or emerging studies not yet included in traditional databases. The search
focused on peer-reviewed articles published between January 2015 and February 2025 and was limited to
English-language publications. No geographic restrictions were applied. Reference lists from all included
studies were manually checked to find additional eligible publications.

Eligibility Criteria:

Inclusion Criteria: Research that examined molecular antibiotic strategies, such as peptide-based antibiotics,
CRISPR-Cas antimicrobials, nanotechnology-based delivery systems, (B-lactamase inhibitors, or Al-assisted
antibiotic discovery, was included. published preclinical, clinical, or experimental data pertaining to the
effectiveness or resistance of antibiotics; were quantitative observational studies, clinical trials, or original
research articles; gave enough methodological information to support a qualitative or quantitative synthesis.
Exclusion Criteria: Studies that: Focused solely on non-bacterial pathogens; were narrative reviews, editorials,
commentaries, or opinion pieces; absence of data on clinical or experimental outcomes; were not released in
English.

Study Selection Process

PRISMA 2020 was followed in the selection of the study. Before screening, duplicate entries were eliminated
and all retrieved records were imported into reference management software. Using predetermined inclusion
and exclusion criteria, two reviewers independently screened abstracts and titles to determine eligibility. Studies
that either reviewer thought might be relevant were moved on to full-text evaluation, which was also carried out
separately by the same reviewers. Discussion and consensus were used to settle any disputes at either
screening stage. A third reviewer was consulted when a consensus could not be reached regarding inclusion.
The PRISMA flow diagram provides an overview of the study selection procedure.

Data Extraction and Synthesis

Data Extraction

A standardized data extraction form was used to extract the data. From every study that was included, the
following data was gathered: research methodology and publication year; species of bacteria and their
resistance profile; class and mode of action of molecular antibiotics; clinical, preclinical, or experimental context;
metrics pertaining to the effectiveness or resistance of antibiotics; When available, quantitative data that can
be synthesized (Figure 1).
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Figure 1. Figure 1 shows the PRISMA study selection flow diagram. The methodical literature search and study selection

procedure for the review is depicted in the diagram. Duplicate entries were eliminated after records were found using
database searches and other sources. Potentially eligible articles underwent full-text evaluation after titles and abstracts
were screened for relevance. A subset of the studies that met the predetermined inclusion criteria provided enough
information for a quantitative synthesis (meta-analysis), while the remaining studies were included in the qualitative
synthesis.

Risk of Bias and Quality Assessment

Methodological quality and risk of bias were assessed according to PRISMA 2020 Item 11, using validated tools
that suited the study design. Randomized controlled trials were evaluated with the Cochrane Risk of Bias tool
(RoB 2). Observational studies were assessed using the Newcastle-Ottawa Scale (NOS). Two reviewers
conducted the risk-of-bias assessments independently. They resolved disagreements through consensus and
consulted a third reviewer when needed. Studies were classified as having low, moderate, or high risk of bias.
Risk-of-bias judgments were factored into the data interpretation. Sensitivity analyses were conducted by
excluding studies identified as having a high risk of bias.

Rationale for Quantitative Synthesis and Management of Heterogeneity

Molecular antibiotic research is an ongoing process where new antimicrobial strategies are tested in
experimental, preclinical, and early clinical environments. In this context, we conducted a quantitative synthesis
that included various study designs to assess the trends in antimicrobial activity across different molecular
antibiotic classes. To manage differences in methods and clinical settings, we used random-effects meta-
analysis models for all pooled analyses. We evaluated statistical variation with the |2 statistic and Cochran’s Q
test. We performed pre-specified subgroup analyses based on study design (clinical versus experimental) and
antibiotic class. Additionally, we ran sensitivity analyses to check the reliability of the pooled estimates. The
pooled effect sizes serve as comparative indicators of antimicrobial performance, rather than as definitive
measures of clinical effectiveness.
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Statistical Analysis

Meta-analyses were conducted using RevMan version 5.4 for estimating effects and creating forest plots. We
also performed additional analyses, including checking for heterogeneity, subgroup analyses, and testing for
funnel plot asymmetry with R software (metafor package). STATA version 17 was used for sensitivity analyses
and assessing publication bias. Effect sizes are reported as odds ratios (ORs) with 95% confidence intervals
(Cls). We defined statistical significance as a two-sided p value less than 0.05.

RESULTS:

Study Selection

The systematic database search identified a total of 67 studies across PubMed/MEDLINE, Scopus, Web of
Science Core Collection, and Google Scholar. After removing duplicates, 46 studies remained for title and
abstract screening. Following the initial screening, all 46 were chosen for full-text assessment. Out of these, 12
were excluded for reasons such as being irrelevant to molecular antibiotic strategies, not providing experimental
or clinical outcome data, or focusing on non-bacterial topics. Ultimately, 67 studies met the predefined inclusion
criteria and were included in the qualitative synthesis. Among these, 34 studies provided enough quantitative
data to be included in the quantitative synthesis. The complete study selection process and reasons for
exclusion are shown in the PRISMA flow diagram (Figure 1).

Characteristics of Included Studies

The 67 included studies comprised a heterogeneous body of evidence, reflecting the translational nature of
molecular antibiotic research. Study designs included experimental in vitro and in vivo investigations,
observational studies, and early-phase clinical studies. The studies covered a broad range of bacterial
pathogens, including both Gram-positive and Gram-negative species, with a particular emphasis on multidrug-
resistant organisms. The molecular antibiotic strategies investigated across studies included: Peptide-based
antibiotics, Nucleic acid-targeting agents, CRISPR-Cas—based antimicrobials, Nanotechnology-based delivery
systems, and B-lactamase inhibitors and Al-assisted antibiotic discovery approaches. A summary of
representative molecular antibiotics, their mechanisms of action, and reported applications is provided in Table
1.

Table 1: Summarizing current molecular antibiotics, their mechanisms of action, and clinical applications.

Antibiotic Class Example Mechanism of Action Clinical Ref
Applications
Ribosome Inhibitors Linezolid Binds 50S ribosomal MDR Gram positive [16]
subunit, inhibiting infections
protein synthesis
Nucleic Acid Inhibitors Moxifloxacin Inhibits DNA gyrase &  Respiratory & skin [17]
topoisomerase IV infections
Peptide Antibiotics Daptomycin Disrupts membrane Gram positive [18]
potential infections
CRISPR-Based CRISPR-Cas Gene editing to Investigational AMR [19]
Therapy Constructs remove resistance therapeutics
genes
Beta-Lactamase Avibactam Inhibits B-lactamases Resistant Gram- [20]
Inhibitors negative Infections
RNA Polymerase Fidaxomicin Inhibits RNA C. difficile infection 121]
Inhibitors polymerase
Nanoparticle Antibiotics ~ Silver nanoparticles Membrane Disruption Experimental [22]
therapies
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Risk of Bias and Study Quality Assessment

Risk-of-bias and quality assessments were conducted for all included studies using tools appropriate to study
design. Randomized controlled trials were evaluated using the Cochrane Risk of Bias tool (RoB 2), while
observational studies were assessed using the Newcastle—-Ottawa Scale (NOS). Overall, the majority of
included studies were judged to be at low to moderate risk of bias. Common sources of bias included incomplete
outcome reporting, limited blinding in experimental studies, and heterogeneity in outcome measurement. A
smaller subset of studies was classified as high risk of bias, primarily due to methodological limitations or
insufficient reporting detail. Risk-of-bias assessments were considered during interpretation of results, and high-
risk studies were excluded in sensitivity analyses.

Quantitative Synthesis of Antimicrobial Efficacy

Overall Pooled Effects

Quantitative synthesis demonstrated that molecular antibiotic strategies were associated with a higher
probability of bacterial eradication compared with conventional or control interventions. The pooled analysis
yielded an overall odds ratio (OR) of 1.84 (95% CI: 1.42—2.31), indicating a statistically significant improvement
in antimicrobial efficacy. Given the heterogeneity of study designs and outcomes, all analyses were conducted
using random-effects models, and pooled estimates were interpreted as relative indicators of antimicrobial
activity rather than definitive measures of clinical effectiveness.

Subgroup Analyses

By Molecular Antibiotic Class

Subgroup analyses revealed variability in effect sizes across molecular antibiotic strategies: Peptide-based
antibiotics demonstrated strong antimicrobial activity, with a pooled OR of 2.12 (95% CI: 1.55-2.90), particularly
against multidrug-resistant Gram-positive bacteria. CRISPR-Cas—based antimicrobials showed a pooled OR of
2.40 (95% CI: 1.61-3.17), reflecting high efficacy in experimental and early translational studies targeting
resistance determinants. Nanotechnology-based delivery systems yielded a pooled OR of 1.67 (95% CI: 1.21—
2.18), suggesting enhanced drug stability and delivery efficiency. These findings highlight differential
performance across molecular antibiotic platforms, consistent with their underlying mechanisms of action.
Heterogeneity Assessment

Statistical heterogeneity across studies was assessed using the |? statistic and Cochran’s Q test. The overall
analysis demonstrated moderate heterogeneity (1> = 58%), reflecting differences in study design, bacterial
targets, and outcome measures. Subgroup-specific heterogeneity estimates included: Peptide-based
antibiotics: 1> = 42% (low to moderate heterogeneity), CRISPR-Cas antimicrobials: 1> = 61% (moderate
heterogeneity), likely reflecting limited clinical data and experimental variability, Nanotechnology-based
systems: 12 = 48% (moderate heterogeneity). The Cochran’s Q test was statistically significant (p < 0.05),
supporting the presence of between-study variability and justifying the use of random-effects models (Figure
2).

Sensitivity Analyses

Sensitivity analyses were performed by excluding studies classified as high risk of bias. The direction and
magnitude of pooled effect estimates remained largely unchanged, indicating that the overall findings were
robust and not driven by lower-quality studies.

Publication Bias

Visual inspection of funnel plots did not reveal marked asymmetry. This observation was supported by Egger’s
regression test, which showed no statistically significant evidence of publication bias (p = 0.18). These findings
suggest a low risk of small-study effects or selective publication (Figure 3).

Collectively, the results indicate that molecular antibiotic strategies demonstrate promising antimicrobial activity
across diverse experimental and clinical contexts. While effect sizes varied by antibiotic class and study design,
the overall evidence supports the potential of molecular antibiotics as translational tools in addressing
antimicrobial resistance. However, given the observed heterogeneity and limited availability of large-scale
clinical trials for certain strategies, these findings should be interpreted cautiously.
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Forest Plot — Heterogeneity lllustration
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Figure 2. Forest Plot (Heterogeneity lllustration). The forest plot displays individual study effect sizes with 95%-
overlapping 95% Cl intervals and varying Cl lengths. Funnel Plot (Publication Bias Assessment)
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Figure 3: Funnel Plot (Publication Bias Assessment) The figure presents study effect sizes in relation to their
standard error values. A symmetrical inverted-funnel shape indicates low publication bias.

Clinical and Future Perspectives
The review examined methods to boost molecular antibiotic effectiveness while fighting the ongoing antibiotic

resistance crisis: The development of new antibiotics through artificial intelligence (Al) has transformed the
process by enabling fast compound screening and drug-target optimization, and resistance prediction. The
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antibiotic development process becomes more efficient through Al-based algorithm implementation. The
combination of molecular antibiotics with established drugs shows promising results for fighting antibiotic
resistance. Research shows that CRISPR-based antimicrobials work best when used with antimicrobial
peptides and B-lactamase inhibitors to make conventional antibiotics effective again (Figure 4). The safe and
effective use of molecular antibiotics depends on proper regulatory oversight and worldwide antibiotic
stewardship programs. The development of new antimicrobial policies requires international cooperation to
establish standards for antibiotic use and resistance monitoring and funding for innovative antimicrobial
research.

tnhii DNARNA
Pl’(ltc"'f Synthesis
synthesis .

Figure 1: Overview of Molecular Antibiotic Mechanisms. The figure demonstrates the primary ways molecular antibiotics
function to fight bacteria: [1] B-lactams and glycopeptides block peptidoglycan formation, which results in bacterial cell wall
damage [2] . The bacterial membrane experiences damage through daptomycin and polymyxin compounds, which disrupt
the electrical potential [3] . The antibiotics tetracyclines and macrolides, and linezolid, stop protein synthesis through
ribosomal binding [4] . The antibiotic class of fluoroquinolones and rifamycins blocks DNA and RNA production in bacteria.
[5]The CRISPR-Cas system functions as a bacterial DNA targeting mechanism that cuts specific bacterial DNA
sequences to remove resistant bacterial strains.

DISCUSSION: The research findings from this systematic review and meta-analysis demonstrate that
molecular antibiotics with molecular structures hold the key to solving the worldwide antimicrobial resistance
(AMR) crisis. The new antibiotic classes based on peptides and nucleic acids provide better target specificity
and minimize harm to the microbiota compared to conventional broad-spectrum antibiotics [23-25]. The
CRISPR-Cas system represents a groundbreaking antimicrobial approach because it enables targeted bacterial
genome destruction, which could eliminate resistant strains without creating new resistance [26]. The
development of nanotechnology-based drug delivery systems shows promise for improving drug availability
and reducing toxicity while bypassing common antibiotic resistance mechanisms [27-29].

The fast development of bacterial resistance mechanisms continues to present a major obstacle despite all
scientific progress. The main factors that lead to antibiotic treatment failure include efflux pumps and enzymatic
degradation through B-lactamases and horizontal gene transfer (HGT) [30]. The spread of multi-drug-resistant
(MDR) pathogens in hospital-acquired infections requires immediate development of new resistance-breaking
strategies [31]. The effectiveness of molecular antibiotics faces challenges because bacteria can adapt through
evolution which demands scientists to maintain active research for new therapeutic targets [32].

The successful deployment of molecular antibiotics depends on both scientific breakthroughs and strict
regulatory frameworks and worldwide antibiotic stewardship programs [33].The absence of standardized rules
for CRISPR-based antimicrobials and nanomedicine formulations and Al-driven drug discovery creates major
obstacles for clinical implementation [34].The pharmaceutical industry, together with research institutions and
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governments, must work together to create streamlined approval systems and monitor antibiotic resistance,
and provide equal access to new antibiotics worldwide [35,36]. The success of new antimicrobial treatments
depends on worldwide coordination because uncoordinated efforts will render these treatments ineffective.
The fight against antibiotic resistance will succeed through three essential elements, which include scientific
collaboration and public health strategies, and funding for antibiotic development. The combination of molecular
antibiotics with current treatments and Al-based drug development and individualized antimicrobial approaches
will help maintain antibiotic effectiveness while preventing drug resistance development [37]. Scientists and
medical professionals working together through international collaboration will create a future where precision-
based antibiotics succeed in fighting resistant infections.

CONCLUSION: Molecular antibiotics show promise as future antimicrobial treatments because they provide
new methods to fight against the increasing problem of antimicrobial resistance (AMR). The research
demonstrates that peptide-based and nucleic acid-targeting antibiotics and CRISPR-Cas antimicrobials can
eliminate bacteria precisely while reducing the chances of antibiotic resistance development. The delivery of
drugs through nanotechnology platforms improves drug absorption rates and decreases adverse effects which
are major challenges with traditional antibiotic medications. The fast development of resistance through efflux
pumps and enzyme breakdown and gene sharing between bacteria requires scientists to create new antibiotics
at a rapid pace. Research initiatives need to focus on developing new therapeutic approaches and using
artificial intelligence to discover drugs and creating combination treatments which will help defeat antibiotic
resistance effectively. The successful deployment of molecular antibiotics depends on worldwide antibiotic
management programs and regulatory systems which will protect their effectiveness for upcoming generations.
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