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ABSTRACT

Nucleic acid therapy utilizing ribonucleic acid  (RNA) biomacromolecules has attracted considerable
attention for being applied as preventive and therapeutic strategies in several diseases including
cancer, inflammatory conditions, and neurodegenerative disorders. However, some properties like
safety profile, synthesized under good manufacturing procedures, and the fact that RNA molecules,
unlike deoxyribonucleic acid (DNA), does not require crossing the nuclear membrane for expression,
made them suitable gene materials for being encapsulated in various nano-delivery carriers and
delivered precisely to the site of interest. In this article, we summarize the application of organic
nano-delivery systems for delivering the two most applied RNA molecules, messenger RNAs (mRNAs)
and small interfering RNAs (siRNAs) in different human diseases.
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INTRODUCTION

Ribonucleic acid  (RNA), comprised of nucleotides and existing mostly in the single-stranded form, is an important
molecule in the central dogma which is formed from deoxyribonucleic acid (DNA) via the transcription process and is
responsible for protein synthesis through the translation process. RNA molecules are present in both eukaryotes and
prokaryotes and the complex structural organization of the transcriptome (the RNA structurome) has been known as
the key factor for their regulatory function in almost all cellular processes including gene expression [1, 2]. Specific
types of RNA molecules could serve as therapeutic agents in human diseases rather than just being involved in cell
regulation. Messenger RNAs (mRNA) are the product of DNA transcription and carry the genetic blueprint for protein
synthesis. In eukaryotes, the newly transcribed RNA transcript (pre-mRNA) needs to undergo maturation via splicing
the non-coding regions (introns) and joining together the coding regions (exons) to form mRNA (Figure 1) [1, 3].
The mRNA molecules have been gaining special attention for therapeutic applications in gene therapy in various
health issues since 1990. Different kinds of nucleic acids have been employed in this concept, among them, mRNAs,
specifically in vitro transcribed mRNA (IVT mRNA) exhibited vast properties including higher safety performance than
DNA for clinical applications due to the controlled expression of specific genes with minimal risk of insertional
mutagenesis (since mRNA is translated in the cytoplasm with no integration into the host genome), fast and transient
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protein expression, scalable manufacturing, and possessing variable functions in medical fields like vaccine
production and tissue engineering [4–8].

Figure 1. The mRNA molecule is the product of DNA transcription. The freshly produced mRNA (pre-mRNA) goes under some
modifications to become mature mRNA, capable of synthesizing proteins through the translation process. Abbreviations: mRNA,
messenger RNA; UTR, untranslated region.

Therefore, mRNA could be considered as a potential novel therapeutic agent that is capable of being used in
preclinical and clinical studies to treat many health problems such as infectious diseases, cancers, neurodegenerative
disorders, bone degenerative and gastrointestinal diseases, as well as genetic disorders [9–16]. However, mRNA-
based therapies still encounter obstacles like optimizing delivery efficiency and precise targeting due to mRNA’s
significant sensitivity to the nucleases, low stability, negatively charged, and insufficient available strategies for safe
delivery of this important nucleic acid to the site of interest, despite the highlighted potency of mRNA delivery in
therapeutic applications including immunotherapy, gene editing, and vaccine productions [17–19]. To overcome
these barriers and to enhance the mRNA delivery efficiency for clinical applications, two strategies including mRNA
chemical modifications through N6-methyladenosine, 5-methylcytidine, pseu douridine (Ψ), and ribose 2′OMe
modifications in addition to utilizing different nano-delivery carriers for transferring mRNA to the targeted site have
been developed [20–22].
In recent decades, nanotechnology has been employed in various health issues, clinically for diagnostic imaging and
delivery of therapeutic agents (drugs, antibodies, genes, …) to the sites of interest in the body [23]. In this regard,
nucleic acid-based vaccines, especially mRNA vaccines have gained considerable attention being employed against
human diseases due to their rapid production and the fact that they do not induce genome instability. Nevertheless,
there are some challenges to mRNA effective delivery including innate immunogenicity because of the recognition of
RNA molecules as a signal of viral infection as well as mRNA sensitivity to nucleases which leads to translation
deficiencies [24]. For instance, nanocarrier-based mRNA vaccines are capable of activating the antigen-presenting
cells through tumor antigen expression and contribute to innate and adaptive immune activation [25].
Chemically modified mRNAs (cmRNA) have also been investigated for therapeutic applications including bone
healing. In a study, bone morphogenetic protein–2 encoded cmRNAs were delivered by nonviral lipid vectors to
femoral osteotomies in rat models. The results revealed complete healing of the vast segmental defects at the exact
targeted site through the native endochondral route and upregulation of some extracellular matrix components like
collagen I and V, osteopontin, osteonectin, and matrix metalloproteinase–2/13 [26].
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In addition to various lipid-based nanoparticles, metal-organic frameworks, and polymeric nanocarriers for nucleic
acid including mRNA delivery, protein-derived cell-penetrating peptides (CPPs) composed of 4–40 amino acids, and
cationic, amphipathic, and hydrophobic peptides have been formulated which can internalize the cell via endocytosis
and/ or direct cell membrane penetration. Recorded data highlighted the use of CPPs for mRNA delivery (CPP/mRNA
complexes or combined with other nanoparticles) to be effective for stabilizing intracellular mRNAs (cationic CPPs),
endosomal pathways modulating to enhance dendritic cells’ antigen-presenting ability, and improving mRNA uptake
in lungs through dry powder inhalation [27–29].
Small interfering RNAs (siRNAs), first discovered in 1998 and comprised of 21–25 double-stranded RNA nucleotides,
are the main components of RNA interference molecules that activate enzymes like ribonucleases on specific
sequences, and post-transcriptionally. RNA interference molecules have also been considered therapeutic agents by
inhibiting the expression of DNA into proteins via making bounds to mRNA molecules and directing them to the RNA-
induced silencing complex which leads to mRNA cleavage and protein production blockade. The siRNAs are naturally
synthesized by Dicer-mediated cleavage of larger double-stranded RNAs and they are capable of silencing the target
genes through an RNA interference mechanism which results in gene activity regulation by RNA cleavage or
translation repressing (Figure 2) [30, 31].

Figure 2. Small interfering RNAs (siRNA) are formed from long double-stranded RNAs through Dicer-mediated cleavage. Following
RISC complex assembly and targeting the mRNA molecule, siRNAs can inhibit gene expression and DNA transcription via RNA
interference mechanism. Abbreviations: AGO, argonaute protein; dsRNA, double-stranded RNA; mRNA, messenger RNA; siRNA, small
interfering RNA; RISC, RNA-induced silencing complex. Created in BioRender.com

Moreover, they have been known as potential therapeutics for different human diseases including cancer,
neurodegenerative disorders, gastrointestinal diseases and inflammation, viral and bacterial infectious conditions, as
well as bone and joint disorders attributed to their ability to mediate RNA interference in mammalian cells [32–37]. To
improve the challenges in siRNA transfer like biodistribution, delivery specificity, plus immunological responses and
to achieve a sustained release, acceptable absorption, reduced drug resistance, and off-target effects, as well as non-
toxic activity, different nano-delivery systems have been utilized for siRNA loading to reach a more specific and
efficient therapeutic outcome [31, 36, 38].

http://biorender.com/
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In this article, we represent the application of organic-based nano-delivery carriers for delivering mRNA and siRNA
biomolecules in experimental models of different human diseases.

APPLICATION OF RNA-LOADED ORGANIC-BASED NANO VEHICLES IN DIFFERENT
DISEASES

One of the major challenges in biological fields of study is the precise delivery of genes and nucleic acids to the site of
interest. In this regard, the application of various types of nanoparticles including organic-based vectors has been
investigated in several experiments and has revealed promising potency for better cell internalization [39].

Cancer

Cancer is a mortal human health issue around the world, responsible for almost 600, 000 deaths in the United States
in 2020, and lung cancer accounts for the first cause of death in the United States among the other cancer types [40,
41]. All cancer types are unified at the cellular phenotype level which is defined as cancer hallmarks that make normal
cells capable of turning into neoplasms [42]. Early detection is a crucial factor for improving the survival rate in
cancers and despite all advancements, still about 50% of all cancer types remain hard to diagnose at early stages
[43]. Treatment options for cancer are almost limited to chemo and radiotherapy plus immunotherapy in which
antigen-presenting cells modulate the host’s immune responses through activation of important lymphocytes, but
they have been confronting several drawbacks like multi-drug resistance and limited drug accumulation at the tumor
site [44, 45]. To overcome these restrictions, nanomedicines (~ 1–100 nm) possessing various physico-chemical
properties have been used in cancer therapy. Although nanomedicines have demonstrated effectiveness in the
controlled release and improved biodistribution of therapeutic agents, their success in clinical trials remains low [46,
47]. Different nano-delivery vehicles including porous nanocarriers, metal-organic frameworks, biomimetic
photocatalysts, and polymeric nanoparticles have been employed for theranostic applications in various cancers,
demonstrating considerable potency for efficient delivery of genes and small lipophilic therapeutic agents in cancer
pre-clinical investigations due to their specific properties like sustained drug release, stability, ability to load more
than one agent at a time, and stimuli-responsiveness [44, 48–51].
In the context of mRNA delivery, mRNA vaccination has demonstrated promising advancements in preclinical and
clinical trials, especially for cancer immunotherapy, but there are still main challenges to their successful translation
from the laboratory to the market like insufficient intracellular protein expression, antigen loading, and antigen-
presenting cells’ maturation for the subsequent immune activation. mRNA vaccines are primarily designed to
interfere with the stimulator of interferon genes and tumor-infiltrating lymphocyte pathways to activate more
clusters of differentiation 8+ (CD8+) T-cells involved in tumor proliferation hindrance.
Several strategies have been developed to overcome these barriers including mRNA-encapsulation in nanoparticles
(lipid-based, polymeric, protein, or peptide derivatives) to enhance stability and modulate immunogenicity [52–55].
Lipid-based nanoparticles like liposomes are important nano-delivery systems that are usually preferred to other
nanoparticles mostly due to their interesting properties such as lower side effects,  biocompatibility, high loading
capacity, and delivery efficiency, as well as easy preparation, and they could be suitable vaccine adjuvant-delivery
systems by possessing proper size, surface charge, and membrane flexibility for gene and RNA delivery [56–58]. In a
recent study, the application of RNA-embedded multi-lamellar lipid aggregates, using mRNA as a molecular bridge
with cationic  liposomes, revealed fast reprogramming of the tumor microenvironment in less than 24–48 hours,
leading to the effector actions of activated T  cells which overcomes the first step necessary for successful
cancer  immunotherapy. These nanocarriers also improved multiple payload packaging for anti-cancer immunity
induction and increased immunogenicity via a multi-lamellar design whereas their cationic charge and  intravenous
route of delivery modulated the tumor microenvironment in canine glioma subjects, improving their survival rate [59].
Similarly, Metzloff et al. fabricated an activated lipid nano-delivery system, capable of mimicking the activating
function of antigen-presenting cells, by using a thiol-maleimide reaction to conjugate CD3 and CD28 antibody
fragments to the surface of optimized T-cell lipid nanoparticles. The results showed the potency of these activated
lipid nanoparticles to enable one-step activation and transfection of primary human T cells. Moreover, the resulting
mRNA chimeric antigen receptor T cells have reduced successfully the tumor burden in a murine xenograft model,
confirming these nano-delivery systems, promising for rapid production of mRNA chimeric antigen receptor T cells
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for cancer immunotherapy [60]. The vaccination of mice models with lipoplexes (cationic liposomes) embedding
hybridized mRNA with immunostimulatory short double-stranded RNA also revealed increased antigen-specific
cytotoxicity due to the activation of dendritic cells in immune tissues plus a higher level of inflammatory molecules
including interleukin–6 and interferon-β in serum [61].
Polymeric-based nano vehicles have also shown significant promise for being used as vaccines and drug/gene
delivery systems for cancer therapeutics attributed to their stability, easily functionalized, and modifiable chemical
structure which improve the therapeutic efficacy [62, 63]. In a research conducted by Le et al. bevacizumab (an anti-
vascular endothelial growth factor antibody)-encoding mRNA molecules were encapsulated in poly (beta-amino
esters)-based nanoparticles and then were administered intravenously in orthotopic non-small cell lung carcinoma
mouse models. The results revealed a notable distribution of nanoparticles in lung endothelial cells, leading to
bevacizumab secretion as well as considerable tumor proliferation and angiogenesis blockade, supporting the
therapeutic potential of bevacizumab mRNA therapy and its selective delivery through lung-targeting nanoparticles
(Figure 3. A-G) [64].

Figure 3. Schematic illustration representing the cancer-fighting properties of bevacizumab mRNA delivery by PBAE nanoparticles
for NSCLCs therapy. A) The mRNA-loaded PBAE nanoparticle structure; B) The diagram indicating dosing regimens and
bioluminescence imaging schedules for treating A549-FLuc lung orthotopic tumors; C) The hypothetical mechanism by which the
fabricated PBAE nanoparticles perform their action for NSCLCs treatment. Following intravenous administration of bevacizumab’s
heavy and light chains’ transcribing mRNA-loaded PBAE nanoparticles, bevacizumab antibody was produced and secreted in the
lungs, leading to the blockade of binding the lung tumor-derived VEGF to VEGF receptors, hindering tumor angiogenesis; D)
Quantified luciferase expression in the lungs of the treated mice models; E) The Illustration of In vivo luciferase expression; F) The
H&E and IHC-stained lung tissues against VEGF {G1: IV injected PBS (red), G2: IV injected empty nanoparticles (green), G3: IP injected
bevacizumab (blue), and G4: IV injected nanoparticles embedding bevacizumab mRNA (black)}; G) Statistical presentation of tumor
mass number and percentages of VEGF-positive cells in the treated groups, indicating the lower tumor mass number in group G4,
treated by IV injected bevacizumab mRNA-encapsulated nanoparticles. Abbreviations: mRNA, messenger RNA; PBAE, poly (β-amino
esters); NSCLC, non-small cell lung cancer; FLuc, firefly luciferase; VEGF, vascular endothelial growth factor; H&E, hematoxylin and
eosin; IHC, immunohistochemistry; IV, intravenous; PBS, phosphate buffered saline; IP, Intraperitoneal. Reprinted from open access
license (ACS Nano, 2024), Ref. [64].

The same nanoparticles, lipophilic poly (beta-amino ester) ones were used in another study to co-deliver mRNA
constructs encoding a signal 2 co-stimulatory molecule and a signal 3 immuno-stimulatory cytokine (interleukin–12),
along with a nucleic acid-based immunomodulatory adjuvant. Following intratumoral injection of nanoparticles via an
injectable thermoresponsive gel, enhanced immunostimulatory cytokine production and immune cell recruitment
were achieved which represent these nano carriers’ translational potential as immuno-oncology therapeutics [65].
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 In bladder cancer mice models, the application of mucoadhesive polyplexes embedding lysine-specific demethylase
6A-mRNA showed increased nanoparticles’ penetration and more controlled release at the bladder tumor site
resulting in better metastasis hindrance, as well [66]. Additionally, in their interesting experiment, Parayath et al,
employed injectable IVT engineering chimeric antigen receptors expressing mRNA-loaded nanoparticles for
temporary reprogramming induction in T lymphocytes and identifying disease-specific receptors. Repeated infusion
of these mRNA-loaded vehicles in lymphoma, hepatitis B- induced hepatocellular carcinoma, and bladder cancer in
orthotopic xenograft mice models showed anti-cancer responses via genetically reprogramming of T-cells plus
increased survival rate (40 days more on average), and a higher rate of T-cells’ trafficking in treatment groups [67].
The mRNA-loaded micelles have also been used as vaccines for immunotherapy treatments. In vivo administration of
oligopeptide end-modified poly (β-amino esters)- based mRNA polyplex showed improved cell penetration and
antigen-presenting cells targeting for immune response stimulation in addition to the significant uptake of antigen-
coding mRNA-encapsulated poly (lactic acid) nanoparticles by dendritic cells through clathrin-dependent endocytosis
and phagocytosis, resulting in dendritic cells’ immune responses modulation in vitro, seen in another study [68, 69].
Regarding siRNA delivery for cancer therapy, the application of self-nano emulsifying drug delivery systems, using a
chitosan-RNA core, has been investigated for co-delivery of siRNA and hydrophobic chemotherapeutics including
doxorubicin,  valrubicin,  and methotrexate in addition to photosensitizers  (rhodamine b and protoporphyrin IX) in
colon and breast cancer cell lines as well as in mice models. The results showed a higher rate of siRNA internalization
in cancer cells compared to free siRNAs and increased duodenum permeability [70]. Due to the high prevalence of
breast cancer, several studies have been performed to investigate the therapeutic potential of siRNA-loaded delivery
systems in this disease. For example, in a recent study, the application of siXBP1-embedded poly (lactic-co-glycolic
acid)-lipid hybrid  nanoparticles, conjugated with an epidermal growth factor receptor antibody, in triple-negative
breast cancer in vitro model, contributed to efficient delivery of siRNA to the cancer cells and XBP1 gene (crucial for
triple-negative breast cancer progression) silencing, resulting in a threefold higher rate of apoptosis induction under
hypoxic conditions. Also, surface engineering of the nanoparticles with epidermal growth factor receptor antibodies
improved their precise targeting ability to the tumor sites [71]. Similarly, concurrent delivery of paclitaxel and AXL
gene targeting siRNA (siAXL) by Poly (ethylene glycol) monomethyl ether (mPEG)-camouflaged dendritic polylysine
nanocarriers showed enhanced cell uptake, tumor targeting, and permeability of nanoparticles in vivo triple-negative
breast cancer model. Additionally, in vitro investigations revealed increased paclitaxel’s toxicity, apoptosis, and cell
cycle arrest efficiency as well as its sensitization to siAXL [72]. In the context of siRNA delivery for other types of
cancer, Lin et al. demonstrated that following the application of CD 47 targeting siRNA-loaded poly (ethylene glycol)-
b-poly (D, L-lactide)-cationic lipid-ionizable lipid delivery system, a significant increase in the siRNA silencing efficiency
and immune response induction occur due to the presence of ionizable lipids. This strong immune response
suppresses the proliferation of melanoma tumors via inhibiting CD 47, a crucial immune checkpoint, leading to the
introduction of this interesting formulation as a novel siRNA delivery system for gene silencing and cancer
immunotherapy [73]. In addition, combinational delivery of cisplatin and siRNA against HPV 16 E6/E7 by engineered
ionizable lipid nanoparticles (ENB101-LNPs) revealed considerable tumor cell growth hindrance and apoptosis
induction in both in vitro and in vivo models of cervical cancer [74]. The plasmid clustered regularly interspaced short
palindromic repeats (p CRISPR) has also shown promising cancer-fighting properties while co-delivered with
doxorubicin to different cancer cell lines by a novel formulated nanocomposite composed of amine-functionalized
metal-organic frameworks, conjugated to poly (aniline-co-para-phenylenediamine), and coated on manganese ferrite
nanoparticles. The results indicated
successful delivery of p CRISPR and doxorubicin to the cancer cells, introducing this delivery system promising for
multi-drug delivery according to its crucial characteristics including biosafety resulting from its hemocompatibility
profiles (less than 1% hemolysis), increased cellular uptake (up to 38.3% in A549 cells), improving transfection, and
acceptable delivery and expression in a physiological microenvironment [75].

Aging and Age-related Diseases

Several studies have revealed the crucial role of oxidative stress, excessive production of reactive oxygen species by
the body under abnormal physiological conditions, in pathological changes in cells including DNA damage,
mitochondrial dysfunction, telomere shortening, and protein oxidative modification, leading to apoptosis induction,
aging, and age-related issues like retinal diseases, neurodegenerative disorders, hypertension, abdominal aortic

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/drug-delivery-system
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aneurysms, atherosclerosis, cancer, osteoarthritis, ovarian and prostate diseases, as well as type II diabetes [76–79].
To improve the therapeutic outcomes of age-related conditions, the application of different RNA delivery systems
such as extracellular vesicles has demonstrated promising potencies and RNA-based vaccines have also proven to be
capable of targeting specific antigens and inducing immune responses [76]. In the context of skin aging therapy,
application of glutathione S-transferase M2 mRNA-embedded skin primary fibroblasts-derived extracellular vesicles
showed significant improvement in skin homeostasis and wound healing in aged mice models through mitochondrial
oxidative phosphorylation modulation, reduction of oxidative stress damage of aging dermal fibroblasts, and
regulation of the skin epidermal cell function by paracrine secretion of nascent polypeptide-associated complex alpha
subunit, confirming these delivery system promising for aged skin treatment [80]. Similarly, Chang et al. have
demonstrated that human telomerase reverses transcriptase mRNA-loaded lipid nanoparticles are capable of
accelerating the delivery and expression of mRNA in vitro in keratinocytes, fibroblasts, and in human-skin-cell-
suspension (hSCS) prepared from donors’ skin, resulting in enhanced telomerase activity, hSCS cellular engraftment
and proliferation, partial-thickness human skin equivalent in the mouse model generation, in addition to cellular
senescence and DNA damage reduction. Together, the results of this interesting research work introduce these mRNA
delivery systems as novel therapeutic strategies for wound healing [81]. Regarding siRNA therapy for age-related
diseases, cartilage affinity peptide-surface engineered exosomes, encapsulating matrix metallopeptidase–13
targeting siRNAs have been investigated in rat models of anterior cruciate ligament transection-induced
osteoarthritis. The intra-articular administration of exosomes resulted in matrix metallopeptidase–13 level reduction
plus the cartilage collagen (COL2A1) and  proteoglycan enhancement via precise targeted delivery of  siRNA  to
chondrocytes, leading to cartilage degeneration alleviation [82].

Alzheimer’s Disease

Alzheimer’s disease is a progressive neurodegenerative disorder, known as the most prevalent cause of dementia in
the elderly, representing memory loss with varying cognitive dysfunctions, with no effective treatment to target the
main route responsible for its pathology in the brain. Several factors including genetics, aging, and environment are
mentioned as its etiology, and to date, various hypotheses like the cholinergic, amyloid-beta plaques and tau
neurofibrillary tangles, inflammatory, oxidative stress, metal ion, glutamate excitotoxicity, microbiota-gut-brain axis,
and abnormal autophagy have been discussed as its pathophysiology [83, 84]. The main reasons for unsuccessful
drug delivery to the brain are the blood-brain barrier and the blood-cerebrospinal fluid barrier which act as obstacles.
So, the need for the application of nanotechnologies to specific brain targeting and improve brain bioavailability has
been highlighted and various nanocarriers have been applied for drug delivery in Alzheimer’s disease treatment, in
this regard [85] [86]. In a pilot study for developing an mRNA-loaded lipid-based Alzheimer’s disease vaccine,
targeting the N-terminus of pathological amyloid-beta in mice models and non-human primates, researchers found
that developing a preventive vaccine through this strategy could stimulate long-lasting antibodies in individuals at
risk of Alzheimer’s disease through inhibiting the aggregation of pathological amyloid-beta and tau proteins as well
as delaying the onset of dementia [87]. Also, Lin et al. evaluated the ability of neprilysin expressing mRNA-loaded
polyplex nano micelles for degradation of amyloid-beta in the mouse brain via intracerebroventricular infusion to the
3rd ventricle. The results revealed a considerable attenuation of amyloid-beta 40 concentration and the neprilysin
expression augmentation in the brain tissue [88]. In the context of siRNA therapy, co-delivery of β-site amyloid
precursor protein cleaving enzyme–1 siRNA plus donepezil, and memantine with liposomes for Alzheimer’s disease
therapy have also been investigated, in vitro. The therapeutic agents including siRNA were effectively delivered
intracellularly and the fabricated liposomes showed the potential to overcome tight junctions in the blood-brain
barrier in addition to reducing amyloid-beta plaque accumulation and pro-inflammatory cytokine expression [89].
Furthermore, cyclin-dependent kinase inhibitor 2A (p16ink4a)-siRNA-loaded poly (D, L-lactic-co-glycolic acid) (PLGA)
nanoparticles showed enhanced p16ink4a  expression in microglia near the amyloid plaques in brain tissue from
Alzheimer’s disease patients and mice models and microglia with enhanced amyloid phagocytic capacity
transformation via cell cycle regulation as well as cell growth augmentation were also observed. Together,
nanoparticle-based delivery of p16ink4a siRNA contributed to a significant decrease in the number of aged microglia
surrounding the plaques and amyloid plaque formation, leading to reversed learning destruction and spatial
memory deficits [90].

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/osteoarthritis
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Brain Disorders

Despite all advancements in the treatment of neuropathological conditions like brain tumors, efficient delivery of
therapeutic agents remains unsuccessful due to the presence and traffic regulatory profile of three main
physiological barriers including the blood-brain barrier and the blood-leptomeningeal barrier between the central
nervous system and the bloodstream, plus blood-cerebrospinal fluid barrier between choroid plexus stroma and
cerebrospinal fluid inside the ventricles [91]. Among these barriers, the blood-brain barrier plays a crucial role in
impeding the delivery of therapeutic molecules from blood to the brain and its malfunction is responsible for almost
all brain pathological conditions. However, the existence of different receptors and transporters on the blood-brain
barrier enables brain-targeting drug delivery via receptor-mediated transcytosis and carrier-mediated transportation
mechanisms [92]. Although the application of different nanotechnology-based strategies for efficient brain delivery
has been growing in recent decades, still there is no FDA-approved nano-delivery system for brain disorders mostly
due to the brain tissue vulnerability, intricacy of the disease nature, plus physiological barriers. Nevertheless,
nanoparticles’ parameters especially their composition are proved to have important effects on drug transportation
through the blood-brain barrier [93]. Studies demonstrated that some strategies including nanoparticles’ size control,
surface functionalization, and co-delivery of mucolytic agents result in the prevention of the bio-nano interactions
between pulmonary delivered nanocarriers and the physiological barriers which lead to inhibition of the
nanoparticles’ effective release in the targeted tissue [94]. To date, different nanoformulations including liposomes
and nano micelles have been employed for improved transportation of the therapeutic agents through the blood-
brain barrier [95]. In a study, Abbasi et al. investigated the genome editor properties of CRISPR-associated protein 9
(cas9) mRNA and single guide RNA-loaded nano micelles in mice brains. In this experiment, intraparenchymal
injection of polyplex nano micelle in mice’s cerebral cortex resulted in enhanced genome editing in mouse brain
parenchymal cells like astrocytes and microglia plus a higher rate of nano micelles’ dissemination in the brain tissue
[96]. Furthermore, the application of polyethylene glycol-coated polyplex micelles, encapsulating bundled mRNA
which was made through the hybridization of mRNA strands with RNA oligonucleotide cross-linkers, represented
increased nano micelles’ stability against ribonuclease activity and polyion exchange reaction plus improved mouse
blood circulation stability [97].

Gastrointestinal Diseases

Various factors including environmental conditions, genetic alterations, and the interactions between the gut
bacterium and the host’s immune system are responsible for pathologies like inflammatory bowel disease (IBD) in
the human gastrointestinal pathway. Due to the side effects accompanied by the consumption of anti-inflammatory
and immune suppressive medications including toxicity issues and insufficient drug delivery to the target sites,
nanotechnology-based therapies have been applied for more precise drug transmission with the lowest rate of
systematic injuries [98, 99]. To evaluate the efficacy of mRNA delivery systems for improved treatment of
gastrointestinal disorders, a study by Patel et al. has investigated the effects of incorporating bile acids, instead of
cholesterol, into a series of lipid nanoparticle formulations on the biodistribution and relative expression of mRNA
cargo in several organs including liver, spleen, kidneys, small and large intestine, and stomach of mice models
following intravenous or intraperitoneal injection. The results showed that these bile-acid-containing lipid
nanoparticles reduce delivery to liver cells in vitro and improve delivery in various other cell types, including T cells, B
cells, and epithelial cells. Of note, substituting cholic acid for cholesterol in a lipid nanoparticle containing an
ionizable lipid, C12–200 containing Cholic Acid–100, shifts the mRNA delivery from the liver to the spleen (greater
spleen mRNA expression than liver mRNA expression, indicating primarily spleen delivery), suggesting that this cholic
acid replacement strategy could be promising for an extrahepatic mRNA therapy for improved gastrointestinal or
immune cell delivery in different health issues including gastrointestinal disorders [100]. Regarding IBD treatment,
the application of mRNA–1273 vaccine in tumor necrosis factor inhibitor-treated IBD patients who have had an
experience of SARS-CoV–2, revealed significant induction of spike-specific CD8+ T cell responses with a predominant
central memory and activated phenotype, making this vaccination suitable as a potential therapy for this disease [15].
Moreover, polymer and dendrimer modified-small-sized graphene oxide nanoparticles embedding tumor necrosis
factor-α siRNA have been fabricated and utilized for investigating their therapeutic potency in organotypic mouse
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models of chronic inflammation in small and large intestines, induced by inflammatory agents interleukin–1β, tumor
necrosis factor-α, and lipopolysaccharide. The results demonstrated that the high transfection efficiency of these
nano vehicles leads to the downregulation of pro-inflammatory cytokines and inflammation reduction [101]. Also,
Chen et al. formulated a polyphenol-based nanosystem to be administered via rectal in dextran sulfate sodium salt-
induced acute and chronic ulcerative colitis mice models. The results revealed interleukin–10 upregulation and
inflammatory agents’ expression hindrance, plus improved protection of colonic epithelial cells against apoptosis
which makes this nanoformulation potential for ulcerative colitis treatment via mRNA delivery [102].

CONCLUSION AND FUTURE PROSPECTS

Nucleic acid-based therapies, especially mRNAs and siRNAs, have been gaining considerable attention in biomedical
fields of science and for the treatment of a wide range of human health problems including neurodegenerative
disorders, inflammations, cancers, etc. However, attributed to the immunogenicity, high sensitivity to nuclease
enzymes, and low half-life of RNA molecules, different nanotechnology-based strategies like polymeric and lipid-
based nanoparticles have been utilized for their encapsulation to achieve precise targeting, prolonged circulation
time, and controlled release.
However, to realize the potency of RNA delivery by various nanosystems, more investigation is needed to correlate
the findings in the laboratory to clinical trials since despite all advancements in RNA-based therapies, specifically for
vaccine developments, the production processes are still limited to bench-scale methods rather than being suitable
for clinical applications and this is one of the main challenges in this field. Nevertheless, some key factors like
employing representative animal models for preclinical evaluations, intellectual drug delivery design, and having
specific protocols to be applied in clinical trials could be effective in proceeding with the nanotechnology-based
research to the clinical administration. According to the limitations of nomedicine development and application in
various health issues, it is essential to have a good knowledge of the main barriers and future demands to attain
better results.

STATEMENTS AND DECLARATIONS 

Authors’ Contributions

Conceptualization and Writing—Original Draft: M Motallebi; Writing—Review & Editing: M Motallebi; S Malyen; G Ao

Competing Interests

The authors declare no competing interests.

Ethics Approval

Not Applicable.

Data Availability

Not Applicable.

Funding

This article has received no funding.

AUTHORS’ INFORMATION

Mahzad Motallebi—Nanomedicine Research Association (NRA), Universal Scientific Education and Research
Network (USERN), Tehran 7616911319, Iran;

orcid.org/0000-0003-4758-1685
Samira Malyen—Nasibeh School of Nursing and Midwifery, Mazandaran University of Medical Sciences, Sari, Iran;

https://orcid.org/0000-0003-4758-1685
https://orcid.org/0000-0003-4758-1685


Materials Chemistry Horizons | 2024, 3, 1066 10 of 15

Geriletu Ao—The Research and Development Center of endoscopic instruments engineering in Zhejiang province,
The Quzhou Affiliated Hospital of Wenzhou Medical University, Quzhou People’s Hospital, Quzhou 324000, Zhejiang
Province, China;

orcid.org/0009-0003-9758-6895

REFERENCES

[1] F.A. Wang D, Biochemistry, RNA Structure., [Updated 2023 Jul 29]. In: StatPearls [Internet]. Treasure Island (F
L): StatPearls Publishing; 2024 Jan.

[2] R.C. Spitale, D. Incarnato, Probing the dynamic RNA structurome and its functions, Nature Reviews Genetics
24(3) (2023) 178-196.

[3] N. Rabiee, S. Ahmadi, Z. Arab, M. Bagherzadeh, M. Safarkhani, B. Nasseri, M. Rabiee, M. Tahriri, T.J. Webster,
L. Tayebi, Aptamer Hybrid Nanocomplexes as Targeting Components for Antibiotic/Gene Delivery Systems a
nd Diagnostics: A Review, International Journal of Nanomedicine 15(null) (2020) 4237-4256.

[4] N. Pardi, M.J. Hogan, R.S. Pelc, H. Muramatsu, H. Andersen, C.R. DeMaso, K.A. Dowd, L.L. Sutherland, R.M. Sc
earce, R. Parks, W. Wagner, A. Granados, J. Greenhouse, M. Walker, E. Willis, J.S. Yu, C.E. McGee, G.D. Sempow
ski, B.L. Mui, Y.K. Tam, Y.J. Huang, D. Vanlandingham, V.M. Holmes, H. Balachandran, S. Sahu, M. Lifton, S. Hig
gs, S.E. Hensley, T.D. Madden, M.J. Hope, K. Kariko, S. Santra, B.S. Graham, M.G. Lewis, T.C. Pierson, B.F. Hayn
es, D. Weissman, Zika virus protection by a single low-dose nucleoside-modified mRNA vaccination, Nature 5
43(7644) (2017) 248-251.

[5] O.V. Sergeeva, V.E. Koteliansky, T.S. Zatsepin, mRNA-Based Therapeutics - Advances and Perspectives, Bioche
mistry. Biokhimiia 81(7) (2016) 709-22.

[6] Q. Xiong, G.Y. Lee, J. Ding, W. Li, J. Shi, Biomedical applications of mRNA nanomedicine, Nano Res 11(10) (201
8) 5281-5309.

[7] I. Gomez-Aguado, J. Rodriguez-Castejon, M. Vicente-Pascual, A. Rodriguez-Gascon, M.A. Solinis, A. Del Pozo-R
odriguez, Nanomedicines to Deliver mRNA: State of the Art and Future Perspectives, Nanomaterials 10(2) (20
20).

[8] S. Patel, A. Athirasala, P.P. Menezes, N. Ashwanikumar, T. Zou, G. Sahay, L.E. Bertassoni, Messenger RNA Deliv
ery for Tissue Engineering and Regenerative Medicine Applications, Tissue engineering. Part A 25(1-2) (2019)
91-112.

[9] H. Parhiz, E.N. Atochina-Vasserman, D. Weissman, mRNA-based therapeutics: looking beyond COVID-19 vacci
nes, The Lancet 403(10432) (2024) 1192-1204.

[10] S. Mir, M. Mir, The mRNA vaccine, a swift warhead against a moving infectious disease target, Expert Review
of Vaccines 23(1) (2024) 336-348.

[11] G. Shen, J. Liu, H. Yang, N. Xie, Y. Yang, mRNA therapies: Pioneering a new era in rare genetic disease treatme
nt, Journal of Controlled Release 369 (2024) 696-721.

[12] H.A. Kenoosh, H. Pallathadka, A. Hjazi, A.M.B. Al‐Dhalimy, S.A. Zearah, P. Ghildiyal, Z.I. Al‐Mashhadani, Y.F. Mu
stafa, M.M. Hizam, A. Elawady, Recent advances in mRNA‐based vaccine for cancer therapy; bench to bedsid
e, Cell Biochemistry and Function 42(2) (2024) e3954.

[13] H. Cai, Y. Pang, Z. Ren, X. Fu, L. Jia, Delivering synaptic protein mRNAs via extracellular vesicles ameliorates c
ognitive impairment in a mouse model of Alzheimer’s disease, BMC medicine 22(1) (2024) 138.

[14] J.D. Portillo-Miño, D. Bettin-Gonzalez, F.A.M. Coral, mRNA vaccines in gastric cancer: How close are we?, Vacu
nas (English Edition) 25(1) (2024) 88-96.

https://orcid.org/0009-0003-9758-6895
https://orcid.org/0009-0003-9758-6895


Materials Chemistry Horizons | 2024, 3, 1066 11 of 15

[15] J. van den Dijssel, M.C. Duurland, V.A.L. Konijn, L.Y.L. Kummer, R.R. Hagen, L.H. Kuijper, L. Wieske, K.P.J. van Da
m, E.W. Stalman, M. Steenhuis, D.M. Geerdes, J.Y. Mok, A.H.M. Kragten, C. Menage, L. Koets, B. Veldhuisen, N.
J.M. Verstegen, C.E. van der Schoot, W.J.E. van Esch, G.R.A.M. D'Haens, M. Löwenberg, A.G. Volkers, T. Rispen
s, T.W. Kuijpers, F. Eftimov, K.P.J.M. van Gisbergen, S.M. van Ham, A. ten Brinke, C.E. van de Sandt, R.C.F. van A
llaart, A.E. Baars, M.W. Bekkenk, F.J. Bemelman, L. Boekel, A.V. Bos, A.L. Bosma, B. Broens, E. Brusse, M.H. Bu
sch, O. Cristianawati, P.A. van Doorn, G. Elias, C.A.C.M. van Els, M.J. van Gils, H.S. Goedee, D.J. Hijnen, M.L. Hil
horst, B. Horváth, P.B.P. Jallah, R. de Jongh, E.S. Mirfazeli, A.H. Musters, J.B.D. Keijser, Z.L.E. van Kempen, J. Kill
estein, C. Kreher, K. de Leeuw, A.J. van der Kooi, L. van Ouwerkerk, P. van Paassen, V.P. Cabeza, A.R. Parra San
chez, W. Ludo van der Pol, N.F. Post, J. Raaphorst, A.M. Ruiter, A. Rutgers, C.R.G. Schreurs, P.I. Spuls, R.B. Takk
enberg, S.W. Tas, Y.K.O. Teng, Y. Vegting, J.J.G.M. Verschuuren, A.E. Voskuyl, J. de Wit, G.J. Wolbink, D. van der
Woude, K.A.H. Zwinderman, mRNA-1273 vaccinated inflammatory bowel disease patients receiving TNF inhi
bitors develop broad and robust SARS-CoV-2-specific CD8+ T cell responses, Journal of Autoimmunity 144 (20
24) 103175.

[16] K.A. Muenzebrock, F.Y.W. Ho, A.P. Pontes, C. Jorquera-Cordero, L. Utomo, J.P. Garcia, P.C. Willems, T.J.M. Weltin
g, J. Rip, L.B. Creemers, Polymeric Nanoparticles Enable mRNA Transfection and Its Translation in Interverteb
ral Disc and Human Joint Cells, Except for M1 Macrophages, Pharmaceutics, 2024.

[17] Q. Shuai, F. Zhu, M. Zhao, Y. Yan, mRNA delivery via non-viral carriers for biomedical applications, Int J Pharm
607 (2021) 121020.

[18] Z. Eftekhari, H. Zohrabi, A. Oghalaie, T. Ebrahimi, F.S. Shariati, M. Behdani, F. Kazemi-Lomedasht, Advanceme
nts and challenges in mRNA and ribonucleoprotein-based therapies: From delivery systems to clinical applic
ations, Molecular Therapy - Nucleic Acids 35(3) (2024).

[19] Y. Shi, X. Zhen, Y. Zhang, Y. Li, S. Koo, Q. Saiding, N. Kong, G. Liu, W. Chen, W. Tao, Chemically Modified Platfor
ms for Better RNA Therapeutics, Chemical Reviews 124(3) (2024) 929-1033.

[20] W.S.S. Goh, Y. Kuang, Heterogeneity of chemical modifications on RNA, Biophysical Reviews 16(1) (2024) 79-8
7.

[21] R. Rodell, N. Robalin, N.M. Martinez, Why U matters: detection and functions of pseudouridine modifications
in mRNAs, Trends in Biochemical Sciences 49(1) (2024) 12-27.

[22] P. Huang, H. Deng, C. Wang, Y. Zhou, X. Chen, Cellular Trafficking of Nanotechnology‐Mediated mRNA Deliver
y, Advanced Materials 36(13) (2024) 2307822.

[23] A.C. Anselmo, S. Mitragotri, Nanoparticles in the clinic: An update post COVID-19 vaccines, Bioeng Transl Me
d  (2021) e10246.

[24] H.J. Kim, S.K. Seo, H.Y. Park, Physical and chemical advances of synthetic delivery vehicles to enhance mRNA
vaccine efficacy, Journal of controlled release : official journal of the Controlled Release Society 345 (2022) 40
5-416.

[25] L. Miao, Y. Zhang, L. Huang, mRNA vaccine for cancer immunotherapy, Molecular cancer 20(1) (2021) 41.
[26] R.E. De La Vega, M. van Griensven, W. Zhang, M.J. Coenen, C.V. Nagelli, J.A. Panos, C.J. Peniche Silva, J. Geiger,

C. Plank, C.H. Evans, E.R. Balmayor, Efficient healing of large osseous segmental defects using optimized che
mically modified messenger RNA encoding BMP-2, Science advances 8(7) (2022) eabl6242.

[27] H. Yokoo, M. Oba, S. Uchida, Cell-Penetrating Peptides: Emerging Tools for mRNA Delivery, Pharmaceutics 14
(1) (2021).

[28] M. Safarkhani, N. Dana, F. Taghavimandi, M. Najaflu, Y. Esmaeili, E.N. Zare, Y.S. Huh, I. Rahimmanesh, P. Makv
andi, Y. Xu, X. Jin, Exploring metal-organic frameworks in gene delivery: From prostate to lung therapeutics,
Applied Materials Today 41 (2024) 102449.

[29] M. Bagherzadeh, M. Safarkhani, M. Kiani, F. Radmanesh, H. Daneshgar, A.M. Ghadiri, F. Taghavimandi, Y. Fata
hi, N. Safari-Alighiarloo, S. Ahmadi, N. Rabiee, MIL-125-based nanocarrier decorated with Palladium complex
for targeted drug delivery, Scientific Reports 12(1) (2022) 12105.

[30] R. Saha, The Potential Utilization of Sirna Based Therapeutics and Its Inventive Biotechnological Developmen
t, Biotechnology and Biological Sciences 3 (2024).

[31] M.D. Pérez-Carrión, I. Posadas, V. Ceña, Nanoparticles and siRNA: A new era in therapeutics?, Pharmacologic
al Research 201 (2024) 107102.

[32] Y. Choi, S.H. Seok, H.Y. Yoon, J.H. Ryu, I.C. Kwon, Advancing cancer immunotherapy through siRNA-based gen
e silencing for immune checkpoint blockade, Advanced Drug Delivery Reviews 209 (2024) 115306.



Materials Chemistry Horizons | 2024, 3, 1066 12 of 15

[33] W. Liang, Y. Luo, A. Xu, J. Chu, W. Ji, L. Wang, Y. Gu, X. Lu, A. Hou, Y. Liu, J. Gao, Y. Yin, Advances in carrier-deliv
ered small interfering RNA based therapeutics for treatment of neurodegenerative diseases, Biomaterials Sci
ence 12(19) (2024) 4927-4945.

[34] G. Han, H. Kim, H. Jang, E.S. Kim, S.H. Kim, Y. Yang, Oral TNF-α siRNA delivery via milk-derived exosomes for e
ffective treatment of inflammatory bowel disease, Bioactive Materials 34 (2024) 138-149.

[35] H. Motamedi, M.M. Ari, A. Alvandi, R. Abiri, Principle, application and challenges of development siRNA-base
d therapeutics against bacterial and viral infections: a comprehensive review, Frontiers in Microbiology 15 (2
024).

[36] P. Singh, M. Singh, B. Singh, K. Sharma, N. Kumar, D. Singh, H.S. Klair, S. Mastana, Implications of siRNA Thera
py in Bone Health: Silencing Communicates, Biomedicines, 2024.

[37] S. Liao, Z. Liu, W. Lv, S. Li, T. Tian, Y. Wang, H. Wu, Z.-H. Zhao, Y. Lin, Efficient Delivery of siRNA via Tetrahedral
Framework Nucleic Acids: Inflammation Attenuation and Matrix Regeneration in Temporomandibular Joint O
steoarthritis, ACS Applied Materials & Interfaces  (2024).

[38] N. Jayaswal, S. Srivastava, S. Kumar, S. Belagodu Sridhar, A. Khalid, A. Najmi, K. Zoghebi, H.A. Alhazmi, S. Moh
an, M.M. Tambuwala, Precision arrows: Navigating breast cancer with nanotechnology siRNA, International J
ournal of Pharmaceutics 662 (2024) 124403.

[39] K. Ita, Polyplexes for gene and nucleic acid delivery: Progress and bottlenecks, European journal of pharmac
eutical sciences : official journal of the European Federation for Pharmaceutical Sciences 150 (2020) 105358.

[40] R.L. Siegel, K.D. Miller, H.E. Fuchs, A. Jemal, Cancer statistics, 2022, CA: a cancer journal for clinicians 72(1) (20
22) 7-33.

[41] S.M. Schwartz, Epidemiology of Cancer, Clinical Chemistry 70(1) (2024) 140-149.

[42] D. Hanahan, Hallmarks of Cancer: New Dimensions, Cancer discovery 12(1) (2022) 31-46.
[43] D. Crosby, S. Bhatia, K.M. Brindle, L.M. Coussens, C. Dive, M. Emberton, S. Esener, R.C. Fitzgerald, S.S. Gambhi

r, P. Kuhn, T.R. Rebbeck, S. Balasubramanian, Early detection of cancer, Science 375(6586) (2022) eaay9040.
[44] N. Sharma, K. Bietar, U. Stochaj, Targeting nanoparticles to malignant tumors, Biochimica et biophysica acta.

Reviews on cancer 1877(3) (2022) 188703.

[45] V. Gowd, A. Ahmad, M. Tarique, M. Suhail, T.A. Zughaibi, S. Tabrez, R. Khan, Advancement of cancer immunot
herapy using nanoparticles-based nanomedicine, Seminars in cancer biology  (2022).

[46] X. Shan, X. Gong, J. Li, J. Wen, Y. Li, Z. Zhang, Current approaches of nanomedicines in the market and variou
s stage of clinical translation, Acta Pharmaceutica Sinica B  (2022).

[47] X. Qian, X. Xu, Y. Wu, J. Wang, J. Li, S. Chen, J. Wen, Y. Li, Z. Zhang, Strategies of engineering nanomedicines fo
r tumor retention, Journal of controlled release : official journal of the Controlled Release Society 346 (2022)
193-211.

[48] J. Kaur, M. Gulati, N.K. Jha, J. Disouza, V. Patravale, K. Dua, S.K. Singh, Recent advances in developing polymeri
c micelles for treating cancer: Breakthroughs and bottlenecks in their clinical translation, Drug discovery tod
ay  (2022).

[49] J.N. Tiwari, K. Kumar, M. Safarkhani, M. Umer, A.E. Vilian, A. Beloqui, G. Bhaskaran, Y.S. Huh, Y.K. Han, Materia
ls Containing Single‐, Di‐, Tri‐, and Multi‐Metal Atoms Bonded to C, N, S, P, B, and O Species as Advanced Cata
lysts for Energy, Sensor, and Biomedical Applications, Advanced Science  (2024) 2403197.

[50] A. Bigham, A. Zarepour, M. Safarkhani, Y. Huh, A. Khosravi, N. Rabiee, S. Iravani, A. Zarrabi, Inspired by natur
e: Bioinspired and biomimetic photocatalysts for biomedical applications, Nano Materials Science  (2024).

[51] M. Kiani, M. Bagherzadeh, Y. Fatahi, H. Daneshgar, M. Safarkhani, G. Salehi, P. Makvandi, M.R. Saeb, E.C. Lim
a, N. Rabiee, Successive cytotoxicity control by evolutionary surface decorated electronic push-pull green Zn
Cr-LDH nanostructures: Drug delivery enlargement for targeted breast cancer chemotherapy, OpenNano 8
(2022) 100093.

[52] W. Chen, Y. Zhu, J. He, X. Sun, Path towards mRNA delivery for cancer immunotherapy from bench to bedsid
e, Theranostics 14(1) (2024) 96-115.

[53] Y. Qu, J. Xu, T. Zhang, Q. Chen, T. Sun, C. Jiang, Advanced nano-based strategies for mRNA tumor vaccine, Act
a Pharmaceutica Sinica B 14(1) (2024) 170-189.

[54] S. Tadic, A. Martínez, Nucleic acid cancer vaccines targeting tumor related angiogenesis. Could mRNA vaccin
es constitute a game changer?, Frontiers in Immunology 15 (2024).

[55] F. Goyal, A. Chattopadhyay, U. Navik, A. Jain, P.H. Reddy, G.K. Bhatti, J.S. Bhatti, Advancing Cancer Immunothe
rapy: The Potential of mRNA Vaccines As a Promising Therapeutic Approach, Advanced Therapeutics 7(2) (20
24) 2300255.



Materials Chemistry Horizons | 2024, 3, 1066 13 of 15

[56] N. Wang, X. Liu, X. Ma, T. Wang, Chapter 12 - Liposomes as vaccine delivery systems, in: S.G. Antimisiaris (E
d.), Liposomes in Drug Delivery, Academic Press2024, pp. 275-302.

[57] W. Li, C. Wang, Y. Zhang, Y. Lu, Lipid Nanocarrier‐Based mRNA Therapy: Challenges and Promise for Clinical T
ransformation, Small  (2024) 2310531.

[58] L. Wu, X. Li, X. Qian, S. Wang, J. Liu, J. Yan, Lipid Nanoparticle (LNP) Delivery Carrier-Assisted Targeted Control
led Release mRNA Vaccines in Tumor Immunity, Vaccines 12(2) (2024) 186.

[59] H.R. Mendez-Gomez, A. DeVries, P. Castillo, C. von Roemeling, S. Qdaisat, B.D. Stover, C. Xie, F. Weidert, C. Zha
o, R. Moor, R. Liu, D. Soni, E. Ogando-Rivas, J. Chardon-Robles, J. McGuiness, D. Zhang, M.C. Chung, C. Marcon
i, S. Michel, A. Barpujari, G.W. Jobin, N. Thomas, X. Ma, Y. Campaneria, A. Grippin, A. Karachi, D. Li, B. Sahay, L.
Elliott, T.P. Foster, K.E. Coleman, R.J. Milner, W.G. Sawyer, J.A. Ligon, E. Simon, B. Cleaver, K. Wynne, M. Hodik,
A.M. Molinaro, J. Guan, P. Kellish, A. Doty, J.-H. Lee, T. Massini, J.L. Kresak, J. Huang, E.I. Hwang, C. Kline, S. Car
rera-Justiz, M. Rahman, S. Gatica, S. Mueller, M. Prados, A.P. Ghiaseddin, N.L. Silver, D.A. Mitchell, E.J. Sayour, R
NA aggregates harness the danger response for potent cancer immunotherapy, Cell 187(10) (2024) 2521-253
5.e21.

[60] A.E. Metzloff, M.S. Padilla, N. Gong, M.M. Billingsley, X. Han, M. Merolle, D. Mai, C.G. Figueroa‐Espada, A.S. Th
atte, R.M. Haley, Antigen presenting cell mimetic lipid nanoparticles for rapid mRNA CAR T cell cancer immun
otherapy, Advanced Materials  (2024) 2313226.

[61] T.A. Tockary, S. Abbasi, M. Masai, N. Yoshinaga, S. Fukushima, K. Kataoka, S. Uchida, Tethering designer short
double-stranded RNA to mRNA for co-delivery of molecularly-targeted adjuvants and antigens towards canc
er vaccination, bioRxiv  (2022) 2022.01.18.476829.

[62] S. Sunoqrot, S.A. Abdel Gaber, R. Abujaber, M. Al-Majawleh, S. Talhouni, Lipid-and polymer-based nanocarrier
platforms for cancer vaccine delivery, ACS Applied Bio Materials  (2024).

[63] Q. Wan, Y. Sun, X. Sun, Z. Zhou, Rational design of polymer-based mRNA delivery systems for cancer treatme
nt, Polymer Chemistry 15(24) (2024) 2437-2456.

[64] N.D. Le, B.L. Nguyen, B.R. Patil, H. Chun, S. Kim, T.O.O. Nguyen, S. Mishra, S. Tandukar, J.-H. Chang, D.Y. Kim, A
ntiangiogenic Therapeutic mRNA Delivery Using Lung-Selective Polymeric Nanomedicine for Lung Cancer Tr
eatment, ACS nano 18(11) (2024) 8392-8410.

[65] S.Y. Neshat, C.H.R. Chan, J. Harris, O.M. Zmily, S. Est-Witte, J. Karlsson, S.R. Shannon, M. Jain, J.C. Doloff, J.J. Gre
en, S.Y. Tzeng, Polymeric nanoparticle gel for intracellular mRNA delivery and immunological reprogrammin
g of tumors, Biomaterials 300 (2023) 122185.

[66] N. Kong, R. Zhang, G. Wu, X. Sui, J. Wang, N.Y. Kim, S. Blake, D. De, T. Xie, Y. Cao, W. Tao, Intravesical delivery
of KDM6A-mRNA via mucoadhesive nanoparticles inhibits the metastasis of bladder cancer, Proceedings of t
he National Academy of Sciences of the United States of America 119(7) (2022).

[67] N.N. Parayath, S.B. Stephan, A.L. Koehne, P.S. Nelson, M.T. Stephan, In vitro-transcribed antigen receptor mR
NA nanocarriers for transient expression in circulating T cells in vivo, Nature communications 11(1) (2020) 60
80.

[68] C. Fornaguera, M. Guerra-Rebollo, M. Angel Lazaro, C. Castells-Sala, O. Meca-Cortes, V. Ramos-Perez, A. Casc
ante, N. Rubio, J. Blanco, S. Borros, mRNA Delivery System for Targeting Antigen-Presenting Cells In Vivo, Adv
anced healthcare materials 7(17) (2018) e1800335.

[69] A.L. Coolen, C. Lacroix, P. Mercier-Gouy, E. Delaune, C. Monge, J.Y. Exposito, B. Verrier, Poly(lactic acid) nanopa
rticles and cell-penetrating peptide potentiate mRNA-based vaccine expression in dendritic cells triggering t
heir activation, Biomaterials 195 (2019) 23-37.

[70] L. Reyna-Lázaro, A. Morales-Becerril, L. Aranda-Lara, K. Isaac-Olivé, B. Ocampo-García, B. Gibbens-Bandala,
O. Olea-Mejía, E. Morales-Avila, Pharmaceutical Nanoplatforms Based on Self-nanoemulsifying Drug Delivery
Systems for Optimal Transport and Co-delivery of siRNAs and Anticancer Drugs, Journal of Pharmaceutical Sc
iences 113(7) (2024) 1907-1918.

[71] M. Mehta, T.A. Bui, A. Care, W. Deng, Targeted polymer lipid hybrid nanoparticles for in-vitro siRNA therapy i
n triple-negative breast cancer, Journal of Drug Delivery Science and Technology 98 (2024) 105911.

[72] X. Wan, C. Chen, J. Zhan, S. Ye, R. Li, M. Shen, Dendritic polylysine co-delivery of paclitaxel and siAXL enhance
s the sensitivity of triple-negative breast cancer chemotherapy, Frontiers in Bioengineering and Biotechnolo
gy 12 (2024).

[73] S. Lin, H. Jing, X. Du, X. Yang, J. Wang, Optimization of lipid assisted polymeric nanoparticles for siRNA deliver
y and cancer immunotherapy, Biomaterials Science 12(8) (2024) 2057-2066.



Materials Chemistry Horizons | 2024, 3, 1066 14 of 15

[74] S.W. Kang, O.-J. Kang, J.-y. Lee, H. Kim, H. Jung, H. Kim, S.-W. Lee, Y.M. Kim, E.K. Choi, Evaluation of the anti-ca
ncer efficacy of lipid nanoparticles containing siRNA against HPV16 E6/E7 combined with cisplatin in a xenog
raft model of cervical cancer, Plos one 19(2) (2024) e0298815.

[75] M. Safarkhani, A. Ojaghi, S.M. Nezhad, H. Daneshgar, A.C. Paiva-Santos, F. Radmanesh, M. Bagherzadeh, E.N.
Zare, N. Rabiee, P. Makvandi, Engineered (NH2)-MIL-125(Ti)/copolymer@MnFe2O4 nanocomposite for synerg
istic eradication of cancer cells via DOX/pCRISPR delivery, Advanced Composites and Hybrid Materials 7(1) (2
024) 18.

[76] R. Wu, F. Sun, W. Zhang, J. Ren, G.-H. Liu, Targeting aging and age-related diseases with vaccines, Nature Agi
ng 4(4) (2024) 464-482.

[77] D. Feng, Y. Xiao, J. Wang, R. Wu, Z. Tuo, K.H. Yoo, W. Wei, D. Wusiman, Z. Wang, D. Li, Unraveling links betwee
n aging, circadian rhythm and cancer: Insights from evidence-based analysis, Chinese Journal of Cancer Rese
arch 36(3) (2024) 341.

[78] P.G. Cunha, M.H. Olsen, Vascular aging and cardiovascular disease, Early Vascular Aging (EVA), Elsevier2024,
pp. 19-32.

[79] J. Yang, J. Luo, X. Tian, Y. Zhao, Y. Li, X. Wu, Progress in Understanding Oxidative Stress, Aging, and Aging-Rel
ated Diseases, Antioxidants 13(4) (2024) 394.

[80] H. Wu, Z. Yao, H. Li, L. Zhang, Y. Zhao, Y. Li, Y. Wu, Z. Zhang, J. Xie, F. Ding, H. Zhu, Improving dermal fibroblas
t-to-epidermis communications and aging wound repair through extracellular vesicle-mediated delivery of G
stm2 mRNA, Journal of Nanobiotechnology 22(1) (2024) 307.

[81] D.F. Chang, K.A. Court, R. Holgate, E.A. Davis, K.A. Bush, A.P. Quick, A.J. Spiegel, M. Rahimi, J.P. Cooke, B. Godi
n, Telomerase mRNA Enhances Human Skin Engraftment for Wound Healing, Advanced Healthcare Materials
13(2) (2024) 2302029.

[82] H. Zhang, W. Yan, J. Wang, S. Xie, W.A. Tao, C.-W. Lee, X. Zhang, G. Zhang, Y. Liu, D. Wei, J. Hu, H. Liu, F. Liu, Y.
Nie, X. Chen, H. Xu, J. Xia, S. Wang, Surface functionalization of exosomes for chondrocyte-targeted siRNA del
ivery and cartilage regeneration, Journal of Controlled Release 369 (2024) 493-505.

[83] J. Zhang, Y. Zhang, J. Wang, Y. Xia, J. Zhang, L. Chen, Recent advances in Alzheimer’s disease: mechanisms, cli
nical trials and new drug development strategies, Signal Transduction and Targeted Therapy 9(1) (2024) 211.

[84] E. Liu, Y. Zhang, J.-Z. Wang, Updates in Alzheimer's disease: from basic research to diagnosis and therapies, T
ranslational Neurodegeneration 13(1) (2024) 45.

[85] R. Taliyan, V. Kakoty, K.C. Sarathlal, S.S. Kharavtekar, C.R. Karennanavar, Y.K. Choudhary, G. Singhvi, Y. Riadi, S.
K. Dubey, P. Kesharwani, Nanocarrier mediated drug delivery as an impeccable therapeutic approach against
Alzheimer's disease, Journal of controlled release : official journal of the Controlled Release Society 343 (202
2) 528-550.

[86] B. Wilson, K.M. Geetha, Neurotherapeutic applications of nanomedicine for treating Alzheimer's disease, Jou
rnal of controlled release : official journal of the Controlled Release Society 325 (2020) 25-37.

[87] A. Hovakimyan, G. Chilingaryan, O. King, J.K. Capocchi, J.P. Chadarevian, H. Davtyan, R. Kniazev, M.G. Agadjan
yan, A. Ghochikyan, mRNA Vaccine for Alzheimer’s Disease: Pilot Study, Vaccines 12(6) (2024) 659.

[88] C.Y. Lin, F. Perche, M. Ikegami, S. Uchida, K. Kataoka, K. Itaka, Messenger RNA-based therapeutics for brain di
seases: An animal study for augmenting clearance of beta-amyloid by intracerebral administration of neprily
sin mRNA loaded in polyplex nanomicelles, Journal of Controlled Release 235 (2016) 268-275.

[89] D. Lee, A.M. Shen, O.B. Garbuzenko, T. Minko, Liposomal Formulations of Anti-Alzheimer Drugs and siRNA fo
r Nose-to-Brain Delivery: Design, Safety and Efficacy In Vitro, The AAPS Journal 26(5) (2024) 99.

[90] H.J. Shin, I.S. Kim, S.G. Choi, K. Lee, H. Park, J. Shin, D. Kim, J. Beom, Y.Y. Yi, D.P. Gupta, G.J. Song, W.-S. Chung,
C.J. Lee, D.W. Kim, Rejuvenating aged microglia by p16ink4a-siRNA-loaded nanoparticles increases amyloid-β
clearance in animal models of Alzheimer’s disease, Molecular Neurodegeneration 19(1) (2024) 25.

[91] M. Charabati, J.M. Rabanel, C. Ramassamy, A. Prat, Overcoming the Brain Barriers: From Immune Cells to Na
noparticles, Trends in pharmacological sciences 41(1) (2020) 42-54.

[92] L. Han, C. Jiang, Evolution of blood-brain barrier in brain diseases and related systemic nanoscale brain-targe
ting drug delivery strategies, Acta pharmaceutica Sinica. B 11(8) (2021) 2306-2325.

[93] T.D. Brown, N. Habibi, D. Wu, J. Lahann, S. Mitragotri, Effect of Nanoparticle Composition, Size, Shape, and Sti
ffness on Penetration Across the Blood-Brain Barrier, ACS biomaterials science & engineering 6(9) (2020) 491
6-4928.



Materials Chemistry Horizons | 2024, 3, 1066 15 of 15

[94] W. Wang, Z. Huang, Y. Huang, X. Zhang, J. Huang, Y. Cui, X. Yue, C. Ma, F. Fu, W. Wang, C. Wu, X. Pan, Pulmona
ry Delivery Nanomedicines Towards Circumventing Physiological Barriers: Strategies and Characterization A
pproaches, Advanced drug delivery reviews  (2022) 114309.

[95] X. Niu, J. Chen, J. Gao, Nanocarriers as a powerful vehicle to overcome blood-brain barrier in treating neurod
egenerative diseases: Focus on recent advances, Asian journal of pharmaceutical sciences 14(5) (2019) 480-4
96.

[96] S. Abbasi, S. Uchida, K. Toh, T.A. Tockary, A. Dirisala, K. Hayashi, S. Fukushima, K. Kataoka, Co-encapsulation o
f Cas9 mRNA and guide RNA in polyplex micelles enables genome editing in mouse brain, Journal of controll
ed release : official journal of the Controlled Release Society 332 (2021) 260-268.

[97] K. Koji, N. Yoshinaga, Y. Mochida, T. Hong, T. Miyazaki, K. Kataoka, K. Osada, H. Cabral, S. Uchida, Bundling of
mRNA strands inside polyion complexes improves mRNA delivery efficiency in vitro and in vivo, Biomaterials
261 (2020) 120332.

[98] E.M. Jacob, A. Borah, S.C. Pillai, D.S. Kumar, Inflammatory Bowel Disease: The Emergence of New Trends in Lif
estyle and Nanomedicine as the Modern Tool for Pharmacotherapy, Nanomaterials 10(12) (2020).

[99] R. Nunes, J.D. Neves, B. Sarmento, Nanoparticles for the regulation of intestinal inflammation: opportunities
and challenges, Nanomedicine 14(19) (2019) 2631-2644.

[100] S.K. Patel, M.M. Billingsley, A.J. Mukalel, A.S. Thatte, A.G. Hamilton, N. Gong, R. El-Mayta, H.C. Safford, M. Mer
olle, M.J. Mitchell, Bile acid-containing lipid nanoparticles enhance extrahepatic mRNA delivery, Theranostics
14(1) (2024) 1-16.

[101] S. Sakib, S. Zou, Attenuation of Chronic Inflammation in Intestinal Organoids with Graphene Oxide-Mediated
Tumor Necrosis Factor-α_Small Interfering RNA Delivery, Langmuir 40(7) (2024) 3402-3413.

[102] Z. Chen, W. Hao, C. Gao, Y. Zhou, C. Zhang, J. Zhang, R. Wang, Y. Wang, S. Wang, A polyphenol-assisted IL-10
mRNA delivery system for ulcerative colitis, Acta Pharmaceutica Sinica B  (2022).


	Advances in Functional Organic-based Nanosystems for RNA Delivery, Targeting Different Organs
	ABSTRACT
	INTRODUCTION
	APPLICATION OF RNA-LOADED ORGANIC-BASED NANO VEHICLES IN DIFFERENT DISEASES
	Cancer
	Aging and Age-related Diseases
	Alzheimer’s Disease
	Brain Disorders
	Gastrointestinal Diseases

	CONCLUSION AND FUTURE PROSPECTS
	STATEMENTS AND DECLARATIONS
	Authors’ Contributions
	Competing Interests
	Ethics Approval
	Data Availability
	Funding

	AUTHORS’ INFORMATION
	REFERENCES


