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Abstract: 

Messenger RNA (mRNA) therapeutics have emerged as a transformative modality for vaccination, protein 
replacement, and gene therapy. By harnessing the cell’s translational machinery, exogenously delivered mRNA 
can transiently express therapeutic proteins without genomic integration. Recent advances in mRNA chemical 
modification, lipid nanoparticle (LNP) delivery, and immune evasion strategies have enabled robust 
pharmacological effects with controllable safety profiles. This review provides a comprehensive overview of 
mRNA pharmacology, delivery platforms, clinical applications, and the technological innovations driving 
translation. Emphasis is placed on pharmacokinetics, immunogenicity modulation, and emerging strategies to 
optimize tissue-specific delivery and therapeutic efficacy. 

Keywords: mRNA therapeutics, lipid nanoparticles, immune modulation, gene therapy, vaccines, controlled 
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_________________________________ 
1. Introduction

Messenger RNA (mRNA) therapeutics leverage the central dogma of molecular biology, 
instructing cells to produce proteins of interest without integrating into the host genome. Unlike 
DNA-based therapies, mRNA does not require nuclear entry, thereby minimizing the risk of 
insertional mutagenesis 1-2. Its transient expression profile provides temporal control and dose 
flexibility, making it an attractive platform for diverse therapeutic applications. Historically, 
mRNA was limited by inherent instability and immunogenicity, which hindered clinical 
translation. However, recent advancements in nucleotide modification, encapsulation 
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strategies, and scalable manufacturing technologies have transformed mRNA therapeutics into 
a mainstream medical modality 3-4. The rapid development and global deployment of COVID-
19 vaccines exemplify the clinical potential of mRNA platforms. Beyond vaccines, mRNA 
therapies hold promise for protein replacement therapies, oncology, and treatment of rare 
genetic disorders, highlighting their broad versatility and transformative potential in modern 
medicine 5-6. 

2. Pharmacological Mechanisms of mRNA Therapeutics 

The pharmacological efficacy of mRNA therapeutics is underpinned by its structure and 
cellular processing. Structurally, mRNA contains a 5’ cap (m7G) that enhances translation 
initiation and protects against exonuclease degradation, 5’ and 3’ untranslated regions (UTRs) 
that regulate stability and translational efficiency, an open reading frame (ORF) encoding the 
therapeutic protein, and a poly(A) tail that promotes ribosomal recruitment and stability 7-8. 
Upon administration, exogenous mRNA is internalized by cells primarily through endocytosis. 
Following endosomal escape, cytosolic ribosomes translate the ORF into functional proteins, 
which are subsequently processed for secretion, intracellular activity, or immune presentation, 
depending on the therapeutic goal 9-10. 

A critical consideration for mRNA therapeutics is immunogenicity. Unmodified mRNA can 
activate pattern recognition receptors (PRRs) such as TLR3, TLR7, TLR8, and RIG-I, leading 
to innate immune responses that may limit efficacy or induce adverse effects 11-12. To mitigate 
these responses, strategies such as incorporating modified nucleotides (e.g., pseudouridine or 
5-methylcytidine), optimizing codon usage, and co-delivering immunomodulatory excipients 
have been employed, enhancing both stability and tolerability of mRNA formulations 13-14. 

3. mRNA Delivery Platforms 

Given the large size and negative charge of mRNA molecules, efficient delivery systems are 
essential to achieve cellular uptake and therapeutic efficacy. Lipid nanoparticles (LNPs) are 
the most clinically validated carriers, composed of ionizable lipids, cholesterol, phospholipids, 
and PEG-lipids. Ionizable lipids facilitate endosomal escape under acidic conditions, ensuring 
cytosolic release of mRNA 15-16. LNPs have been successfully implemented in mRNA vaccines 
against COVID-19, including BNT162b2 and mRNA-1273, demonstrating their safety and 
effectiveness. 

Polymer-based carriers, including polyethylenimine (PEI), poly(lactic-co-glycolic acid) 
(PLGA), and other cationic polymers, provide additional advantages, such as enhanced 
endosomal escape, controlled release, and biodegradability, thereby reducing cytotoxicity and 
enabling sustained protein expression 17-18. Emerging hybrid and novel delivery systems, 
including exosomes and cell-derived vesicles, offer tissue-targeted delivery, while stimuli-
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responsive nanoparticles allow spatiotemporal control of mRNA translation. Hydrogel-based 
depots provide localized delivery, enabling precise dosing and extended therapeutic effects. 
Together, these platforms represent a versatile toolkit that addresses the inherent challenges of 
mRNA stability, delivery, and immunogenicity, supporting the broad application of mRNA 
therapeutics across various disease domains 19-20. (Figure 1) 

Figure 1. Major mRNA Delivery Platforms 

 

4. Pharmacokinetics and Pharmacodynamics 

The pharmacokinetic and pharmacodynamic profiles of mRNA therapeutics are intricately 
linked to their delivery platform, chemical modifications, and route of administration. 
Typically, mRNA therapeutics are administered via intramuscular, intradermal, or intravenous 
routes, with lipid nanoparticles (LNPs) facilitating efficient cellular uptake 21-22. LNPs exhibit 
preferential accumulation in the liver, targeting hepatocytes, and in antigen-presenting cells 
(APCs), which is particularly advantageous for vaccines and immune-modulating therapies. 
Biodistribution can be fine-tuned through adjustments in lipid composition, particle size, and 
surface functionalization with targeting ligands, enabling tissue-specific delivery and improved 
therapeutic outcomes 23-24. 

Once internalized, mRNA is subject to degradation by cytosolic and extracellular RNases. 
Chemical modifications, such as incorporation of pseudouridine or 5-methylcytidine, along 
with encapsulation within LNPs, enhance mRNA stability, extending its functional half-life 
from a few hours to several days 25-26. Protein expression kinetics depend on both mRNA 
integrity and carrier design, with translation typically initiating within hours of delivery. The 
duration of protein expression can last several days, and repeated dosing may be required to 
maintain therapeutic levels, particularly in chronic conditions or sustained immune activation 
applications 27-28. 
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5. Clinical Applications 

mRNA therapeutics have rapidly transitioned from experimental concepts to clinically 
transformative interventions across multiple domains. In vaccines, mRNA platforms have 
demonstrated exceptional versatility and efficacy. The SARS-CoV-2 mRNA vaccines, for 
example, showcased rapid design, robust immunogenicity, and scalable production, setting a 
precedent for future pandemic preparedness. In oncology, neoantigen-based mRNA vaccines 
are being developed to elicit personalized T-cell responses, offering the promise of highly 
targeted immunotherapy tailored to individual tumor profiles 29-30. 

Beyond vaccines, mRNA therapeutics are being explored for protein replacement therapies. 
By encoding therapeutic enzymes or hormones such as erythropoietin or VEGF, mRNA can 
correct deficiencies in genetic disorders or promote tissue regeneration in ischemic conditions. 
In immuno-oncology, mRNA encoding tumor-associated antigens induces potent cytotoxic T-
cell responses, and when combined with checkpoint inhibitors, can significantly enhance anti-
tumor efficacy 31-32. Furthermore, rare genetic disorders, including cystic fibrosis and 
lysosomal storage diseases, may benefit from in vivo mRNA delivery, restoring deficient 
protein function and ameliorating disease phenotypes. Collectively, these applications 
underscore the versatility and transformative potential of mRNA therapeutics across 
prophylactic, therapeutic, and precision medicine domains 33-34. 

Table 1. Representative mRNA Therapeutics in Clinical Development 

Therapeutic 
Area mRNA Product 

Delivery 
Platform 

Clinical 
Stage Reference 

Infectious Disease BNT162b2 LNP FDA-
approved 35 

Oncology BioNTech personalized 
vaccine 

LNP Phase II/III 36 

Protein 
Replacement mRNA-encoded VEGF LNP Phase I 37 

Rare Disease mRNA for the PKU 
enzyme Polymer/LNP Preclinical 38 

6. Pharmaceutical Innovations 

Significant pharmaceutical innovations have enhanced the stability, efficacy, and targeting 
potential of mRNA therapeutics. Nucleotide modifications, such as pseudouridine and N1-
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methylpseudouridine, have emerged as critical strategies to reduce innate immune recognition 
while improving translational efficiency 39-40. These modifications help minimize unintended 
inflammatory responses and allow higher protein yields from administered mRNA, enhancing 
therapeutic outcomes 41-42. Formulation strategies have further optimized mRNA delivery. 
PEGylation of lipid nanoparticles improves colloidal stability, prolongs circulation time, and 
reduces aggregation, while the addition of specific surface ligands enables tissue-specific 
targeting, ensuring that the mRNA reaches its intended cellular destination. Hybrid delivery 
systems, which combine lipid nanoparticles with hydrogels, microneedles, or other 
biomaterials, allow localized, sustained release, enhancing therapeutic precision 43-44. 

Controlled-release and targeting innovations also play a pivotal role. Stimuli-responsive 
nanoparticles are engineered to release mRNA in response to specific environmental cues, such 
as pH changes, enzymatic activity, or temperature variations, which are often present in 
diseased tissues 45-46. Additionally, organelle-targeted designs improve intracellular trafficking, 
ensuring that mRNA efficiently reaches the cytosol for translation, thereby maximizing protein 
expression and functional impact. Collectively, these innovations underscore the convergence 
of chemical modification, formulation engineering, and targeted delivery, driving the next 
generation of mRNA therapeutics 47-48. 

7. Challenges and Limitations 

Despite remarkable progress, several challenges continue to constrain the broader clinical 
application of mRNA therapeutics. Stability remains a major concern, as mRNA is inherently 
labile and sensitive to degradation, necessitating stringent cold-chain logistics for storage and 
transport 49-50. Immunogenicity is another limitation; although nucleotide modifications reduce 
innate immune activation, some degree of immune response may persist, potentially affecting 
tolerability. Optimizing dosing is complex because achieving sufficient protein expression 
must be balanced against the risk of toxicity 51-52. Long-term safety data are limited, particularly 
for chronic dosing regimens or repeated administration, raising concerns about off-target 
protein expression and cumulative effects. Manufacturing scalability also poses challenges: 
producing high-purity, clinical-grade mRNA at large scale is technically demanding and costly, 
limiting accessibility and widespread adoption 53-54. Addressing these limitations is essential 
for translating mRNA therapeutics into diverse clinical settings. 

8. Future Directions 

The future of mRNA therapeutics is poised for remarkable advancements through innovations 
in delivery, personalization, and predictive design. Next-generation lipid nanoparticles (LNPs) 
are being developed to be biodegradable, organ-specific, and minimally immunogenic, 
improving safety and targeting precision 55-56. Self-amplifying mRNA (saRNA) platforms offer 
the potential to achieve high protein expression at lower doses due to intracellular replication, 

65



48                                           
Frontiers in Microbiology, Biotechnology & Crop Science (FMBC) 

ISSN: Applied | Vol. 01 Issue 01, July-Dec 2025 | pp. 61-71 
 

 

                                           
Frontiers in Microbiology, Biotechnology & Crop Science (FMBC) 

ISSN: Applied | Vol. 01 Issue 01, July-Dec 2025 | pp. 61-71 
 

 

reducing the amount of administered mRNA required for therapeutic effect. Non-invasive 
administration routes, including oral and inhaled formulations, are under investigation, 
promising easier delivery and improved patient compliance 57-58. Personalized medicine 
approaches aim to design mRNA therapeutics tailored to individual tumors or genetic 
mutations, enabling precision therapy for oncology and rare diseases. Integration with artificial 
intelligence and machine learning is expected to further optimize sequence design, carrier 
selection, and delivery strategies, enhancing efficacy while minimizing off-target effects. 
Together, these directions herald a new era of precision mRNA therapeutics, combining safety, 
efficacy, and patient-centered design 59-60. (Figure 2) 

 

Figure 2. Future mRNA Therapeutics Workflow 

 

9. Conclusion 

Messenger RNA therapeutics have fundamentally transformed modern pharmacology, 
establishing a versatile and safe platform for applications ranging from prophylactic vaccines 
to protein replacement therapies and gene-based interventions. Through innovations in delivery 
systems, including lipid nanoparticles, polymer-based carriers, and hybrid formulations, as 
well as chemical modifications that enhance stability and reduce immunogenicity, many of the 
historical barriers to clinical translation have been effectively addressed. These advances have 
enabled the rapid development and deployment of mRNA-based COVID-19 vaccines, 
highlighting the platform’s scalability, speed, and therapeutic potential. Despite ongoing 
challenges related to long-term stability, tissue-specific targeting, immune modulation, and 
chronic safety, the field continues to expand at an unprecedented pace. With integration of 
personalized medicine strategies, AI-driven design, and next-generation delivery technologies, 
mRNA therapeutics are poised to deliver on the promise of highly precise, patient-specific, and 
on-demand treatments for a wide spectrum of diseases, marking a new era in precision 
medicine and translational pharmacology. 
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