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ABSTRACT 
The clinical triumph of mRNA–lipid nanoparticle 

(LNPs) vaccines during the COVID-19 pandemic 

validated lipid nanoparticles as a safe, scalable, and 

clinically translatable platform for nucleic-acid 

delivery, with applications far beyond infectious-

disease prophylaxis. This review synthesises current 

evidence on RNA–LNPs technology in two major 

non-vaccine therapeutic domains: chronic 

inflammatory/autoimmune disease and 

neurodegenerative disorders. The structural 

components and intracellular trafficking of LNPs 

including ionizable lipids, helper phospholipids, 

cholesterol, and PEG-lipids are outlined alongside 

design parameters governing encapsulation 

efficiency, biodistribution, and endosomal escape. 

siRNA-LNPs and mRNA-LNPs strategies targeting 

pathogenic cytokine and signalling networks (TNF-

α, IL-1β, IL-6, NF-κB, JAK/STAT) are examined in 

context to rheumatoid arthritis, psoriasis, 

inflammatory bowel disease, systemic lupus 

erythematosus, and atherosclerosis, alongside 

emergent in-vivo CAR-T and tolerogenic antigen-

mRNA platforms. The blood brain barrier (BBB) is 

addressed as distinct delivery challenge, with ligand 

functionalised, focused ultrasound assisted, and 

intrathecal LNP strategies surveyed for Alzheimer, 

Parkinson, ALS, Huntington, and multiple sclerosis. 

Persistent translational obstacles (hepatic 

sequestration, PEG-related immunogenicity, innate 

immune sensing, and repeated extrahepatic dosing) 

are discussed together with the engineering strategies 

to address them. The precedent of patisiran together 

with an expanding CNS and immune-directed RNA–

LNPs pipelines, signal a shift from vaccine-centric 

technology to organ-programmable RNA-LNPs 

therapeutics. 
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therapeutics; siRNA; neurodegenerative disease; 
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I. INTRODUCTION 

Lipid nanoparticles (LNPs) emerged from 

decades of liposome and lipoplex research to become 

the dominant clinical delivery system for RNA 

therapeutics. Their utility was first validated by 

patisiran (Onpattro®), the siRNA–LNP approved in 

2018 for the polyneuropathy of hereditary 

transthyretin-mediated amyloidosis, and was 

subsequently demonstrated at unprecedented global 

scale by the mRNA–LNP COVID-19 vaccines 

BNT162b2 (Comirnaty®) and mRNA-1273 

(Spikevax®) [1-3]. These successes rested on a 

common engineering insight, an ionizable lipid that 

is neutral at physiological pH but becomes cationic 

in the acidic endosome, allowing efficient RNA 

condensation during manufacture and subsequent 

endosomal membrane destabilisation and cytosolic 

cargo release after cellular uptake [4]. 

The pandemic-driven surge in 

manufacturing capacity, regulatory experience, and 

public familiarity with mRNA–LNP technology has 

been described as a ‘gold rush’ toward applying the 

platform to diseases far removed from infectious-

disease prophylaxis [5]. Cancer immunotherapy was 

the earliest non-vaccine application to attract 

attention. Despite the nanomedicines bias toward 

oncology, recently chronic 

inflammatory/autoimmune disorders and 

neurodegenerative diseases have emerged as parallel 

domains of therapeutic interest [5,6]. Both categories 

present a common paradox for LNPs design. In 

vaccination, the intrinsic adjuvanticity of ionizable 

lipids and residual dsRNA contaminants is 

therapeutically desirable, reinforcing antigen-

specific immunity. Similarly, in chronic 

inflammatory and neurodegenerative disease, the 

same innate-immune activation exacerbates the 

underlying inflammatory pathology, provokes 
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unwanted cytokine release, and limits the tolerability 

of the repeat dosing that chronic conditions typically 

require [6,7]. 

A second shared challenge stems from 

anatomical constraints. Conventional LNPs once 

administered intravenously, undergo opsonisation by 

apolipoprotein E and other serum proteins and 

resulting in predominant clearance by hepatocytes, 

making the liver the default ‘organ of delivery’ for 

systemic LNPs therapeutics [8]. While 

hepatotropism can be exploited productively in 

RNAi therapeutics silencing hepatically expressed 

genes (transthyretin, PCSK9, ANGPTL3), yet it 

becomes a limiting factor whenever the therapeutic 

target lies within inflamed synovium, gut mucosa, or 

most restrictively behind the blood–brain barrier 

(BBB) [9]. Recently, considerable effort have been 

focused on extrahepatic and CNS-targeted LNPs 

engineering, surface ligand functionalisation, 

antibody conjugation for cell-type-specific tropism, 

alternative routes of administration (intrathecal, 

intranasal, intra-articular, oral), and physical 

adjuncts including focused ultrasound-mediated 

BBB opening [10-12]. 

Thus, against this backdrop, the present 

review consolidates current evidence on RNA-LNPs 

therapeutics across two major non-vaccine domains 

(chronic inflammatory/autoimmune disorders and 

neurodegenerative diseases) with particular attention 

to the formulation strategies, delivery barriers and 

translational challenges that distinguish these 

applications from the vaccine platform on which the 

technology was first established. By examining the 

parallels and divergences between these two disease 

categories, the review seeks to clarify how RNA-

LNPs design principles are being adapted to meet the 

distinct demands of chronic, extrahepatic and CNS-

directed therapy and to outline the obstacles that 

remain before this promise can be realised in clinical 

practice. 

 

II. STRUCTURE, COMPOSITION, AND 

INTRACELLULAR DELIVERY 

MECHANISM OF RNA–LNPS 

Clinically relevant RNA–LNPs are 

typically a four-component lipid system, (i) an 

ionizable lipid responsible for RNA complexation 

and endosomal membrane destabilisation; (ii) a 

helper or ‘structural’ phospholipid such as 

distearoylphosphatidylcholine (DSPC) or 

dioleoylphosphatidylethanolamine (DOPE) that 

supports bilayer packing and structural integrity; (iii) 

cholesterol which fine-tunes membrane fluidity; and 

(iv) a PEGylated lipid which self-assemble into a 

hydrophilic steric corona at the particle surface to 

confer colloidal stability [13,14]. Additionally, these 

components self-assemble around RNA cargo during 

microfluidic or T-junction mixing, rapidly 

combining the ethanolic lipid stream with an aqueous 

RNA stream, producing particles of approximately 

60–120 nm with internal structure ranging from an 

amorphous electron-dense core to ordered inverse-

hexagonal or cubic lipid phases depending on 

composition and the nitrogen-to-phosphate (N/P) 

charge ratio used during formulation [15,16]. Figure 

1 summarises the composition and principal steps of 

cellular delivery. 

Among the four lipid components, the 

ionizable lipid exerts the greatest influential on LNPs 

performance with pKa tuned within a narrow 

window (typically to 6.0–7.0), such that the molecule 

remains largely neutral at physiological pH 7.4, 

minimising non-specific interactions and toxicity 

during systemic circulation, while undergoing 

protonation to a cationic state within the acidified 

endosome (pH ~5–6). This pH-dependent charge 

transition drives electrostatic association with 

anionic endosomal membrane phospholipids and 

promotes a destabilising hexagonal phase transition 

that ruptures endosomal membrane integrity and 

facilitates cytosolic release of RNA cargo [17]. The 

evolution from early lipids such as DLin-DMA to 

DLin-KC2-DMA and to biodegradable, DLin-MC3-

DMA (‘MC3’, used in patisiran) and ester-

containing lipids being used in current-generation 

mRNA vaccines (e.g., ALC-0315, SM-102) reflects 

iterative optimisation of the linker, tail unsaturation, 

and head-group chemistry to balance endosomal 

escape efficiency against systemic tolerability and 

metabolic clearance [18]. More recent ionizable lipid 

analogues including imidazole-bearing cholesterol 

mimetics and membrane-destabilising ionizable 

phospholipids have been reported to further improve 

endosomal escape and, in some cases, confer 

intrinsic organ selectivity [19-21]. 
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Figure 1. (A) represents the schematic structure of an RNA-LNPs and (B) represents the principal steps of 

cellular uptake and cytosolic cargo release from RNA-LNPs. 

 

PEG-lipids confer colloidal stability and 

reduce opsonisation during circulation but are a 

double-edged design element. PEG-lipids identity, 

chain length, and molar percentage strongly 

influence both biodistribution (longer PEG anchors 

increase BBB transcytosis in some systems) and 

immunogenicity [22-24]. Cholesterol modulates 

membrane fluidity and packing. It can itself be 

substituted with bioactive analogues (an imidazole-

functionalised cholesterol analogue or 

glucocorticoid-mimetic sterols) to impart additional 

anti-inflammatory or endosomal escape-promoting 

properties, an approach of direct relevance to 

inflammatory-disease applications [25]. Several 

groups have additionally shown that the inclusion of 

anionic phospholipids such as phosphatidylserine or 

DOPE can redirect LNP tropism toward splenic 

dendritic cells and antigen-presenting cells while 

simultaneously damping innate immune activation 

[26,27]. 

A practical constraint also persists even 

with optimised ionizable lipid chemistry, only a 

small fraction (commonly cited as 1–2%) of 

internalised LNPs achieve productive endosomal 

escape under physiological conditions, with the 

remainder trafficked towards lysosomal degradation 

or recycled back to the cell surface [28]. Together, 

this escape inefficiency and the dominant hepatic 

biodistribution of systemically administered LNPs. 

 

Table 1. Core Lipid Components of RNA–LNP Formulations and Their Functional Roles 

Component 
Representative 

Examples 
Primary Function 

Typical 

Molar % 

Reference 

Ionizable lipid 

DLin-MC3-DMA, ALC-

0315, SM-102, Hchol 

analogues 

RNA complexation at low 

pH; endosomal membrane 

destabilisation and escape 

40–50% 

 

[29,30] 

Helper 

phospholipid 
DSPC, DOPE 

Structural support of bilayer; 

promotes membrane 

fusion/hexagonal phase 

10–12% 

 

[31,32] 

Cholesterol / 

sterol 

Cholesterol, 

methylprednisolone-

cholesterol conjugates 

Membrane rigidity and 

packing; can add anti-

inflammatory activity 

38–40% 

 

[33] 
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Component 
Representative 

Examples 
Primary Function 

Typical 

Molar % 

Reference 

PEG-lipid 
DMG-PEG2000, ALC-

0159 

Steric stabilisation, controls 

particle size and circulation 

time 

1.5–2% 

 

[34,35] 

Anionic / 

tolerogenic lipid 

(optional) 

Phosphatidylserine, 

DOPG 

Redirects tropism to 

APCs/dendritic cells; 

dampens innate immune 

activation 

Variable 

 

[36] 

Targeting ligand 

(optional) 

Antibody/nanobody 

conjugates, transferrin, 

acetylcholine-mimetics 

Cell-type-specific tropism 

(e.g., T cells, neurons, BBB 

endothelium) 

Surface-

conjugated 

 

[37,38] 

 

III. RNA–LNP THERAPEUTICS IN 

INFLAMMATORY AND 

AUTOIMMUNE DISEASE 
3.1 Rheumatoid Arthritis and Osteoarthritis 

Rheumatoid arthritis (RA) is a chronic 

autoimmune disease characterised by persistent 

synovial inflammation, pannus formation, and 

progressive cartilage and joint destruction, driven 

substantially by overexpression of TNF-α, IL-1β, IL-

6, and IL-17 and by activation of NF-κB, 

JAK/STAT, and MAPK signalling [39]. 

Conventional disease-modifying drugs and biologic 

agents have improved outcomes but remain limited 

by incomplete efficacy, systemic 

immunosuppression, and secondary resistance, 

motivating interest in siRNA-based gene silencing as 

a complementary or alternative strategy [39,40]. 

Since siRNA can be designed against any pathogenic 

transcript, multiple cytokine and signalling targets 

have been explored in preclinical RA models, 

including TNF-α, IL-1β, IL-6, VEGFA, and the 

converging transcription factor NF-κB subunit p65. 

Combinatorial formulations carrying more than one 

siRNA sequence have been used to disrupt entire 

pathogenic circuits rather than single nodes [40]. 

Lipid-based nanocarriers, including 

conventional liposomes, lipid–polymer hybrid 

systems, and acid-sensitive lipid nanocomplexes, 

have been used to improve siRNA stability, intra-

articular retention, and macrophage/synoviocyte 

uptake. An acid-sensitive TNF-α-siRNA solid lipid 

nanoparticle system has achieved encapsulation 

efficiencies exceeding 90% with pH-responsive 

release tuned to the acidic inflamed synovial 

microenvironment [41]. Beyond RNA interference, 

mRNA-based strategies are also being investigated 

for combinatorial mRNA therapy. Encoding 

ANGPTL3 has shown the ability to both suppress 

inflammation and promote cartilage regeneration in 

RA and osteoarthritis models, building on first-in-

human data with a related ANGPTL3-pathway 

biologic (LNA043) that reversed osteoarthritic 

transcriptional signatures [42]. In a distinct approach 

exploiting the autoimmune pathogenesis common to 

RA and systemic lupus erythematosus (SLE), lipid 

nanoparticle-encapsulated mRNA encoding anti-

CD19 antibodies (‘mRNab-LNPs’) produced 

sustained anti-CD19 antibody expression after a 

single intramuscular injection, significantly reducing 

circulating CD19⁺ B cells, tissue-resident plasma 

cells, and histopathological damage in both lupus and 

RA mouse models (an antibody-by-mRNA strategy 

that avoided the cost and complexity of recombinant 

protein manufacture) [43] 

 

3.2 Psoriasis, Inflammatory Bowel Disease, and 

Systemic Lupus Erythematosus 

Psoriasis is a chronic inflammatory 

autoimmune skin disease characterized by the 

recurrent pathogenic target of the STAT3 signalling 

node. A purpose-built anti-inflammatory LNP 

formulation (designated C8B2) delivering STAT3-

targeting siRNA achieved complete inhibition of 

skin thickening and improved dermatopathological 

scores in an animal model. Notably, the LNP vehicle 

alone (loaded with non-targeting siRNA) also 

produced measurable therapeutic benefit, indicating 

that certain lipid compositions possess intrinsic anti-

inflammatory activity independent of RNAi 

silencing. The authors proposed that the same C8B2 

platform could be extended to RA, inflammatory 
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bowel disease (IBD), and multiple sclerosis by 

retargeting the siRNA payload, illustrating the 

modularity of the LNP chassis across inflammatory 

indications sharing STAT3 or related signalling 

dependence [44]. 

A second strategic direction for 

autoimmune and inflammatory diseases is 

immunological tolerance induction rather than 

cytokine silencing. By incorporating anionic lipids 

such as phosphatidylserine or 

dioleoylphosphatidylglycerol, mRNA-LNPs can be 

redirected toward splenic dendritic cells with 

reduced adjuvant activity and enhanced IL-10 

production, producing a ‘tolerogenic’ rather than 

immunostimulatory phenotype. When such anionic 

LNPs are used to deliver self-antigen-encoding 

mRNA (eg: myelin oligodendrocyte glycoprotein) in 

models of multiple sclerosis, they tend to suppress 

autoimmune disease activity through antigen-

specific tolerance rather than generalised 

immunosuppression [26,45]. Analogous tolerogenic 

antigen-mRNA approaches are being investigated 

preclinically for type 1 diabetes and lupus, and early-

phase clinical trials of related tolerogenic 

nanoparticle platforms have demonstrated safety and 

mechanistic immune engagement, supporting the 

translational plausibility for IBD and SLE, where 

defined autoantigens or dysregulated mucosal/B-cell 

tolerance pathways could be targeted similarly [45]. 

 

3.3 In Vivo CAR-T Cell Generation for 

Autoimmune Disease and Fibrosis 

One of the most consequential recent 

developments in RNA–LNP medicine is the use of 

mRNA-LNPs to generate chimeric antigen receptor 

(CAR) T cells directly inside the body, removing the 

need for ex vivo cell isolation, viral transduction, 

lymphodepleting chemotherapy, and the 

manufacturing infrastructure required by 

conventional autologous CAR-T therapy [46]. In this 

approach, an mRNA-encoded CAR construct is 

encapsulated in an LNP surface-functionalised with 

an antibody or nanobody fragment, to bind a T-cell 

surface marker such as CD3, CD5, or CD8, 

producing a targeted LNP (‘tLNP’) that transiently 

reprogrammes circulating T cells in-situ [47]. 

Because the CAR is expressed transiently from 

mRNA rather than integrated into the genome, the 

resulting CAR-T activity is self-limited, a property 

considered particularly attractive for autoimmune 

indications where durable, irreversible cell depletion 

may be undesirable [46-48]. 

The strategy has been first demonstrated for 

cardiac fibrosis, where CD5-targeted LNPs encoding 

an anti-fibroblast activation protein (FAP) CAR 

were used to selectively deplete pathogenic cardiac 

fibroblasts and improve cardiac function in a mouse 

model of heart failure. This proof of concept has 

since been extended to hepatic fibrosis in a metabolic 

dysfunction-associated steatohepatitis (MASH) 

model, where anti-FAP CAR-T cells generated in 

vivo depleted profibrotic hepatic stellate cells, 

reduced fibrosis, and favourably remodelled the 

surrounding hepatic immune and parenchymal cell 

populations [49-50]. For B-cell-mediated 

autoimmunity specifically, several modular 

antibody-directed tLNP platforms encoding anti-

CD19 or anti-CD20 CARs have achieved profound, 

reversible B-cell depletion in non-human primate 

models following one or two intravenous doses, with 

CAR expression detectable within hours and peak 

depletion by 24–48 hours [51,52]. Clinically, this 

approach has now reached human testing. Capstan 

Therapeutics (CPTX2309), a tLNP-mRNA anti-

CD19 CAR-T candidate for B-cell-mediated 

autoimmune disease, entered Phase I development 

and was a central asset in AbbVie’s 2025 acquisition 

of Capstan, while related anti-CD19 programmes 

from Aera Therapeutics, Create Medicines, and other 

developers are advancing toward or through early-

phase clinical evaluation for autoimmune indications 

[53-55]. In parallel, cell-based (ex-vivo) mRNA-

engineered CAR-T therapy using a similarly 

transient, non-integrating mRNA platform 

(Descartes-08) has progressed to a Phase III trial in 

myasthenia gravis and Phase II evaluation in SLE, 

reinforcing the broader clinical rationale for 

transient, mRNA-based cellular reprogramming in 

autoimmune disease even where delivery is not yet 

fully in-vivo [56]. 

 

3.4 Atherosclerosis and Vascular Inflammation 

Atherosclerosis has a substantial chronic-

inflammatory component, and several hepatically 

expressed genes that regulate lipid metabolism and 

vascular inflammation have been targeted by 

siRNA–LNP and related RNAi approaches, 

capitalising on the favourable natural hepatotropism 

of systemically administered LNPs. Silencing of 

USP20, a deubiquitinase that regulates HMG-CoA 

reductase stability, reduced lipid levels and 

prevented atherosclerosis development in Ldlr-

deficient mice, illustrating the broader principle that 

RNAi-based silencing of metabolic regulators can be 

translated using the same hepatic LNP delivery 
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platform validated by patisiran [57]. More directly 

anti-inflammatory LNP formulations like, LNPs 

loaded with endogenous anti-inflammatory lipids in 

place of or alongside conventional helper lipids have 

also been proposed as a means of delivering 

therapeutic nucleic acids to acutely inflamed 

vascular tissue (e.g., post-myocardial infarction or 

stroke) while actively counteracting the adjuvant 

activity that would otherwise be detrimental in these 

acute, non-vaccine contexts [6]. 

 

Table 2: Representative RNA–LNP Strategies in Inflammatory and Autoimmune Disease 

Disease 
RNA Cargo / 

Target 
Delivery Strategy Reported Outcome 

References 

Rheumatoid 

arthritis 

siRNA: TNF-α, 

IL-1β, p65/NF-

κB; mRNA: 

ANGPTL3 

Acid-sensitive lipid 

nanocomplex; intra-

articular / systemic 

LNP 

Reduced synovial 

inflammation, pannus 

formation, and cartilage 

loss in preclinical models 

[58] 

RA / SLE (B-cell 

mediated) 

mRNA encoding 

anti-CD19 

antibody 

Intramuscular mRNA-

LNP (‘mRNab-LNP’) 

Sustained antibody titres; 

reduced B cells/plasma 

cells; less tissue injury in 

mice 

[59] 

Psoriasis siRNA: STAT3 

C8B2 anti-

inflammatory LNP 

(topical/local) 

Complete inhibition of 

skin thickening; vehicle 

alone also anti-

inflammatory 

[60] 

Multiple sclerosis 

(EAE model) 

mRNA: MOG35–

55 self-antigen 

Phosphatidylserine / 

DOPG-enriched 

tolerogenic LNP 

Antigen-specific 

tolerance; reduced 

neuroinflammation and 

demyelination 

[61] 

Cardiac / hepatic 

fibrosis 

(autoimmune-

adjacent) 

mRNA: anti-FAP 

CAR 

CD5-targeted tLNP 

(systemic IV) 

Selective fibroblast/ 

stellate cell depletion; 

reduced fibrosis, 

improved organ function 

[62] 

B-cell 

autoimmunity 

(general) 

mRNA: anti-

CD19/CD20 

CAR 

Antibody/nanobody-

tLNP (Capstan 

CPTX2309; Create 

CRT-402; others) 

Profound, reversible B-

cell depletion in NHP; 

Phase I trials ongoing 

[63] 

Atherosclerosis 

siRNA: USP20, 

PCSK9, 

ANGPTL3 

Conventional 

hepatotropic LNP 

(systemic IV) 

Reduced lipid levels and 

atherosclerotic plaque 

burden in murine models 

[64] 

Abbreviations: EAE, experimental autoimmune encephalomyelitis; FAP, fibroblast activation protein; NHP, non-

human primate; SLE, systemic lupus erythematosus; tLNP, targeted lipid nanoparticle. 

 

IV. RNA–LNP THERAPEUTICS IN 

NEURODEGENERATIVE AND CNS 

DISORDERS 
4.1 The Blood–Brain Barrier as the Central 

Delivery Obstacle 

Neurological disorders, including stroke 

and the major dementias, are collectively among the 

leading global causes of disability and death, and 

unmet need for disease-modifying therapy is 

substantial. Nucleic-acid therapeutics are 

mechanistically well suited to many of these 

conditions because most have a defined molecular 

driver, a toxic gain-of-function protein (mutant 

SOD1 in ALS, mutant huntingtin in HD, α-synuclein 

in Parkinson’s disease) or a missing/insufficient 

protein (neurotrophic factors, enzyme deficiencies) 
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that are directly addressable by siRNA or mRNA 

[65]. The obstacle in delivery is due to the tightly 

joined brain endothelial cells together with pericytes 

and astrocytic end-feet, which excludes the majority 

of systemically administered macromolecules and 

nanoparticles, including conventional LNPs [66]. 

Several complementary strategies are being 

pursued to overcome the BBB. Ligand 

functionalisation by attaching small molecules or 

peptides recognised by BBB-expressed receptors 

(e.g., transferrin receptor, acetylcholine-binding 

sites) to the LNP surface has produced LNPs capable 

of transcytosis after intravenous administration with 

measurable neuronal and astrocytic gene expression. 

One such platform demonstrated a strong, AI-

assisted-screened preference for transfecting neurons 

and astrocytes following intracerebral or systemic 

administration, relevant to neuron-predominant 

diseases such as Alzheimer’s and Parkinson’s 

disease as well as astrocyte-related pathology in 

multiple sclerosis [67,68]. Independently, a BBB-

crossing LNP platform developed at Mount Sinai 

achieved intravenous mRNA delivery to brain tissue 

in mouse models and isolated human brain tissue, 

explicitly proposed as a platform applicable to 

Alzheimer’s disease, ALS, brain cancer, and other 

CNS indications [69]. Engineering parameters that 

are not unique to brain delivery also matter 

substantially in this context. Systematic variation of 

PEG-lipid anchor chain length has been shown to 

tune brain accumulation through altered transcytosis 

efficiency, with longer PEG anchors improving both 

BBB penetration and downstream gene-silencing 

potency in glioblastoma models, indicating that 

BBB-targeted LNP optimisation can build directly 

on the core composition [70]. 

Where systemic ligand-based targeting 

remains insufficient, physical and route-of-

administration strategies are used instead. Focused 

ultrasound (FUS) combined with intravenously 

administered microbubbles can transiently and 

reversibly increase BBB permeability in targeted 

brain regions, and has been used to substantially 

enhance the delivery of LNP-encapsulated antisense 

oligonucleotides and siRNA to the murine brain 

without inducing structural damage or 

neuroinflammation [71,72]. Direct administration 

routes that bypass the BBB altogether (intrathecal, 

intracerebroventricular (ICV), and intranasal 

delivery) are also widely used in both preclinical and 

clinical RNA-therapeutic development for CNS 

diseases [73]. 

 

4.2 Alzheimer’s Disease 

Cerebrovascular pathology and BBB 

dysfunction are present in 80–90% of Alzheimer’s 

disease (AD) patients and are thought to contribute 

to disease progression, simultaneously implicating 

the BBB as a pathological feature of AD and 

complicating efforts to deliver therapeutics across it 

[74] Two broad RNA-LNP strategies are being 

pursued: gene silencing of amyloidogenic pathway 

components, most notably BACE1 (β-secretase 1), 

whose siRNA-mediated knockdown reduces 

amyloid-β production, and mRNA-mediated 

delivery of neurotrophic or neuroprotective factors 

such as brain-derived neurotrophic factor (BDNF) 

intended to support neuronal survival and synaptic 

function independent of direct amyloid clearance 

[75]. Both strategies require effective BBB crossing, 

and cationic bicelle and ligand-functionalised LNP 

platforms targeting the BBB endothelium 

specifically in the context of AD-associated 

inflammation and barrier dysfunction have shown 

encouraging transfection efficiency in BBB 

endothelial cell models relative to standard 

transfection reagents [76]. 

 

4.3 Parkinson’s Disease 

Parkinson’s disease (PD) pathology centres 

on the aggregation of misfolded α-synuclein 

(encoded by SNCA) within dopaminergic neurons, 

making SNCA silencing a logical RNAi target, 

alongside mRNA-based delivery of neurotrophic 

factors such as glial cell line-derived neurotrophic 

factor (GDNF) intended to support surviving 

dopaminergic neurons [77]. Because PD pathology 

is regionally concentrated in the substantia nigra and 

basal ganglia, intranasal delivery — which exploits 

direct olfactory and trigeminal nerve pathways to 

bypass the BBB — and FUS-assisted BBB opening 

targeted to these structures are both being actively 

investigated as administration routes for PD-directed 

LNPs [78,79]. 

 

4.4 Amyotrophic Lateral Sclerosis and 

Huntington’s Disease 

ALS and Huntington’s disease share a 

common therapeutic logic: both are driven 

substantially by toxic, aggregation-prone mutant 

proteins (SOD1, TDP-43/C9ORF72 pathway 

components, and others in familial ALS; mutant 

huntingtin, mHTT, in HD) whose reduction by 

allele-selective or non-selective gene silencing has 

shown clear preclinical and, in the case of SOD1-

ALS, clinical benefit [80]. Tofersen, an antisense 
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oligonucleotide targeting SOD1 mRNA, received 

accelerated FDA approval for SOD1-ALS based on 

reductions in plasma neurofilament light chain, a 

biomarker of neuro-axonal damage, establishing 

clinical proof of concept for SOD1 lowering as a 

disease-modifying strategy even though tofersen 

itself is delivered as a naked ASO via intrathecal 

injection rather than as an LNP formulation [81]. 

Duplex RNA modalities (siRNA and self-amplifying 

RNA) offer potentially greater potency and less 

frequent dosing than single-stranded ASOs but face 

the additional delivery burden of duplex RNA’s 

lower intrinsic cellular uptake; calcium phosphate–

lipid nanoparticles (CaP-lipid NPs) have been used 

to deliver SOD1-targeting ASOs to motor neurons 

with improved pharmacokinetics relative to naked 

oligonucleotide, and FUS-assisted CaP-lipid NP 

delivery combined with intravenous administration 

achieved measurable SOD1 knockdown and 

preserved motor neuron counts in the SOD1ᴳ⁹³ᴬ 

transgenic mouse model of ALS [82,83]. A direct 

head-to-head comparison of an optimised SOD1-

targeting siRNA against tofersen in ALS mice 

reported improved disease phenotypes with the 

siRNA approach, attributed in part to the greater 

potency and durability achievable with duplex RNA 

chemistry, although intrathecal administration 

(rather than systemic LNP delivery) was used in this 

study, reflecting the continued reliance on direct 

CNS administration routes for most clinical-stage 

CNS oligonucleotide programmes [84]. 

In Huntington’s disease, FUS-assisted 

delivery of mHTT-targeting siRNA-loaded LNPs 

achieved approximately 60% knockdown of mutant 

huntingtin in the striatum of HD mouse models, with 

accompanying improvement in motor function, 

although clinical trials specifically evaluating FUS-

assisted siRNA/miRNA delivery in HD patients 

remain in early planning stages [85]. Separately, 

non-LNP nucleic-acid delivery platforms, including 

virus-like particle-delivered CRISPR–Cas9 

ribonucleoprotein systems, have demonstrated HD-

relevant gene editing in mice, non-human primates, 

and patient-derived induced pluripotent stem cell-

derived neurons, illustrating that LNP-based RNA 

delivery is one of several competing non-viral 

strategies under active development for this disease 

and will likely need to be benchmarked against these 

alternatives as the field matures [86]. 

 

4.5 Multiple Sclerosis and Neuroinflammation 

Multiple sclerosis (MS) differs from the 

other neurodegenerative conditions discussed above 

in being primarily autoimmune in origin, with 

autoreactive immune cells targeting myelin 

components in the CNS. Tolerogenic LNPs 

incorporating anionic phospholipids 

(phosphatidylserine or DOPG) and loaded with 

mRNA encoding the myelin autoantigen MOG₃₅₋₅₅ 

have suppressed disease activity, reduced T-cell 

infiltration, and preserved myelin morphology in the 

experimental autoimmune encephalomyelitis (EAE) 

mouse model of MS, through induction of antigen-

specific immune tolerance rather than generalised 

immunosuppression [26,45,87]. Beyond antigen-

specific tolerance, oral and other mucosal-route LNP 

formulations are being explored as a means of 

attenuating neuroinflammation in CNS disease more 

broadly, since excessive activation of CNS-resident 

and infiltrating immune cells with release of pro-

inflammatory cytokines is a shared pathological 

feature across MS, Alzheimer’s disease, Parkinson’s 

disease, and ALS, suggesting that anti-

neuroinflammatory LNP strategies developed for 

one condition may have cross-cutting relevance [88]. 



 
 

  

International Journal of Pharmaceutical research and Applications 

Volume 11, Issue 4, Jul.-Aug.2026, pp:1048-1065 www.ijprajournal.com ISSN:2456-4494 

 

 

 

 

DOI: 10.35629/4494-110410481065   | Impact Factor value 7.429  ISO 9001: 2008 Certified Journal  Page 1056 

 
Figure 2. Major non-vaccine applications of RNA–LNPs in inflammatory/autoimmune and neurodegenerative 

disease, and the translational barriers shared across both domains. 

 

Table 3. Representative RNA–LNP Strategies in Neurodegenerative and CNS Disease 

Disease 
RNA Cargo / 

Target 
Delivery Strategy Reported Outcome 

References 

Alzheimer’s 

disease 

siRNA:BACE1, 

mRNA:BDNF 

Ligand-functionalised / 

BBB-crossing systemic 

LNP 

Reduced amyloidogenic 

processing; neurotrophic 

support in preclinical models 

[89] 

Parkinson’s 

disease 

siRNA:SNCA (α-

synuclein); 

mRNA:GDNF 

Intranasal delivery; FUS-

assisted BBB opening 

Reduced synuclein 

aggregation; neuroprotection 

of dopaminergic neurons 

(preclinical) 

[90] 

ALS 
siRNA/ASO: 

SOD1 

Calcium phosphate–lipid 

NPs; FUS-assisted IV; 

intrathecal 

SOD1 knockdown, preserved 

motor neurons; clinical proof 

of concept with tofersen 

(ASO) 

[91] 

Huntington’s 

disease 

siRNA:mutant 

huntingtin 

(mHTT) 

FUS-assisted lipid 

nanoparticle delivery 

(striatal) 

~60% mHTT knockdown; 

improved motor function in 

mouse models 

[92] 

Multiple 

sclerosis 

mRNA: MOG35–

55 autoantigen 

Phosphatidylserine/DOP

G tolerogenic LNP 

(systemic) 

Antigen-specific tolerance; 

suppressed EAE disease 

activity 

[93] 
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Disease 
RNA Cargo / 

Target 
Delivery Strategy Reported Outcome 

References 

Glioblastoma / 

CNS cancer 

(adjacent) 

siRNA/Cas9 

mRNA + sgRNA 

PEG-anchor-length-

optimised LNP; BBB 

transcytosis screening 

platforms 

Tunable BBB penetration and 

gene silencing potency in 

preclinical models 

[94] 

 

V. CROSS-CUTTING TRANSLATIONAL 

CHALLENGES 
5.1 Immunogenicity: PEG Antibodies, 

Complement Activation, and Innate Sensing 

The same lipid components that give LNPs 

their favourable pharmacokinetics also predispose 

them to several distinct immune-mediated liabilities 

that are of particular concern for chronic, repeat-dose 

indications. PEGylation, while reducing 

opsonisation and extending circulation time, can 

induce both pre-existing and de novo anti-PEG 

antibodies (predominantly IgM and, with repeated 

exposure, IgG). These antibodies trigger classical-

pathway complement activation upon binding 

PEGylated LNPs, generating anaphylatoxins that 

activate macrophages, mast cells, and basophils and 

produce a hypersensitivity phenomenon termed 

complement activation-related pseudoallergy 

(CARPA) [95-97]. A related phenomenon, 

accelerated blood clearance (ABC), occurs when 

anti-PEG IgM generated after a first LNP dose binds 

subsequent doses, triggering complement-mediated 

splenic marginal zone B-cell uptake and rapid 

clearance that can substantially reduce the efficacy 

of repeat dosing, a direct concern for chronic 

inflammatory and neurodegenerative conditions that, 

unlike a one or two-dose vaccine regimen, require 

sustained, repeated administration over months to 

years [96-98]. 

Mechanistic studies have further shown that 

anti-PEG antibody binding and consequent 

complement deposition can physically compromise 

LNP bilayer integrity, causing premature drug 

release or exposure of encapsulated mRNA to serum 

nucleases and immune sensors before the particle 

reaches its intended target, which would be expected 

to reduce efficacy while simultaneously increasing 

off-target inflammatory signalling [95,99]. The 

degree of complement activation correlates with 

baseline anti-PEG IgM titres in healthy donor plasma 

and varies with PEG-lipid chemical structure and 

molar ratio. For example, LNPs formulated with 

C16-PEG2000 ceramide induced significantly 

higher anti-PEG IgM responses than DMG-

PEG2000-based formulations in comparative 

studies, indicating that PEG-lipid selection is a 

tractable, if incompletely solved, formulation lever 

[100]. Awareness of these phenomena has reached 

the regulatory level, the US FDA has called for 

systematic measurement of anti-PEG antibody 

responses in the development of new PEG-

containing drugs, reflecting the clinical significance 

attributed to this issue following its prominence in 

COVID-19 mRNA vaccine pharmacovigilance 

[101]. 

Separately from PEG-specific 

immunogenicity, LNP-delivered RNA cargo can 

itself be sensed by cytosolic pattern-recognition 

receptors such as RIG-I and MDA5, triggering type 

I interferon responses. Together with PEG-lipid 

effects, this RNA-intrinsic sensing contributes to the 

overall reactogenicity of LNP formulations and is a 

major reason that vaccine-optimised LNP 

chemistries are not simply transferable, unmodified, 

to chronic inflammatory or neurodegenerative 

disease applications, where the resulting cytokine 

release would be undesirable rather than beneficial 

[102]. Mitigation strategies under active 

investigation include substitution of immunogenic 

PEG-lipids with biodegradable or alternative stealth 

polymers, structural modification of the ionizable 

lipid and helper phospholipid components to reduce 

intrinsic adjuvanticity, incorporation of anti-

inflammatory or tolerogenic lipids, and chemical 

modification of the RNA cargo itself (e.g., 

nucleoside modification) to reduce innate immune 

sensing while preserving translational or RNAi 

activity [103,104]. 

 

5.2 Hepatic Sequestration and Extrahepatic/CNS 

Targeting 

The default biodistribution of intravenously 

administered LNPs is overwhelmingly hepatic, 

mediated by apolipoprotein E adsorption onto the 

LNP surface and subsequent low-density lipoprotein 

receptor-mediated uptake by hepatocytes [105]. This 

is therapeutically convenient for hepatically 

expressed targets (TTR, PCSK9, ANGPTL3, 

USP20) but represents a fundamental obstacle for 

synovial, mucosal, and especially CNS delivery, 
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where the therapeutic target lies entirely outside the 

liver’s reach. The principal engineering responses 

surface ligand and antibody conjugation, alternative 

administration routes (intra-articular, oral/mucosal, 

intrathecal, intranasal), and physical BBB-opening 

adjuncts such as focused ultrasound, but it is worth 

emphasising as a general translational point that each 

of these strategies introduces its own manufacturing, 

regulatory, and clinical-administration complexity 

relative to a standard intravenous or intramuscular 

LNP injection, and that achieving consistent, 

reproducible extrahepatic targeting at clinical 

manufacturing scale remains an active area of 

process development rather than a fully solved 

problem [105-107]. 

 

5.3 Manufacturing, Formulation Screening, and 

Regulatory Considerations 

The expanding diversity of LNP 

compositions required to address different cell types, 

organs, and disease mechanisms has driven 

substantial recent investment in high-throughput 

formulation screening platforms, including 

automated lipid synthesis, microfluidic formulation 

at small scale, and transwell-based BBB 

transfection/crossing assays that allow rapid 

comparison of large LNP libraries before committing 

to resource-intensive in vivo testing [105-107]. From 

a regulatory standpoint, RNA–LNP therapeutics for 

chronic inflammatory and neurodegenerative disease 

will need to satisfy a different risk–benefit calculus 

than vaccines, given the requirement for repeat, long-

term dosing in often vulnerable patient populations. 

The existing model-informed drug development 

frameworks built around patisiran’s pharmacokinetic 

and safety dataset, and the premedication regimens 

used clinically to mitigate patisiran-associated 

infusion-related reactions, offer a partial template, 

but each new tissue target and route of administration 

is likely to require its own dedicated safety and 

immunogenicity characterisation programme [107]. 

 

Table 4. Principal Translational Challenges for Non-Vaccine RNA–LNP Therapeutics and Mitigation 

Strategies 

Challenge Mechanistic Basis 
Mitigation Strategies Under 

Investigation 

References 

Anti-PEG 

immunogenicity 

Pre-existing/de novo anti-PEG 

IgM/IgG; complement 

activation (CARPA, ABC 

phenomenon) 

Alternative stealth polymers; 

reduced PEG-lipid molar %; PEG 

chemistry optimisation 

[108] 

Innate immune 

activation by 

RNA cargo 

RIG-I/MDA5 cytosolic 

sensing of RNA; unwanted 

cytokine release 

Nucleoside-modified RNA; 

anionic/tolerogenic lipid inclusion; 

sequence optimisation 

[109] 

Hepatic 

sequestration 

ApoE-mediated hepatocyte 

uptake dominates systemic IV 

biodistribution 

Ligand/antibody surface 

conjugation; alternative routes (IA, 

IT, intranasal, oral) 

[110] 

Limited BBB 

penetration 

Tight endothelial junctions 

exclude most systemic 

nanoparticles 

BBB-binding ligands; PEG-anchor 

length tuning; FUS-mediated 

transient BBB opening; 

IT/ICV/intranasal delivery 

[111] 

Endosomal escape 

inefficiency 

~1–2% of internalised LNPs 

achieve productive cytosolic 

release 

Novel ionizable lipid chemistries; 

membrane-destabilising 

phospholipids; structure-guided 

design 

[112] 

Repeat-dose 

tolerability 

Cumulative immunogenicity 

and ABC phenomenon over 

chronic dosing schedules 

Premedication regimens; dose-

interval optimisation; lower-

immunogenicity lipid chemistries 

[113] 

Abbreviations: ABC, accelerated blood clearance; CARPA, complement activation-related pseudoallergy; FUS, 

focused ultrasound; IA, intra-articular; ICV, intracerebroventricular; IT, intrathecal. 
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VI. CONCLUSION AND FUTURE 

PERSPECTIVES 
RNA–lipid nanoparticle technology has 

moved decisively beyond its origins in infectious-

disease vaccination. In chronic inflammatory and 

autoimmune disease, siRNA- and mRNA-LNP 

strategies targeting cytokine and signalling 

networks, antibody-encoding mRNA platforms, 

tolerogenic antigen-presentation approaches, and 

most strikingly, in-vivo CAR-T cell generation are 

progressing from preclinical proof of concept into 

early clinical trials, with the 2025 acquisition of 

Capstan Therapeutics by AbbVie serving as a 

concrete commercial validation of this trajectory. In 

neurodegenerative and CNS disease, the field is 

somewhat earlier in its translational arc, constrained 

principally by the blood–brain barrier, but ligand-

functionalised and focused-ultrasound-assisted LNP 

platforms, together with direct intrathecal and 

intranasal administration routes, have produced 

encouraging preclinical reductions in pathogenic 

protein burden across Alzheimer’s disease, 

Parkinson’s disease, ALS, and Huntington’s disease 

models, building on the clinical precedent already 

established by patisiran in the peripheral nervous 

system and by tofersen in ALS. 

Three themes are likely to dominate the 

next phase of development. First, immunogenicity 

engineering addressing anti-PEG antibody 

formation, complement activation, and innate RNA 

sensing will be essential precisely because chronic 

indications, unlike vaccination, demand repeated 

dosing over months or years. Lipid chemistries and 

cargo modifications optimised for a single or few-

dose vaccine regimen cannot be assumed to be safe 

or effective under chronic dosing without dedicated 

reformulation and characterisation. Second, 

extrahepatic and CNS targeting will continue to 

depend on a combination of surface engineering 

(ligands, antibodies, nanobodies), alternative 

administration routes, and physical adjuncts such as 

focused ultrasound, and the relative clinical maturity 

of these approaches across different organ systems is 

likely to diverge considerably in the near term. Third, 

the modularity of the LNP platform, the ability to 

retarget the same lipid chassis to different mRNA or 

siRNA payloads with comparatively limited 

reformulation is itself a strategic advantage that 

should allow lessons learned in one disease area (for 

example, tolerogenic LNP design in multiple 

sclerosis) to transfer relatively efficiently to 

mechanistically related conditions (for example, 

other organ-specific autoimmune diseases), 

accelerating the overall pace of clinical translation 

across the inflammatory and neurodegenerative 

disease spectrum. 

For pharmaceutical scientists and clinical 

researchers, RNA–LNP therapeutics for 

inflammatory and neurodegenerative disease 

represent both a substantial scientific opportunity 

and a demanding formulation and translational 

challenge. Continued interdisciplinary work 

spanning lipid chemistry, immunology, 

neuroscience, and clinical pharmacology will be 

required to convert the considerable preclinical 

promise reviewed here into approved, disease-

modifying therapies for these largely undertreated 

patient populations. 

ACKNOWLEDGEMENTS 
The author gratefully acknowledges the Department 

of Pharmaceutics, Maa Saraswati Institute of 

Pharmaceutical Sciences, Abohar, Punjab, India, and 

Dashmesh College of Pharmacy, Faridkot, Punjab, 

India for institutional support during the preparation 

of this review. 

 

CONFLICT OF INTEREST 

The author declares no conflict of interest. 

 

FUNDING 

This review received no specific grant from any 

funding agency in the public, commercial, or not-for-

profit sectors. 

 

REFERENCES 
[1]. Adams D, Gonzalez-Duarte A, O’Riordan 

WD, Yang CC, Ueda M, Kristen AV, Tournev 

I, Schmidt HH, Coelho T, Berk JL, Lin KP. 

Patisiran, an RNAi therapeutic, for hereditary 

transthyretin amyloidosis. New england 

journal of medicine. 2018 Jul 5;379(1):11-21.. 

[2]. Polack FP, Thomas SJ, Kitchin N, Absalon J, 

Gurtman A, Lockhart S, Perez JL, Pérez Marc 

G, Moreira ED, Zerbini C, Bailey R. Safety 

and efficacy of the BNT162b2 mRNA Covid-

19 vaccine. New England journal of medicine. 

2020 Dec 31;383(27):2603-15.Baden LR, El 

Sahly HM, Essink B, et al. Efficacy and safety 

of the mRNA-1273 SARS-CoV-2 vaccine. N 

Engl J Med. 2021;384(5):403-416. 

[3]. Wang J, Ding Y, Chong K, Cui M, Cao Z, 

Tang C, Tian Z, Hu Y, Zhao Y, Jiang S. 

Recent advances in lipid nanoparticles and 

their safety concerns for mRNA delivery. 

Vaccines. 2024 Oct 8;12(10):1148. 



 
 

  

International Journal of Pharmaceutical research and Applications 

Volume 11, Issue 4, Jul.-Aug.2026, pp:1048-1065 www.ijprajournal.com ISSN:2456-4494 

 

 

 

 

DOI: 10.35629/4494-110410481065   | Impact Factor value 7.429  ISO 9001: 2008 Certified Journal  Page 1060 

[4]. Patel MN, Tiwari S, Wang Y, O’Neill S, Wu 

J, Omo-Lamai S, Espy C, Chase LS, 

Majumder A, Hoffman E, Shah A. Safer non-

viral DNA delivery using lipid nanoparticles 

loaded with endogenous anti-inflammatory 

lipids. Nature biotechnology. 2026 

Jan;44(1):79-89. 

[5]. Omo-Lamai S, Zamora ME, Mueller BK, 

Casciano JC, Brenner JS. RNA–lipid 

nanoparticles for acute critical illnesses. 

Nature Reviews Bioengineering. 2025 

Sep;3(9):775-90. 

[6]. Razavi R, Kegel M, Muscat-Rivera J, 

Weissman D, Melamed JR. Harnessing 

mRNA-lipid nanoparticles as innovative 

therapies for autoimmune diseases. Molecular 

Therapy Methods & Clinical Development. 

2025 Sep 11;33(3). 

[7]. Nomani A, Saraswat A, Zhang Y, Parenky 

AC, Kuo CT, Brown H, Hartford S, 

Rayaprolu B, Singh Bhupender Bhalla A, 

Shameem M. RNA-lipid nanoparticle 

therapeutics for women’s health. Frontiers in 

Nanotechnology. 2025 Mar 19;7:1475969. 

[8]. Akinc A, Maier MA, Manoharan M, 

Fitzgerald K, Jayaraman M, Barros S, Ansell 

S, Du X, Hope MJ, Madden TD, Mui BL. The 

Onpattro story and the clinical translation of 

nanomedicines containing nucleic acid-based 

drugs. Nature nanotechnology. 2019 

Dec;14(12):1084-7. 

[9]. Wang C, Xue Y, Markovic T, Li H, Wang S, 

Zhong Y, Du S, Zhang Y, Hou X, Yu Y, Liu 

Z. Blood–brain-barrier-crossing lipid 

nanoparticles for mRNA delivery to the 

central nervous system. Nature materials. 

2025 Oct;24(10):1653-63. 

[10]. Sela M, Chen G, Kadosh H, Kagan T, Nicola 

R, Turutov S, Richtman Y, Zhige L, Albalak 

Menasherov MR, Kagan S, Schroeder T. AI-

validated brain targeted mRNA lipid 

nanoparticles with neuronal tropism. ACS 

nano. 2025 Sep 16;19(41):36106-28. 

[11]. Han EL, Padilla MS, Palanki R, Kim D, 

Mrksich K, Li JJ, Tang S, Yoon IC, Mitchell 

MJ. Predictive high-throughput platform for 

dual screening of mRNA lipid nanoparticle 

blood–brain barrier transfection and crossing. 

Nano letters. 2024 Jan 23;24(5):1477-86. 

[12]. Li X, Li J, Wei J, Du W, Su C, Shen X, Zhao 

A, Xu M. Design strategies for novel lipid 

nanoparticle for mRNA vaccine and 

therapeutics: Current understandings and 

future perspectives. MedComm. 2025 

Oct;6(10):e70414. 

[13]. Cullis PR, Hope MJ. Lipid nanoparticle 

systems for enabling gene therapies. 

Molecular Therapy. 2017 Jul 5;25(7):1467-

75. 

[14]. Yanez Arteta M, Kjellman T, Bartesaghi S, 

Wallin S, Wu X, Kvist AJ, Dabkowska A, 

Székely N, Radulescu A, Bergenholtz J, 

Lindfors L. Successful reprogramming of 

cellular protein production through mRNA 

delivered by functionalized lipid 

nanoparticles. Proceedings of the National 

Academy of Sciences. 2018 Apr 

10;115(15):E3351-60. 

[15]. Paloncyova M, Srejber M, Cechova P, 

Kuhrova P, Zaoral F, Otyepka M. Atomistic 

insights into organization of RNA-loaded 

lipid nanoparticles. The Journal of Physical 

Chemistry B. 2023 Jan 5;127(5):1158-66. 

[16]. Philipp J, Dabkowska A, Reiser A, Frank K, 

Krzysztoń R, Brummer C, Nickel B, Blanchet 

CE, Sudarsan A, Ibrahim M, Johansson S. pH-

dependent structural transitions in cationic 

ionizable lipid mesophases are critical for 

lipid nanoparticle function. Proceedings of the 

National academy of Sciences. 2023 Dec 

12;120(50):e2310491120. 

[17]. Hou X, Zaks T, Langer R, Dong Y. Lipid 

nanoparticles for mRNA delivery. Nature 

Reviews Materials. 2021 Dec;6(12):1078-94. 

[18]. Liu C, Jiang Y, Xue W, Liu J, Wang Z, Luo J, 

Li X. Ionizable cholesterol analogs as the fifth 

component of lipid nanoparticles for selective 

targeting delivery of mRNA. ACS Applied 

Materials & Interfaces. 2025 Jan 

13;17(3):4416-25. 

[19]. Dong H, He Z, Cai S, Ma H, Su L, Li J, Yang 

H, Xie R. Methylprednisolone substituted 

lipid nanoparticles deliver C3 transferase 

mRNA for combined treatment of spinal cord 

injury. Journal of Nanobiotechnology. 2025 

Feb 8;23(1):98. 

[20]. Liu S, Cheng Q, Wei T, Yu X, Johnson LT, 

Farbiak L, Siegwart DJ. Membrane-

destabilizing ionizable phospholipids for 

organ-selective mRNA delivery and 

CRISPR–Cas gene editing. Nature materials. 

2021 May;20(5):701-10. 

[21]. Roh EH, Sullivan MO, Epps III TH. Which 

lipid nanoparticle (LNP) designs work? A 

simple kinetic model linking LNP chemical 

structure to in vivo delivery performance. 



 
 

  

International Journal of Pharmaceutical research and Applications 

Volume 11, Issue 4, Jul.-Aug.2026, pp:1048-1065 www.ijprajournal.com ISSN:2456-4494 

 

 

 

 

DOI: 10.35629/4494-110410481065   | Impact Factor value 7.429  ISO 9001: 2008 Certified Journal  Page 1061 

ACS Applied Materials & Interfaces. 2024 

Mar 11;16(11):13399-410. 

[22]. Zou Y, Zhang J, Chen L, Xu Q, Yao S, Chen 

H. Targeting neuroinflammation in central 

nervous system diseases by oral delivery of 

lipid nanoparticles. Pharmaceutics. 2025 Mar 

18;17(3):388. 

[23]. Estabrook DA, Huang L, Lucchese OR, 

Charland DJ, Yu Z, Sayyed FB, Buser JY, Oh 

Y, Liu X, Johnson HA, Rodriguez KG. Buffer 

optimization of siRNA-lipid nanoparticles 

mitigates lipid oxidation and RNA-lipid 

adduct formation. Nature Communications. 

2025 Sep 25;16(1):8380. 

[24]. Qiu M, Li Y, Bloomer H, Xu Q. Developing 

biodegradable lipid nanoparticles for 

intracellular mRNA delivery and genome 

editing. Accounts of chemical research. 2021 

Oct 20;54(21):4001-11. 

[25]. Gomi M, Nakayama Y, Sakurai Y, Oyama R, 

Iwasaki K, Doi M, Liu Y, Hori M, Watanabe 

H, Hashimoto K, Tanaka H. Tolerogenic lipid 

nanoparticles for delivering self-antigen 

mRNA for the treatment of experimental 

autoimmune encephalomyelitis. 

Pharmaceuticals. 2023 Sep 7;16(9):1270. 

[26]. Melamed JR, Muscat-Rivera J, Kegel M, 

Chaboub LS, Perez-Tremble R, Bhalla NS, Ni 

H, Sun H, Weissman D. Anionic lipids 

modulate mRNA-lipid nanoparticle 

immunogenicity and confer protection in a 

mouse model of multiple sclerosis. bioRxiv. 

2025 Oct 17:2025-10. 

[27]. Ojansivu M, Barriga HM, Holme MN, Morf 

S, Doutch JJ, Andaloussi SE, Kjellman T, 

Johnsson M, Barauskas J, Stevens MM. 

Formulation and Characterization of Novel 

Ionizable and Cationic Lipid Nanoparticles 

for the Delivery of Splice‐Switching 

Oligonucleotides. Advanced Materials. 2025 

Apr;37(17):2419538.. 

[28]. Wang J, Chen R, Xie Y, Qin X, Zhou Y, Xu 

C. Endo/lysosomal-escapable lipid 

nanoparticle platforms for enhancing mRNA 

delivery in cancer therapy. Pharmaceutics. 

2025 Jun 20;17(7):803. 

[29]. Wang W, Chen K, Jiang T, Wu Y, Wu Z, Ying 

H, Yu H, Lu J, Lin J, Ouyang D. Artificial 

intelligence-driven rational design of 

ionizable lipids for mRNA delivery. Nature 

Communications. 2024 Dec 30;15(1):10804. 

[30]. Lee SM, Sun Y, Chatterjee S, Xiong H, Cheng 

Q, Wang X, Siegwart DJ. Structure–activity 

relationship of ionizable lipids for siRNA and 

mRNA lipid nanoparticle design. ACS 

biomaterials science & engineering. 2025 Jul 

11;11(8):4844-52. 

[31]. Kulkarni JA, Witzigmann D, Leung J, Tam 

YY, Cullis PR. On the role of helper lipids in 

lipid nanoparticle formulations of siRNA. 

Nanoscale. 2019 Nov 21;11(45):21733-9. 

[32]. Ermilova I, Swenson J. DOPC versus DOPE 

as a helper lipid for gene-therapies: molecular 

dynamics simulations with DLin-MC3-DMA. 

Physical Chemistry Chemical Physics. 2020 

Dec 23;22(48):28256-68. 

[33]. Chernikov IV, Ponomareva UY, 

Meschaninova MI, Bachkova IK, Vlassov 

VV, Zenkova MA, Chernolovskaya EL. 

Cholesterol Conjugates of Small Interfering 

RNA: Linkers and Patterns of Modification. 

Molecules. 2024 Feb 15;29(4). 

[34]. Liu W, Meihui Z, Huiyuan L, Chuanxu Y. 

Formulation-driven optimization of PEG-

lipid content in lipid nanoparticles for 

enhanced mRNA delivery in vitro and in vivo. 

Pharmaceutics. 2025;17(8):950. 

[35]. Zhang L, Seow BY, Bae KH, Zhang Y, Liao 

KC, Wan Y, Yang YY. Role of PEGylated 

lipid in lipid nanoparticle formulation for in 

vitro and in vivo delivery of mRNA vaccines. 

Journal of Controlled Release. 2025 Apr 

10;380:108-24. 

[36]. Klein ME, Rieckmann M, Lucas H, Meister 

A, Loppnow H, Mäder K. Phosphatidylserine 

(PS) and phosphatidylglycerol (PG) enriched 

mixed micelles (MM): A new nano-drug 

delivery system with anti-inflammatory 

potential?. European Journal of 

Pharmaceutical Sciences. 2020 Sep 

1;152:105451. 

[37]. Chen H, Wong HC, Qiu J, Li B, Yuan D, 

Kong H, Bao Y, Zhang Y, Xu Z, Tse YL, Xia 

J. Site‐Selective Tyrosine Reaction for 

Antibody‐Cell Conjugation and Targeted 

Immunotherapy. Advanced Science. 2024 

Feb;11(5):2305012. 

[38]. Ang MJ, Lee SS, Tay J, Yang YY. Targeted 

Delivery of RNA Therapeutics through 

Ligand Conjugation. Bioconjugate 

Chemistry. 2026 Jun 20. 

[39]. Bai L, Su P. Nanocarrier-based delivery of 

siRNA therapeutics in rheumatoid arthritis: 

immune mechanisms and translational 

perspectives. Frontiers in Immunology. 2025 

Dec 17;16:1718256.. 



 
 

  

International Journal of Pharmaceutical research and Applications 

Volume 11, Issue 4, Jul.-Aug.2026, pp:1048-1065 www.ijprajournal.com ISSN:2456-4494 

 

 

 

 

DOI: 10.35629/4494-110410481065   | Impact Factor value 7.429  ISO 9001: 2008 Certified Journal  Page 1062 

[40]. Gargano G, Oliva F, Oliviero A, Maffulli N. 

Small interfering RNAs in the management of 

human rheumatoid arthritis. British medical 

bulletin. 2022 Mar;142(1):34-43. 

[41]. Bai L, Su P. Nanocarrier-based delivery of 

siRNA therapeutics in rheumatoid arthritis: 

immune mechanisms and translational 

perspectives. Frontiers in Immunology. 2025 

Dec 17;16:1718256.. 

[42]. Wang G, Guo Y, Guo K, Zhang C, Zhou Y, 

Xia J, Liu J, Ren J, Mohamed AO, Tang K, 

Chen X. A Combinatorial mRNA Therapy for 

Treating Rheumatoid Arthritis and 

Osteoarthritis by Inhibiting Inflammation and 

Promoting Cartilage Regeneration. bioRxiv. 

2025 Dec 16:2025-12. 

[43]. Guo C, Tang Y, Zeng L, You X, Luo S, Du Y, 

Wang L, Wang L, Wang J, Chen J, Zhou Y. 

Therapeutic potential of lipid nanoparticle‐

encapsulated CD19‐targeting mRNAs in 

lupus and rheumatoid arthritis. Advanced 

Science. 2025 Jun;12(21):2501628. 

[44]. Zeng A, Liu Y, Wang P, Cao Y, Guo W. 

Using siRNA-based anti-inflammatory lipid 

nanoparticles for gene regulation in psoriasis. 

International Journal of Nanomedicine. 2025 

Dec 31:4519-33. 

[45]. Melamed JR, Muscat-Rivera J, Kegel M, 

Chaboub LS, Perez-Tremble R, Bhalla NS, Ni 

H, Sun H, Weissman D. Anionic lipids 

modulate mRNA-lipid nanoparticle 

immunogenicity and confer protection in a 

mouse model of multiple sclerosis. bioRxiv. 

2025 Oct 17:2025-10. 

[46]. Huang Y, Cao R, Wang S, Chen X, Ping Y, 

Zhang Y. In vivo CAR-T cell therapy: new 

breakthroughs for cell-based tumor 

immunotherapy. Human Vaccines & 

Immunotherapeutics. 2025 Dec 

31;21(1):2558403. 

[47]. Bimbo JF, van Diest E, Murphy DE, Ashoti 

A, Evers MJ, Narayanavari SA, Vaz DP, 

Rijssemus H, Zotou C, Saber N, Lei Z. T cell-

specific non-viral DNA delivery and in vivo 

CAR-T generation using targeted lipid 

nanoparticles. Journal for immunotherapy of 

cancer. 2025 Jul 13;13(7):e011759.. 

[48]. Pierini S, Qureshi R, Pustylnikov S, Bartosh 

Z, Akimova T. In Vivo CAR-T Therapies—A 

New Era of Programmable Immunity. 

International Journal of Molecular Sciences. 

2026 Feb 15;27(4). 

[49]. Rurik JG, Tombácz I, Yadegari A, Méndez 

Fernández PO, Shewale SV, Li L, Kimura T, 

Soliman OY, Papp TE, Tam YK, Mui BL. 

CAR T cells produced in vivo to treat cardiac 

injury. Science. 2022 Jan 7;375(6576):91-6. 

[50]. Yashaswini CN, Cogliati B, Qin T, To T, 

Williamson T, Papp TE, Li K, Rasul R, Chen 

L, Lightstone A, Aghajanian H. In vivo anti-

FAP CAR T therapy reduces fibrosis and 

restores liver homeostasis in metabolic 

dysfunction-associated steatohepatitis. 

bioRxiv. 2025 Feb 27:2025-02.. 

[51]. Hunter TL, Bao Y, Zhang Y, Matsuda D, 

Riener R, Wang A, Li JJ, Soldevila F, Chu 

DS, Nguyen DP, Yong QC. In vivo CAR T 

cell generation to treat cancer and 

autoimmune disease. Science. 2025 Jun 

19;388(6753):1311-7. 

[52]. Xin T, Cheng L, Zhou C, Zhao Y, Hu Z, Wu 

X. In-vivo induced CAR-T cell for the 

potential breakthrough to overcome the 

barriers of current CAR-T cell therapy. 

Frontiers in oncology. 2022 Feb 

10;12:809754. 

[53]. Adhikari A, Chen IA. Antibody‐Nanoparticle 

conjugates in therapy: combining the best of 

two worlds. Small. 2025 

Apr;21(15):2409635. 

[54]. Zhou SK, Xu CF, Wang J. In vivo CAR-T cell 

therapy and its technologies: A perspective. 

Science China Technological Sciences. 2025 

Dec;68(12):1-3. 

[55]. Bui TA, Mei H, Sang R, Ortega DG, Deng W. 

Advancements and challenges in developing 

in vivo CAR T cell therapies for cancer 

treatment. EBioMedicine. 2024 Aug 1;106. 

[56]. Trial PA. Mineralys Therapeutics Reports 

Second Quarter 2025 Financial Results and 

Provides Corporate Update. 

[57]. Ding Y, Chen QB, Xu H, Adi D, Ding YW, 

Luo WJ, Zhu WZ, Xu JC, Zhao X, Shi XJ, 

Luo J. siRNA nanoparticle targeting Usp20 

lowers lipid levels and ameliorates metabolic 

syndrome in mice. Journal of Lipid Research. 

2024 Sep 1;65(9):100626. 

[58]. Xi JQ, Zhang JQ, Shen YJ, Nie ZY, Shen Y, 

Cao YB, Zhang LC, Li L. Delivery of TCM 

Monomers Using Blood Cell Membrane 

Coated Biomimetic Nanoparticles to Target 

CVD. International Journal of Nanomedicine. 

2026 Dec 31:610628. 

[59]. Guo C, Tang Y, Zeng L, You X, Luo S, Du Y, 

Wang L, Wang L, Wang J, Chen J, Zhou Y. 



 
 

  

International Journal of Pharmaceutical research and Applications 

Volume 11, Issue 4, Jul.-Aug.2026, pp:1048-1065 www.ijprajournal.com ISSN:2456-4494 

 

 

 

 

DOI: 10.35629/4494-110410481065   | Impact Factor value 7.429  ISO 9001: 2008 Certified Journal  Page 1063 

Therapeutic potential of lipid nanoparticle‐

encapsulated CD19‐targeting mRNAs in 

lupus and rheumatoid arthritis. Advanced 

Science. 2025 Jun;12(21):2501628. 

[60]. Li L, Chen L, Zhang C, Yao W, Li Z, Tian F. 

Role of the STAT3 Signaling Pathway in Cell 

Proliferation and Inflammation in Psoriasis 

and Approaches for Targeted Therapies: A 

Review. Medical Science Monitor: 

International Medical Journal of Experimental 

and Clinical Research. 2026 Apr 

22;32:e952449. 

[61]. Melamed JR, Muscat-Rivera J, Kegel M, 

Chaboub LS, Perez-Tremble R, Bhalla NS, Ni 

H, Sun H, Weissman D. Anionic lipids 

modulate mRNA-lipid nanoparticle 

immunogenicity and confer protection in a 

mouse model of multiple sclerosis. bioRxiv. 

2025 Oct 17:2025-10. 

[62]. Liuzzo G, Patrono C. In vivo generated 

chimeric antigen receptor T cells reduce 

fibrosis and restore cardiac function in 

experimental heart failure. 

[63]. Bimbo JF, van Diest E, Murphy DE, Ashoti 

A, Evers MJ, Narayanavari SA, Vaz DP, 

Rijssemus H, Zotou C, Saber N, Lei Z. T cell-

specific non-viral DNA delivery and in vivo 

CAR-T generation using targeted lipid 

nanoparticles. Journal for immunotherapy of 

cancer. 2025 Jul 13;13(7):e011759. 

[64]. Li ZF, Wu NQ. The progression of treatment 

for refractory hypercholesterolemia: focus on 

the prospect of gene therapy. Frontiers in 

Genetics. 2022 Jun 9;13:911429. 

[65]. Wang H, Wei G, Yin J, Yang M, Tong L, 

Wang JW. Clinical insights into extracellular 

vesicles for targeted myocardial drug 

delivery. Expert Opinion on Drug Delivery. 

2025 Nov 2;22(11):1671-87. 

[66]. Zou Y, Zhang J, Chen L, Xu Q, Yao S, Chen 

H. Targeting neuroinflammation in central 

nervous system diseases by oral delivery of 

lipid nanoparticles. Pharmaceutics. 2025 Mar 

18;17(3):388. 

[67]. Sela M, Chen G, Kadosh H, Kagan T, Nicola 

R, Turutov S, Richtman Y, Zhige L, Albalak 

Menasherov MR, Kagan S, Schroeder T. AI-

validated brain targeted mRNA lipid 

nanoparticles with neuronal tropism. ACS 

nano. 2025 Sep 16;19(41):36106-28. 

[68]. Wang C, Xue Y, Markovic T, Li H, Wang S, 

Zhong Y, Du S, Zhang Y, Hou X, Yu Y, Liu 

Z. Blood–brain-barrier-crossing lipid 

nanoparticles for mRNA delivery to the 

central nervous system. Nature materials. 

2025 Oct;24(10):1653-63. 

[69]. Wu W, Wei Z, Peng X. From LNPs to hybrid 

nanocarriers: development, challenges and 

redesign of non-viral gene delivery. Journal of 

Nanobiotechnology. 2026 Jun 3. 

[70]. Jaberi KR, Haghighi MR, Aligholi H, Takallu 

S, Asadi P, Mirzaei E, Jaberi AR, Sahraian A. 

Focused ultrasound-mediated nanocarrier 

delivery across the blood-brain barrier for 

neurodegenerative diseases. Biomedicine & 

Pharmacotherapy. 2026 Aug 1;201:119622. 

[71]. Ediriweera GR, Sivaram AJ, Cowin G, Brown 

ML, Mcalary L, Lum JS, Fletcher NL, 

Robinson L, Simpson JD, Chen L, 

Wasielewska JM. Lipid nanoparticles and 

transcranial focused ultrasound enhance the 

delivery of SOD1 antisense oligonucleotides 

to the murine brain for ALS therapy. Journal 

of Controlled Release. 2025 Feb 10;378:221-

35. 

[72]. Chen L, Watson C, Morsch M, Cole NJ, 

Chung RS, Saunders DN, Yerbury JJ, Vine 

KL. Improving the delivery of SOD1 

antisense oligonucleotides to motor neurons 

using calcium phosphate-lipid nanoparticles. 

Frontiers in neuroscience. 2017 Aug 

30;11:476. 

[73]. Cheng J, Wang L, Guttha V, Haugstad G, 

Kandimalla KK. Delivery of RNA to the 

blood-brain barrier endothelium using 

cationic bicelles. Pharmaceutics. 2023 Aug 

4;15(8):2086. 

[74]. Moosavi SG, Rahiman N, Jaafari MR, Arabi 

L. Lipid nanoparticle (LNP) mediated mRNA 

delivery in neurodegenerative diseases. 

Journal of Controlled Release. 2025 May 

10;381:113641.. 

[75]. Yang L, Li S, Hou C, Wang Z, He W, Zhang 

W. Recent advances in mRNA-based 

therapeutics for neurodegenerative diseases 

and brain tumors. Nanoscale. 2025 Feb 

13;17(7):3537-48. 

[76]. Schreiner TG, Menéndez-González M, 

Schreiner OD, Ciobanu RC. Intrathecal 

Therapies for Neurodegenerative Diseases: A 

Review of Current Approaches and the Urgent 

Need for Advanced Delivery Systems. 

Biomedicines. 2025 Sep 5;13(9):2167. 

[77]. Jaberi KR, Haghighi MR, Aligholi H, Takallu 

S, Asadi P, Mirzaei E, Jaberi AR, Sahraian A. 

Focused ultrasound-mediated nanocarrier 



 
 

  

International Journal of Pharmaceutical research and Applications 

Volume 11, Issue 4, Jul.-Aug.2026, pp:1048-1065 www.ijprajournal.com ISSN:2456-4494 

 

 

 

 

DOI: 10.35629/4494-110410481065   | Impact Factor value 7.429  ISO 9001: 2008 Certified Journal  Page 1064 

delivery across the blood-brain barrier for 

neurodegenerative diseases. Biomedicine & 

Pharmacotherapy. 2026 Aug 1;201:119622. 

[78]. Ali I, Adil M, Imran M, Qureshi SA, Qureshi 

S, Hasan N, Ahmad FJ. Nanotechnology in 

Parkinson’s Disease: overcoming drug 

delivery challenges and enhancing therapeutic 

outcomes. Drug Delivery and Translational 

Research. 2026 Mar;16(3):855-93. 

[79]. Weiss A, Gilbert JW, Flores IV, Belgrad J, 

Ferguson C, Dogan EO, Wightman N, 

Mocarski K, Echeverria D, Summers A, 

Bramato B. RNAi-mediated silencing of 

SOD1 profoundly extends survival and 

functional outcomes in ALS mice [preprint]. 

[80]. Duan C, Kang M, Liu K, Gan Z, Li G, Chen 

J, Schacht I, Place RF, Li LC. RAG-17: A 

novel siRNA conjugate demonstrating 

efficacy in late-stage treatment of 

SOD1G93A ALS mice. bioRxiv. 2023 Nov 

23:2023-11. 

[81]. Chen L, Watson C, Morsch M, Cole NJ, 

Chung RS, Saunders DN, Yerbury JJ, Vine 

KL. Improving the delivery of SOD1 

antisense oligonucleotides to motor neurons 

using calcium phosphate-lipid nanoparticles. 

Frontiers in neuroscience. 2017 Aug 

30;11:476.. 

[82]. Ediriweera GR, Sivaram AJ, Cowin G, Brown 

ML, Mcalary L, Lum JS, Fletcher NL, 

Robinson L, Simpson JD, Chen L, 

Wasielewska JM. Lipid nanoparticles and 

transcranial focused ultrasound enhance the 

delivery of SOD1 antisense oligonucleotides 

to the murine brain for ALS therapy. Journal 

of Controlled Release. 2025 Feb 10;378:221-

35. 

[83]. Iannitti T, Scarrott JM, Likhite S, Coldicott 

IR, Lewis KE, Heath PR, Higginbottom A, 

Myszczynska MA, Milo M, Hautbergue GM, 

Meyer K. Translating SOD1 gene silencing 

toward the clinic: a highly efficacious, off-

target-free, and biomarker-supported strategy 

for fALS. Molecular Therapy Nucleic Acids. 

2018 Sep 7;12:75-88. 

[84]. Jaberi KR, Haghighi MR, Aligholi H, Takallu 

S, Asadi P, Mirzaei E, Jaberi AR, Sahraian A. 

Focused ultrasound-mediated nanocarrier 

delivery across the blood-brain barrier for 

neurodegenerative diseases. Biomedicine & 

Pharmacotherapy. 2026 Aug 1;201:119622. 

[85]. Ling S, Zhang X, Dai Y, Jiang Z, Zhou X, Lu 

S, Qian X, Liu J, Selfjord N, Satir TM, Lundin 

A. Customizable virus-like particles deliver 

CRISPR–Cas9 ribonucleoprotein for effective 

ocular neovascular and Huntington’s disease 

gene therapy. Nature nanotechnology. 2025 

Apr;20(4):543-53. 

[86]. Gomi M, Nakayama Y, Sakurai Y, Oyama R, 

Iwasaki K, Doi M, Liu Y, Hori M, Watanabe 

H, Hashimoto K, Tanaka H. Tolerogenic lipid 

nanoparticles for delivering self-antigen 

mRNA for the treatment of experimental 

autoimmune encephalomyelitis. 

Pharmaceuticals. 2023 Sep 7;16(9):1270. 

[87]. Zou Y, Zhang J, Chen L, Xu Q, Yao S, Chen 

H. Targeting neuroinflammation in central 

nervous system diseases by oral delivery of 

lipid nanoparticles. Pharmaceutics. 2025 Mar 

18;17(3):388. 

[88]. Senti ME, de Jongh CA, Dijkxhoorn K, 

Verhoef JJ, Szebeni J, Storm G, Hack CE, 

Schiffelers RM, Fens MH, Boross P. Anti-

PEG antibodies compromise the integrity of 

PEGylated lipid-based nanoparticles via 

complement. Journal of Controlled Release. 

2022 Jan 1;341:475-86. 

[89]. Gomes M, Ramalho MJ, Loureiro JA, Pereira 

MC. Advancing brain targeting: cost-effective 

surface-modified nanoparticles for faster 

market entry. Pharmaceutics. 2025 May 

17;17(5):661. 

[90]. Xu K, Ni K, Su Y, Shi Y, Wu M, Hu X, Ge J, 

Zeng J. Nanomedicine-enabled strategies for 

navigating the blood–brain barrier in 

Parkinson's disease. MedMat. 2026 Jul 6. 

[91]. Ediriweera GR, Sivaram AJ, Cowin G, Brown 

ML, Mcalary L, Lum JS, Fletcher NL, 

Robinson L, Simpson JD, Chen L, 

Wasielewska JM. Lipid nanoparticles and 

transcranial focused ultrasound enhance the 

delivery of SOD1 antisense oligonucleotides 

to the murine brain for ALS therapy. Journal 

of Controlled Release. 2025 Feb 10;378:221-

35. 

[92]. Annu, Rehman S, Nabi B, Sartaj A, Md S, 

Sahoo PK, Baboota S, Ali J. Nanoparticle 

mediated gene therapy: a trailblazer armament 

to fight CNS disorders. Current Medicinal 

Chemistry. 2023 Jan 1;30(3):304-15. 

[93]. Melamed JR, Muscat-Rivera J, Kegel M, 

Chaboub LS, Perez-Tremble R, Bhalla NS, Ni 

H, Sun H, Weissman D. Anionic lipids 

modulate mRNA-lipid nanoparticle 

immunogenicity and confer protection in a 



 
 

  

International Journal of Pharmaceutical research and Applications 

Volume 11, Issue 4, Jul.-Aug.2026, pp:1048-1065 www.ijprajournal.com ISSN:2456-4494 

 

 

 

 

DOI: 10.35629/4494-110410481065   | Impact Factor value 7.429  ISO 9001: 2008 Certified Journal  Page 1065 

mouse model of multiple sclerosis. bioRxiv. 

2025 Oct 17:2025-10. 

[94]. Waggoner LE, Miyasaki KF, Kwon EJ. 

Analysis of PEG-lipid anchor length on lipid 

nanoparticle pharmacokinetics and activity in 

a mouse model of traumatic brain injury. 

Biomaterials science. 2023 Jun 

13;11(12):4238-53. 

[95]. Lee Y, Jeong M, Park J, Jung H, Lee H. 

Immunogenicity of lipid nanoparticles and its 

impact on the efficacy of mRNA vaccines and 

therapeutics. Experimental & Molecular 

Medicine. 2023 Oct;55(10):2085-96. 

[96]. Zhang Z, Ong YH, Yang B, Fan B, Yang YY, 

Ni Q. Chemical engineering strategies to 

enhance mRNA–LNP stability for therapeutic 

applications. Biomaterials Science. 2026 Mar 

17;14(6):1370-92. 

[97]. Lila AS, Kiwada H, Ishida T. The accelerated 

blood clearance (ABC) phenomenon: clinical 

challenge and approaches to manage. Journal 

of Controlled Release. 2013 Nov 

28;172(1):38-47. 

[98]. Hashimoto Y, Shimizu T, Lila AS, Ishida T, 

Kiwada H. Relationship between the 

concentration of anti-polyethylene glycol 

(PEG) immunoglobulin M (IgM) and the 

intensity of the accelerated blood clearance 

(ABC) phenomenon against PEGylated 

liposomes in mice. Biological and 

Pharmaceutical Bulletin. 2015 Mar 

1;38(3):417-24. 

[99]. Senti ME, de Jongh CA, Dijkxhoorn K, 

Verhoef JJ, Szebeni J, Storm G, Hack CE, 

Schiffelers RM, Fens MH, Boross P. Anti-

PEG antibodies compromise the integrity of 

PEGylated lipid-based nanoparticles via 

complement. Journal of Controlled Release. 

2022 Jan 1;341:475-86.. 

[100]. Kim S, Park C, Lee Y, Lee K, Lee H, Lee K. 

Inflammatory and immune-mediated toxicity 

of lipid nanoparticles. Biomedicine & 

Pharmacotherapy. 2026 Jun 1;199:119385. 

[101]. Tenchov R, Sasso JM, Zhou QA. PEGylated 

lipid nanoparticle formulations: 

immunological safety and efficiency 

perspective. Bioconjugate chemistry. 2023 

May 10;34(6):941-60. 

[102]. Lee Y, Jeong M, Park J, Jung H, Lee H. 

Immunogenicity of lipid nanoparticles and its 

impact on the efficacy of mRNA vaccines and 

therapeutics. Experimental & Molecular 

Medicine. 2023 Oct;55(10):2085-96. 

[103]. McInnes IB, Gravallese EM. Immune-

mediated inflammatory disease therapeutics: 

past, present and future. Nature Reviews 

Immunology. 2021 Oct;21(10):680-6. 

[104]. Lam L, Watson S, Ramaswamy Y, Singh G. 

High‐Throughput Strategies for Streamlining 

Lipid Nanoparticle Development Pipeline. 

Advanced Science. 2025 Nov;12(42):e11551. 

[105]. Han EL, Padilla MS, Palanki R, Kim D, 

Mrksich K, Li JJ, Tang S, Yoon IC, Mitchell 

MJ. Predictive high-throughput platform for 

dual screening of mRNA lipid nanoparticle 

blood–brain barrier transfection and crossing. 

Nano letters. 2024 Jan 23;24(5):1477-86. 

[106]. Urits I, Swanson D, Swett MC, Patel A, 

Berardino K, Amgalan A, Berger AA, 

Kassem H, Kaye AD, Viswanath O. A review 

of patisiran (ONPATTRO®) for the treatment 

of polyneuropathy in people with hereditary 

transthyretin amyloidosis. Neurology and 

therapy. 2020 Dec;9(2):301-15. 

[107]. Ott M, Samaridou E, Beck-Broichsitter M, 

Simon J. Industrial Perspective on the 

Manufacturing of Lipid Nanoparticles for 

Nucleic Acid Delivery. Pharmaceutics. 2026 

Apr 16;18(4):489-. 

[108]. Chen Y, Su YC, Roffler SR. Polyethylene 

glycol immunogenicity in nanomedicine. 

Nature Reviews Bioengineering. 2025 

Sep;3(9):742-60. 

[109]. Avila-Bonilla RG, Martínez-Montero JP. 

Crosstalk between vault RNAs and innate 

immunity. Molecular Biology Reports. 2024 

Dec;51(1):387. 

[110]. Praharaj DL, Anand AC. Sickle hepatopathy. 

Journal of Clinical and Experimental 

Hepatology. 2021 Jan 1;11(1):82-96. 

[111]. Upton DH, Ung C, George SM, Tsoli M, 

Kavallaris M, Ziegler DS. Challenges and 

opportunities to penetrate the blood-brain 

barrier for brain cancer therapy. Theranostics. 

2022 Jun 6;12(10):4734. 

[112]. Bourguignon T, Sharma P, Hazan-Halevy I, 

Peer D. Lipid nanoparticles and endosomal 

escape: Characterizing the escape 

compartment and standardizing models. 

Materials Today. 2026 Sep 1;98:103436. 

[113]. An D, Frassetto A, Jacquinet E, Eybye M, 

Milano J, DeAntonis C, Nguyen V, Laureano 

R, Milton J, Sabnis S, Lukacs CM. Long-term 

efficacy and safety of mRNA therapy in two 

murine models of methylmalonic acidemia. 

EBioMedicine. 2019 Jul 1;45:519-28. 


