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RNA-based therapeutics have emerged as
one of the most potent therapeutic options
used for the modulation of gene/protein
expression and gene editing with the
potential to treat neurodegenerative
diseases. However, the delivery of nucleic
acids to the central nervous system (CNS)
by the systemic route, remains a major
hurdle.

To overcome this pitfall, this review focuses on oligonucleotide-based novel strategies
including liposomes, carbon nanotubes, quantum dots, solid lipid nanoparticles, nano lipid
carriers, polymeric nanoparticles, mesoporous silica, dendrimers, aptamers, nanobodies etc.
These strategies are designed to overcome these barriers by different pathways and mechanisms
of transport across the blood—brain barrier. Ongoing preclinical and clinical studies are
assessing the safety and efficacy of Antisense Oligonucleotide) ASOs) in multiple genetic and
acquired neurological conditions. The current review provides an update on novel approaches,
preclinical, clinical evidence, and delivery route of ASOs. The administration of FDA-approved
ASOs in neurological disorders is also described. The current evidence on the safety and
efficacy of ASOs in brain diseases will help identify opportunities for a broader range of nucleic
acids and accelerate the clinical translation of these innovative therapies.

Keywords: Antisense Oligonucleotide, Neurodegenerative, Small interfering RNA, Micro
RNA, Blood—brain barrier, Therapeutic responses.
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INTRODUCTION:

Neurological disorders (NDs) are the
leading cause of disability and the second
leading cause of death worldwide. In the
past 30 years, the absolute numbers of
deaths and people with disabilities owing to
neurological  diseases  have  risen
substantially, particularly in low-income
and middle-income countries, and further
increases are expected globally as a result
of population growth and ageing [1].
Disorders like huntington, parkinson,
amyotrophic lateral sclerosis (ALS),
glioblastoma, epilepsy, alzheimer’s disease
(AD), duchenne muscular dystrophy
(DMD), stroke, spinal muscular atrophy
(SMA), spinal and bulbar muscular atrophy
(SMBA) etc, are the severe disorders
affecting quality of lifen[2].

Alzheimer’s disease (AD) is the most
common  neurodegenerative  disorder
characterised by impairment in cognitive
behaviour followed by an accumulation of
AB-42 plaques and neurofibrillary tangles
(hyperphosphorylated tau protein)
extracellularly, hippocampus  shows
episodic memory in AD patients [3].
Dementia is the main pathological
indication is accumulation of AB-42 amino
acid isoform [4]. The pathophysiology of
Parkinson’s disease (PD) associates with
accumulation and transmission of a-
synuclein aggregates i.e., misfolding of
presynaptic neuronal protein followed by
preferential loss of dopamine in substantia
nigra associated neurons in midbrain [5].
The patient shows symptoms of rigidity,
tremor,  bradykinesia, and  postural
discomfort [6]. Huntington’s disease (HD)
is an autosomal ND commonly faced by
mid-aged adults. It is characterized by
decline in motor activities, cognition, shows
psychiatric symptoms followed by brain
atrophy. The principle cause is cytosine-
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adenine-guanine  (CAG) trinucleotide
repeats in the first exon of huntingtins gene
[7]. ALS is referred to as Lou Gehrig’s
disease and is characterised by progressive
degeneration of lower and upper motor
neurons in the brainstem and cerebral
cortex. Superoxide dismutase 1 (SOD 1)
and TARDBP gene are pathogenic mutants
associated with ALS [6]. SMA is an
autosomal recessive neuromuscular
disorder featured with point mutation or
deletion of telomeric motor neurons; it
shows hypotonia and generalised muscle
weakness [7]. It is a common reason for
mortality in infants. DMD is associated
with a rare progressive neuromuscular
disorder which shows muscle wasting and
weakness in middle adolescent age; main
indication is mutation in dystrophin
encoded DMD gene [8]. Stroke is classified
into 2 types. Ischemic stroke: artery which
efficiently carries blood to the brain gets
blocked. Haemorrhagic: cerebral aneurysm
gets burst and bleed in brain and forms
haematoma, which causes spasms in
cerebral vessels [9]. Glioblastoma is a form
of malignant primary brain tumour, B
tumour growth factor is responsible for
glioblastoma. Epilepsy is one of the
common chronic neurological disorders
caused due to abnormal electrical
conduction within the brain, which leads to
unpredictable seizures [10]. It is caused due
to alteration in expression of genes which
controls neurotransmitter release and
signalling, ion channels and synaptic
transmission  [11]. SMBA is a
polyglutamine disease family member that
indicates onset in adulthood and is an x-
linked neurodegenerative disorder. It occurs
due to expansion in cytosine-adenine-
guanine trinucleotide which encodes the
androgen  receptor  gene. Disease
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progression is manifested by motor and
skeletal muscle weakness and atrophy [12].
Hence, the review article mainly focuses on
therapeutic strategies to treat
neurodegenerative disorders by combining
oligonucleotides with that of Novel drug
delivery system (NDDS).

METHODOLOGY:
Five electronic databases including
Medline, PubMed, Cochrane Library,

Scopus and Web of Science were
electronically searched to identify related
articles using the combination of following
keywords: Oligonucleotide,
Neurodegenerative, Huntington, Parkinson,
Amyotrophic Lateral Sclerosis,
Glioblastoma,  Epilepsy,  Alzheimer’s
disease, Duchenne Muscular Dystrophy,
Stroke, Spinal Muscular Atrophy, Spinal

and Bulbar Muscular Atrophy, Novel
approaches, Preclinical, Clinical, etc.
ABBREVIATION:

AD: Alzheimer’s disease, ALS:
Amyotrophic lateral sclerosis,  ASO:
Antisence  oligonucleotide, = ASGPR:
Asialoglycoprotein ~ receptor,  ApoE:

ApolipoproteinE, Ap-42: Amyloid B 42,
BA: Bioavailability, BBB: Blood brain
barrier, BCECs: Brain capillary endothelial
cells, CNS: Central nervous system, CNT:
Carbon nanotubes, CRISPR: Clustered
regularly interspaced short palindromic
repeat, CMV: Cytomegalovirus, CMC:
Critical micelle concentration, DMD:
Duchene muscular dystrophy, DOX:
Doxorubicin, DP: Deoxycholic acid
conjugate  polyethylenimine, DP-Cur:
Curcumin loaded DP micelle, EpCAM:
Epithelial cell adhesion molecule, Fv:
Variable fragment, Glu-PIC/Ms:
Glucosylated polyion complex micelles,
GLUT1: Glicose transporterl, GSC:
Glioma stem like cells, HD: Huntington
disease, I1V: Intravenous, LNP: Lipid
nanoparticle, miRNA: MicroRNA, mRNA:
Messenger RNA, MNP: Magnetic
nanoparticle, MOE: Methoxyethyl,
MWCNT: Multiwalled carbon nanotubes,
NDs: Neurological disorders, NDDS:
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Novel drug delivery system, NPs:
Nanoparticles, PD: Parkinson,s disease,
PEI: Polyethyleneimine, PEG:
Polyethylene glycol, PDCD4: Programmed
cell death 4, PTEN: Phosphate and tensin

homologue, QDs: Quantum dots, RA:
Rheumatoid arthritis, RES: Reticulo
endothelial system, RSV: Respiratory

syncytial virus, SMA: Spinal muscular
atrophy, SBMA: Spinal and bulbular
muscular atrophy, SELEX: Systematic
evaluation of ligands by exponential
enrichment, SLN: Solid lipid nanoparticle,
SLE: Systemic lupus erythematosus,
SiRNA: Small interfering RNA, SWCNT:
Small walled carbon nanotubes, SeQDs:
Selenium  quantum  dots,  SINPs:
Mesoporous silica nanoparticle, TALENS:
Transcription  activator like  effector
nucleases, TDDS: Transdermal drug
delivery system, TMZ: Temozoloamide,
TJ: Tight junction, TTP: Thrombotic
thrombocytopenia purpura, VEGF:
Vascular endothelial growth factor, IT:
Intrathecal, SC: Subcutaneous, IV:
Intravenous, URI: Upper respiratory tract
infection.

NEED OF NOVEL DRUG DELIVERY
SYSTEMS (NDDS) FOR TREATMENT
OF NDs:
The main obstacle to delivering
therapeutics to the brain is the blood-brain
barrier (BBB), a diffusion passage between
the brain and circulating blood; hence, a
defined delivery strategy is required to
overcome this obstacle. Several
nanotechnology approaches are taking birth
for brain-specific targeting [13]. The NDDS
includes carbon nanotubes, magnetic
nanoparticles, quantum dots, liposomes,
solid lipid nanoparticles (SLN) etc, [14] are
widely used as they have nano dimensions
and therefore can easily penetrate brain
cells. They also offer vast advantages
including:
1- Drug is protected from biological or
chemical degradation because of
nanoencapsulation
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2- Retention time of the drug is

increased at site of absorption

3- Perform cellular internalization

4- Encapsulated drug is monitored for

release kinetics

Specific ligands can be surface

modified for targeted drug delivery

Systemic side effects can be reduced

by minimizing drug distribution at

non-target sites [15].

Due to their advanced features like

composition, size, surface

morphology, and easy preparation,
magnetic nanoparticles are
preferred for targeted therapies and

diagnostics [13].

Carbon nanotubes composed of

carbon as a structural backbone

offer strength, high electronic and
thermal conductivity, similar to the
neuronal network of ion channels

and signaling proteins [16].

Liposomal  nanoparticles

quickly accumulate in  tumor

growth. Hence, offers
biocompatibility, biodegradability

and low toxicity [17].

10- Quantum dots shows fluorescent
property, making them a selective
candidate for visualising tumors; if
they are coated with graphene, they
can be used in PD.

11-1pm size of SLN makes them
attractive for tumour targeting as
they avoid blood clotting, leading to
embolism, limit the use of organic
solvents, ensure biocompatibility
and safety, and involve physiologic
lipids[18].

5

6

7

8

9

can

ROLE OF OLIGONUCLEOTIDES IN
NEUROLOGICAL DISORDERS:

Antisense oligonucleotides (ASOs) are
single-stranded DNA (ssDNA) molecules
aimed to target RNA [19]. ASOs can be
naturally or chemically modified that bind
to mRNA or microRNA. This binding
restricts functionality of complementary
RNAs. ASOs show sequence-specific in
vitro antiviral activity therefore and can be
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assumed as a drug carrier for specific
targeting in different NDs. The most
versatile  chemically modified ASO
backbone is phosphonothioate, which
improves poor nuclease resistance, binding
affinity and imparts better pharmacokinetic
properties to ASOs. mRNA is the most
targeted site for ASOs as they transfer
genetic data from DNA to protein and are
therefore used as genetic modulating tool
and therapeutic drug target [20]. ASOs
comprise  different  backbones and
chemistries that work by various
mechanisms [21]. ASOs consist of 12 —30
nucleotides making them liable for
targeting RNA by Watson rick pairing, and
they are discovered to bind mRNA for

protein-coding and  microRNA  for
noncoding. ASOs  perform  various
functions:

1- Performs sugar modification to
provide binding affinity for target
RNA
2- Enhance metabolic stability
3- Enhance cellular uptake and
distribution in tissue by potentiating
protein binding [22].
4- Inhibiting pre-mRNA splicing by
blocking splicing factors
5- Inhibit mRNA translation
blocking ribosomal subunits
6- ASOs are short, single-stranded,
and can restore and modulate
protein sequence [23].
In NDs treatment BBB remains the
challenge that conventional dosage forms
cannot overcome; oligonucleotides serve as
primary carriers in brain therapeutic due to
above mentioned properties, they serve
specific targeting, avoid toxicity etc [24].

by

SMALL INTERFERING RNA (siRNA)
IN NDs: siRNA is double-stranded
(dsRNA), chemically modified, 22-25 base
pair long molecules, gene splicing by
siRNA is efficient and validates gene
expression [25]. Like ASOs, siRNA has
sense strand complementary to mRNA [26].
They are chemically conjugated with
hydrophobic ligands like cholesterol or a
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combination of docosahexaenoic acid with
phosphocholine head, the siRNA ASO are
equipped with phosphonothioates backbone
which provides efficacy and minimal toxic
effects.  Functional  siRNA  targets
apolipoprotein E (apo E) implicated in NDs
like AD and ALS. For sustained silencing
divalent siRNA is used in NDs like HD
[27], divalent SiRNA inhibits messenger
RNA (mRNA) and protein synthesis by

Precursor Dicet
miRNA

Synthetic
sIRNA

amli.

shRNA

(Review article)

silencing the Huntington gene. SIRNA
mechanism initiates by cleavage of dsSRNA
molecule into small RNA duplexes of 21
nucleotides by an enzyme endonuclease
named dicer, this siRNA molecules are
taken up into a matrix of enzyme known as
Ribonucleotide Induced Silencing Complex
(RISC) that block mRNA in targeted gene
splicing [28] as shown in (Figure 1).

:‘u-o

/

RISC incorporation

Target mRNA
identification

larget mRNA

degradation

Figure 1: Demonstration of sSiRNA [29]

MICRO RNA (miRNA) IN NDs: miRNA
serves as biomarkers and therapeutics in
AD as they can invade CSF and blood. In
AD 22-23 nucleotide containing small
noncoding miIRNA which shows affinity to
3’ untranslated region (UTR) in mRNA for
controlling gene expression, this miRNA
performs mMRNA degradation by specific
targeting. Transcription of mMIRNA is
performed by RNA polymerases 2/3 into
RNA precursors called pri-miRNA, this
mechanism commences in nucleus. Drosha
Is a nuclear RNase 3 enzyme that further
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processes formed pri-miRNA into 70
nucleotides and moulds them in a hairpin-
like structure. Exportin 5 exports miRNA in
cytoplasm. Dicer is also an RNase 3 enzyme
that converts pri-miRNA into small mature
RNA duplex that combines with RNA
induced silencing complex (MiRISC),
which is then carried to Argonuate (AGO),
MIiRNA complex with AGO and forms
(miRNA-AGO) complex which is capable
of targeting mMRNA and serves as a
biomarker in the pathogenesis of AD [30],
as shown in Figure 2.
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Figure 2: Demonstration of miRNA in Alzheimer’s disease [31]

In epilepsy, miRNAs serve various
pathological targets for upregulation and
downregulation, Transcription and
Translation, apoptosis, excitatory and
inhibitory neurotransmission. Upregulation
markers miR-146 act on Interleukin

miR-146a
-m» % - A
L
mlRlSS # l:\ L
Astrocyte N

Microglia

>?”\mf\

Associated Kinase Enzyme (IRAK) and
TNF Receptor Associated Factor (TRAF)
pathway, and downregulation marker miR-
128 acts for extracellular regulatory kinase
enzyme signalling (ERK) pathway [32] as
shown in (Figure 3).

Pro-inflammatory
[cvtokmes

‘xﬁj

miR-124 lo'l BONF |

Neuron

TRKE

Figure 3: Demonstration of miRNA in seizures [33]
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DMD shows muscle regeneration which
can be modulated by miRNA targeting
muscle stem cells to repair or regenerate
lost ability. Many miRs are discovered for
DMD therapeutics with various mechanism
like miR-1 targets histone deacetylase 4 and
promotes myoblast differentiation, in vivo
experiments found miR-1 and miR-206
restricts  proliferation of  myogenic
progenitor cells and downregulate protein
a-1gap junctions, miR-486 targets platelet-
derived-growth-factor-receptor B, tensin
homolog and phosphatase pathway and
many splicing factors like arginine/serine
for differentiating myoblasts [24]. Glioma
stem-like cells (GSC) are initiators of
tumour growth specifically malignancies,
they can be classical, mesenchymal, or
proneural. miR-93 in autophagy in brain
tumors is an essential oncogenic miRNA.
miR-93 actuates with mechanism of TNF-f
pathway suppression and suppresses
autophagic modulators SQSTMI, ATG4B,
ATGS5, and beclin 1[34].

DRUG DELIVERY APPROACHES
FOR OLIGONUCLEOTIDE:

With the emerging development in
nanotechnology, nanocarriers are made
multifunctional  for  diagnostic  and
therapeutic applications. These
nanocarriers protect the encapsulated drug
from rapid elimination; they can be
complexed with targeting species such as
folic acid, peptides, antibodies, ASOs,
aptamers etc.,[35]. ASOs are carried to the
brain via NDDS like liposomes, SLN,
magnetic  nanoparticles, and carbon
nanotubes. ASOs are promising candidates
for the delivery system in the brain but
clinically face hurdles like rapid renal
clearance, tendency for  nucleases
disposition, lesser incorporation in tumour
cells, initiation of immunological response
etc. NDDS is designed in a way to fill this
void. Safety of the delivery system is
assured before being implicated in clinical
trials, therefore, safety studies are done in
rat models to evaluate nanotoxicological
concerns [36].
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1. LIPOSOMES:

Gold nanoparticle liposomes (AuNPs) are
recently discovered with features of
biological inertness, ease of synthesis, and
commercial feasibility. AuUNPS possess a
large surface area and spherical structure,
making them capable of conjugating CNS
ligand-specific  oligonucleotides  [37].
ApoE, a significant indicator in various
NDs, is modified using multifunctional
ionisable proton liposomes for carrying
genetic materials in Dbrain endothelial
cells[38].  Liposomal oligomers are
bifunctional with a peptide obtained from
ApoE to bind on the domain to cross BBB
and addition of phosphatidic acid for AB-42
plagues in AD [39]. For improving
pharmacokinetics and  biodistribution,
liposomes were PEGylated and developed

for transferrin-modified osthole-loaded
liposomes, this osthole-loaded stealth
liposome  shows  prolonged  blood

circulation time, it also targets SDF1 which
is a ligand present on CXCR 4 an indicator
of AD. Stealth liposomes improve cell
viability and provide a protective effect
when evaluated after administrating in mice
brains. Ap-42 aggregation can be prevented
by using Apoptrotein E2 bioactive molecule
which gives a significant outcome by
targeting BBB via gene therapy [40]. To
make liposomes cross BBB, different
transport systems are used, such as Carrier-
Mediated transcytosis (CMT), Absorptive-
Mediated Transcytosis (AMT), and
Receptor-Mediated Transcytosis (RMT).
CMT relay on glucose transporter (GLUT
1) and large neutral amino acid transporters
carriers, CMT when gets triggered with
GLUT causes a change in conformation of
receptor, small molecules are transported
via CMT. RMT offers selective transport of
large molecules via ligand binding like
lactoferrin, transferrin, and insulin. AMT
operates through electrostatic charges,
positive charge surface with negative
charge over plasma membrane [41], as
shown in Figure 4.
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Figure 4: Drug transport mechanism of liposomes [42]

2. SOLID LIPID

NANOPARTICLES:
SLNs are used as a vehiculating carrier for
neoplastic brain delivery, they preferred
over other carriers due to their specificity in

targeting, acceptable release profile,
avoidance from  degradation, better
tolerability and is physically stable.
Vascular  Endothelial Growth  Factor

(VEGF) is a pathway regulating tumour
neo-angiogenesis; therefore, Anti VEGF
ASOs are prepared. This Anti VEGF ASO
shows significant downregulations of
VEGF, shows potential reduction in both
central and peripheral VEGF expression,
thus inhibiting neoangiogenesis [43]. When
loaded in SLN, Nicotinamide inhibits
histone deacetylase in AD, quercetin loaded
SLN shows reverse in neurodegeneration
when examined in vivo. Bromocriptine
drug used in PD shows an increase in
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plasma half-life, concentration in CNS and
stabilized plasma level. Curcumin-loaded
SLN performs mitochondrial dysfunction,
reduces oxidative stress, and recovers
neuronal loss. Antiepileptic drugs like
amiloride and muscimol, when loaded in
SLN, show anticonvulsant effects by
sustained release compared to conventional
dosage forms by restriction in focal seizures
in in-vivo rat models. SLN carries drugs via
Passive diffusion and Paracellular transport.
CMT and efflux transport systems are

protein-based transport system. RMT
involves 3 consecutive steps i.e.,
endocytosis, intracellular vesicular

transport, and exocytosis. AMT though has
low affinity of binding but has high ability
of binding like RMT. It works on
electrostatic charges present on molecule
and plasma membrane of BBB [44], as
depicted in Figure 5.
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Figure 5: Drug transport mechanism of SLN [45]

3. NANOSTRUCTURED LIPID prodrug with PEGylation to treat AD in

CARRIERS: rats’ models, showing a decrease in A
NLC is a composition of lipids from solid accumulation. The glial cell-derived
liquid origin which is crystalline in nature, neurotropic  factor is an alternative
it offers many advantages over SLN like neuroprotective to treat PD, as it protests
improves the volume of drug load, dopaminergic nerves from toxins and
flexibility in release kinetics of drug and promotes nerve differentiation. But due to
shelf life of drug, they are biocompatible, the hydrophilic charge’s inability to cross
nontoxic, site specific [46]. NLCs are BBB, short half-life, molecular charge, and
fabricated with cytarabine to target rapid degradation are other associated
meningeal leukaemia.  Temozolomide problems. Therefore, NLCs are prepared
(TM2Z), a well-known drug for brain cancer showing acceptable drug concentration in
was encapsulated with DNA as NLC, this the brain and improve locomotor activity in
loaded NLC is made functionalised by male albino Sprague Dawley rats.
adding  arginine—aspartic  acid-glycine Recombinant tissue plasminogen activator
peptides. This (TMZ-NLC) complex was is the most recently used bioactive for
effective in reducing tumour growth. ischemic stroke, which is FDA-approved.
Studies show Vinpocetine (VPT) is an short Idebenone is an antioxidant that shows
half-life drug and is used in cerebral relative enhancement in bioavailability and
vascular ischemia, to overcome its short increased brain distribution when evaluated
half-life it is encapsulated as (VPT-NLC) in Wistar albino rats when formulated in
complex [47]. To improve therapeutic NLC [48]. Drug transport mechanism of
efficacy of NLC they are PEGylated. R- NLC is shown in Figure 6.

Flurbiprofen was developed as an ester
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Figure 6: The drug transport mechanism of NLC [49]

4. MAGNETIC NANOPARTICLES
(MNP):
MNPs are considered as applicable

techniques for targeting brain tumours, as
they possess a magnetic core, layer for
recognition, and capacity for therapeutic
load, the recognition layer provides a
platform for site-specific targeting [50].
Inorganic MNP’s are used to visualize AB-
42 plaques in AD. The heat produced by
MNPs alters the magnetic field which can
be used to deaggregate ApB-42 plaques in
AD. In PD, a-synuclein expression was
downregulated by functionalising MNP
with nerve growth factor as it mediates
endocytosis at  site-specific  receptor
targeting. MNPs are used in tracking
epileptogenic cells in epileptic brain [51].
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Magnetite PEGylated nanoparticles are
given through siRNA in AD. Modifying at
3’ and 5’end with thiol group was done at
siRNA to target BACEI and prevent AB
accumulation. The modified siRNA was co-
immobilized by translocation protein
OmpA which improves endosomal property
of siRNA and encourages cellular
internalization. The cell viability of
PEGylated siRNA MNP was 82% and
OmpA was 89% in the human fibroblast
cell line (HFCL). Thus, it can be concluded
that multifunctional MNP can deliver
SIRNA at targeted sites in AD [52]. MNP
crosses BBB via RMT, AMT or by
providing an external magnetic field [53] as
shown in Figure 7.
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5. CARBON NANOTUBES (CNT):

CNTs are featured with intrinsic chemical,
physical, mechanical, and electrical
properties which make them attractive in
treating NDs, they are of 2 types single-

walled (SWCNT) and multiwalled
(MWCNT). CNTs made functional with
targeted ligands show immunogenic

properties and improved payload capacity.
MWCNT when modified with DNA and
SiRNA in combination with
oligodeoxynucleotides shows cytotoxic
effect on glioma cells. SWCNTSs are used in
stroke and brain tumours. Due to SWCNT’s
feasibility and efficacy, they deliver
dopamine at target site in PD [55]. Amine-
coated SWCNT provides neuroprotection
in ischemic stroke followed by MCAO with
change in behaviour in rats models with
addition CNT can be used in nanofibers for
peripheral growth and restoration [35].
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CNT was coated with PEG-SWCNT
showing neuroprotection of anti-thyroxine
hydroxylase positive neurons [56]. Delivery
of levodopa in PD is made sustained by
carboxylation CNT. In orthotopic brain
glioma MWCNT serves as drug delivery of
oxaliplatin. Peptide transcriptional
activator, biotin, polyethyleneimine and
oxaliplatin  forms complex, in vivo
evaluation in mice found that complex is
more cytotoxic than oxaliplatin. MWCNT
were made surface functionalized with an
amino group and caspase 3 SiRNA was
examined in an endothelin stroke rat model.
It was found that neuronal death was
prevented by gene silencing and inhibiting
caspase 3[57]. CNT transports drugs via
RMT and passive diffusion. Compared to
conventional dosage form CNT shows
facilitated diffusion and can easily invade
tumour cells as shown in Figure 8.
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6. QUANTUM DOTS (QDs):

QDs are equipped with large surface area,
biocompatibility, fluorescence character
and small size, making them liable for
crossing BBB. QDs can serve as siRNA
transporters as they provide fluorescence
imaging and specific targeting. Mitomycin
C was formulated for anticancer purposes
with chitosan nanocarrier coated with
manganese-Doped zinc sulphide Quantum
Dots ( Mn ZnS QDs) which showed
sustained action [59]. QDs also provide
support in transporting miRNA. miR-21
and miR-29a are standard tumor markers of
miRNA which induce apoptosis and
remove tumor cells [46]. Zinc oxide
guantum dots (ZnO QDs) are loaded with
NGF (nerve-growth-factor) for treating PD
as NGF belongs to neurotrophin and aids in
neuronal growth and provide strength to
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weaker neurons. For improving solubility,
QDs are coated with polymethacrylate and
co-polymethacrylic acid. Glutathione is
complex with QDs as glutathione receptors
are present over BBB to deliver drugs via
RMT. In vivo studies in rat models
conclude ZnO. QDs provide better
hemocompatibility and negligible
cytotoxicity [47]. A proteolytic enzyme
metalloproteinase activates inflammatory
leucocytes and performs neuronal apoptosis
by degrading extracellular matrix. To
reduce expression of metalloproteinases
SiIRNA was complexed with QDs which
showed an increase in production of
collagen, an improved BBB integrity was
observed by measuring increased in
electrical resistance in cells treated with
SIRNA-QDs complex [60] as shown in
Figure 9.
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7. POLYMERIC NANOPARTICLES:
NPs show unique features like biological
safety i.e. lack of mutagenesis, less
immunogenicity, chemical flexibility, ease
of synthesis, and low production costs [62].
Widely used polymers for brain gene
delivery are polyethyleneimines (PEI),
poly(beta-amino ester)s (PBAE), and
Poly(lactic-co-glycolic acid)(PLGA) [63].
It exhibits favourable characteristics such as
entering BBB and averting nuclease
degradation of target genes, avert renal
excretion and reticulo endothelial system
(RES) clearance, & shows target specificity
[64]. K. Miyata et al. [65]constructed
GLUT1-targeting glucosylated-polyion
complex micelles (Glu(X)-PIC/Ms) and
showed ASOs collection in cerebrum is
effective by not involving invasive IV
method because of multiple glucose-
installed PIC/Ms, because they show
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polyvalent bonding to GLUT1 present onto
the plasmalemma of brain capillary
endothelial cells (BCECs). Translocation at
apex region of the brain fasting mouse
injected with glucose activates recycling.
Concurrently BCECs basal region were
distributed with Glu(X)-PIC/Ms. PIC/Ms
are gathered from ~100 block copolymer
strands & ~35 ASO molecules, nevertheless
of glucose units, fulfilling these parameters
such as 1.A size of less than 50 nm, 2. 80—
100 min half-life property of blood
circulation, & 3. Optimization of glucose
units & its density on glucose surface
(strands of block copolymer (50/100). K.
Miyata et al. showed a distinctive design of
delivering ASOs (non-invasively ) to BBB
viz glycaemic controlled i.e. provoked
externally, that shows quick & good impact
to treat neurological diseases like HD &
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ALS diseases found in cerebral cortex &
hippocampus [65].

8. POLYMERIC MICELLES:

A structure having a shell of core & block
copolymer (having both lipophilic &
hydrophilic properties). These are obtained
by molecules which are amphiphilic in
nature and get self-assembled at critical
micelle  concentration (CMC). C6
glioblastoma cells were studied to see anti-
proliferative activities. Its efficacy was like
polyethyleneimine (PEI) 125k (25 kDa) &
deoxycholic acid conjugate
polyethylenimine (DP). This complex was
more effective than curcumin (cur) or
antisense oligonucleotides against miR-21
(miR21ASO) as only delivery agents
studied in animal models for intracranial
glioblastoma. DP carries ASO and
hydrophobic drugs, therefore curcumin
efficiency is increased in C6 cells as
compared to plain curcumin. MiR21-ASO
complex stability increases due to DP-cur.
Micelles core hydrophobicity and stability
increase due to insertion of curcumin.
miR21ASO/DP is less stable than
miR21ASO/DP-cur as examined in heparin
assay. PE125K has low transfection
efficiency than DP-cur. DP micelles are
more efficient to transfection than complex
of DP-cur; found through MIT assay the
toxic nature of DP is less than PEI25k.
Hence such favourable features make
micelles a great vehicle for miR21 to treat
glioblastoma [66].
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9. MESOPOROUS SILICA:

AS1411 (AGRO100) is a nucleic acid
sequence i.e. oligonucleotide in G
quadruplex the first drug that targets
nucleoprotein [67]. It shows better results in
clinical trial phases with anti-tumor activity
in every line of cancerous cells [68]. The
Fahimeh Charbgoo group [69] targeted this
NP(mesoporous silica) using bi-functional
components with trapezoid shape using a
divalent aptamer consisting of ATP and
AS1411 aptamer. Here the drug is delivered
to cells because mesoporous particles have
properties of targeting tumor with
doxorubicin (DOX). In vitro study showed
improved uptake of NP by cells due to the
coating & shapes of NP on permeability of
BBB. But due to large size of NP (50-
240nm) which cannot pass BBB proved in
in-vivo studies in mice[70]. “Another study
on Zebrafish embryos demonstrated that
blood-brain barrier penetration is dependent
on the surface charge and the size of the
nanoparticles, with enhanced transport
capacity related to negative charges and
reduced sizes. Negatively charged
mesoporous silica nanoparticles penetrate
through the Zebrafish larval blood-brain
barrier [71]. Resveratrol, a drug to treat
removal of excessive reactive molecules of
oxygen & nitrogen can be penetrated to
BBB by transcytosis mechanism with
receptor of lipoprotein of low-density type
peptide ligand conjugated with NP coated
with  polylactic-polylactic acid  with
enhanced potential. An antioxidant-based
treatment for Neurological disorders &
injuries to neurons shows promising results
with NP with size of 200 nm as optimum in
vitro model [72] as shown in Figure 10.

(&)
AJPS is licensed under a Creative Commons Attribution 4.0 International License @-EEA



https://creativecommons.org/licenses/by/4.0/

Al Mustansiriyah Journal of Pharmaceutical Sciences, 2025, Vol. 25, No.1 (Review article)

f J “i‘
a4, Water s AL T o TEOS { ;&
{ . ydrolysis & ))&f 5

;V Template removal & =
7 = = - = P “_ v _,)’-‘\ _.L' N
Yah (i.e. Calcination & TR B
Coneaskuon)!” | ;}% extraction) ,l e
\ | Vg
4 K Vs

'y,
|

Surfectant )
Molecules(i.e.CTAB) MICELLES ~ CTAB Mesopérous silice
Figure 10: Preparation of Mesoporous Silica [73]

10. APTAMERS: Anti-Epcam Aptamer (SYL3C) conjugated
“Aptamers  are  cell  type-specific to the human transferrin receptor (TfR)
oligonucleic acids or peptides that bind to a aptamer. The SYL3C aptamer, against
specific target molecule” [74]. Just like Epithelial  Cell ~Adhesion  Molecule
monoclonal antibodies, aptamers are also (EpCAM), was truncated in a sequence of
highly specific with good affinity & 17-mer and fused to the TfR aptamer, an
procedure to produce aptamers is anti-transferrin  DNA aptamer of 14
systematic evaluation of ligands by nucleotides. These aptamers were bound
exponential enrichmen (SELEX)[75]. It has together to build a bifunctional system that
advantages in clinical application with low could cross the BBB via transcytosis
systemic  toxicity  [76].  Aptamers through the TfR aptamer and inhibit
internalization happens inside the cells metastases through the anti-EpCAM
using two mechanisms i.e., aptamer” [82].
macropinocytosis & endocytosis mediated
viz receptor [77]. The nucleus of drug DOX 11. NANOBODIES:

Is aromatic and can get incorporated in A fragment of antibody which is active
DNA, this way drugs are connected to within cell is called Nanobodies. Variable
aptamers by method of physical fragment (Fv) sites determine the
intercalation [78].“Noncoding RNA such as specificity of antibody. Genes that encode
siRNA, miRNA, and ASOs are structurally antibody binding sites within cells such as
akin to aptamers, so their synthesis is antibody fragments are more considered,
enabled with systemic administration. For showing good engineering capacity and
example, therapeutic RNA can be directly specificity  that recognizes after
linked with aptamers for cancer therapy. translational changes. To improve solubility
The linkage is constructed through within cells concurrently with
hybridization or a covalent bond” [79]. pharmacodynamic  property,  antigen-
Affinito et al. found a new aptamer A40s antibody complexes are retargeted by
that can deliver stem cells with miR-34c fusing  peptides in  multifunctional
(tumor suppressor mMiRNA) and anti- constructs, where potency is improved by
miR10b (Targeting metastasis-promoting fusing with PEST dregon which are
anti-miRNAs) by internalization in proteolytic targeting signals. Nanobodies
glioblastoma (GBM) viz differential cell- transfected stably into stem cell transplants
SELEX. It can be able to pass the BBB to protect them from misfolded foreign
target tumor and preventing its growth & proteins. Good stability, high binding
also its relapse by binding specifically to a properties to target site, small size in
130-kDa, 976-amino acid transmembrane nanometers, and minimum immunogenicity
glycoprotein (EphA2) receptor [80,81]. An are good advantages of nanobodies [83].
example of bifunctional aptamers is the
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12. DENDRIMERS: impaired after administration in blood, in
Dendrimers are the most flexible, with case of neuroinflammation related to brain
proper composition & structurally regulated or retina Dby targeting microglia &
NDDS, as shown in Figure 11. The various astrocytes [85]. For treatment in
biological membranes through endocytosis neurological diseases and improving
pathway viz internalizing cell. It gets memory of brain, Gothwal et al. formed
absorbed intracellularly due to the dendrimers of PAMAM lactoferrin
regulation of proteins like occludin and modified & loaded with rivastigmine and
actin (close junction), & can be reversible showed improved BA due to high
that depends on concentration of absorption about 8 times in brain and 9,8
dendrimers & charge on the surface [84]. times less cytotoxicity; it indicated the
Many scientists have shown that these increasing memory function and the
nanocarriers can cross BBB which is locomotive changes in rat brain [86].
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Figure 11: Schematic presentation of properties of dendrimers [87]

THERAPEUTIC RESPONSE OF PRE- GBAI1 causes accumulation of a-synuclein
CLINICALLY TESTED STRATEGIC neurofibrillary tangles, therefore ASO is
GENES: used to normalise the functioning of
In preclinical trials AP cDNA shows GBA1[89]. AR-ASO was administered in
depletion in amount of AP deposition when AR97Q mice model which shows inhibition
examined in transgenic mice (Tg2576) for in expression of mutant AR in CNS. This
AD. For ALS, ASO was used as inhibition delays onset and progression of
complementary strand for CO0RF72 repeats motor  dysfunction [90]. Muscle
to inhibit RNA expression. In transgenic regeneration is the symptomatic cause of
R6/2 mouse model siRNA restrict HTT DMD, miRNA serve as therapeutic target in
mutant gene expression thereby increasing DMD, overexpression of downregulated
survival. HTT gene-specific silencing was miR-29 promotes restoration of muscle
performed on N171-82Q mouse model regeneration, its  intravenous  and
using  miRNA which shows improved intramuscular administration in mdx mice
motor functioning and survival. ASO which is popularly used in experimental
infusion was targeted at HTT gene in HD work on DMD shows restriction on
mouse model which shows positive fibrogenesis,  inhibit  collagen  and
response in motor functions in HD. Rats microfibrillar associated protein 5 thereby
model were induced with IL-1which show restores muscles function. In vivo, another
reduced infarct volume in stroke [88]. In PD target miR-431 shows muscle regeneration
GBAL, pathologic risk factor is expressed in dystrophic mdx mice [24]. Studies found
for glucocerebrosidase enzyme which that cytotoxic treatment for brain tumor
performs catalysis of glucocerebroside to when combined with autophagy suppressor
cerebroside and glucose. Mutation of miR-93 shows inhibition in tumour growth
AJPS (2025) 158
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of GSC [90]. A sequence of peptide RVG in
coat protein of rabies virus is complexed
with siRNA to treat brain injury, the
complex shows probably 80% of neuronal
specificity and also downregulates action of
caspase-3, an apoptotic protein [91]. Table

(Review article)

1 shown summary of the main
recommended predictive assays during
nonclinical testing of individualized ASOs
drug products for severely debilitating or
life-threatening diseases.

Table 1. Summary of the main recommended predictive assays during nonclinical
testing of individualized ASOs drug products for severely debilitating or life-threatening

diseases [92]

ASOs toxicity Predictive assays In vitro/in
Vivo
Off-target effects In silico evaluation/in vitro validation In silico and in
vitro
Immunostimulatory | ¢  Quantification of cytokines/chemokines release in | In vitro
effects human PBMC or WBA by ELISA
¢ Quantification of cytokines as well as CCL22 mRNA
levels in BJAB cells by gRT-PCR
Toxicities in high | e Cytotoxicity by caspase assay e Invitro
exposure organs Predictive assays for hepatotoxicity:
e Quantification of LDH and ATP in primary hepatocytes | e In vitro
e Caspase assay in transfected mouse 3T3 fibroblasts or
human HepG2 cells e Invitro
e Evaluation of liver enzymes in mice/NHP
Predictive assays for nephrotoxicity: e Invivo
e Quantification of EGF in human kidney tubule epithelial
cells e Invitro
e Quantification of kidney injury biomarkers using chip-
cultured HRPTEC e Invitro
e Quantification of urinary biomarkers (eg, b2-
microglobulin and KIM-1) by ELISA e Invitro
Thrombocytopenia Evaluation of platelet activation in human or NHP platelet- | In vitro and in
rich plasma or whole blood by flow cytometry (activation of | vivo
CD62P and PAC-1)
Inhibition e Quantification of PT and aPTT in vitro in|e Invitro
of coagulation human/mouse/NHP citrated plasma
Complement ¢ Quantification of split products of the APC (C3a, Bb,and | e In vitro
activation C5a) in vitro in human/NHP/mouse serum
CNS-specific Prediction of neurotoxicity from sequence features e Insilico
toxicities e Quantification of spontaneous calcium oscillations in | e In vitro
primary cortical neuronal cultures

CLINICAL STUDIES

Currently, many preclinical studies are
focusing on the delivery of siRNA-based
therapeutics into the brain. Although these
drugs have not yet reached clinical trials,
the successful delivery of siRNA to non-
CNS tumour tissue using nanoparticle-
based delivery systems following systemic
administration has been demonstrated in
multiple trials, providing proof-of-concept
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for RNAI-based therapeutics in humans
[93]. The current FDA-approved ASOs in
neurological disorders include nusinersen
for treatment of SMA, inotersen for
polyneuropathy caused by hereditary
transthyretin amyloidosis, and eteplirsen,
golodirsen, viltolarsen, and casimersen for
DMD [94] (Table 2). Also, Table 3 ASO-
based therapeutics for the treatment of brain
disease currently in clinical trials.
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Table 2. FDA-approved antisense oligonucleotides in neurological disorders [95, 97]

Drug Disease Target Suggested Dose Adverse Events
MRNA
Nusinersen SMA SMN2 to | 12 mg: four loading doses. | Nephrotoxicity,
(Spinraza) increase The first 3 doses are injected | coagulation defects,
exon 7| at 14-day intervals and the | thrombocytopenia, and IT-
inclusion | fourth dose at 30 days after | related adverse events
the third dose. IT route including headaches,
fever, and meningitis
Inotersen Polyneuro | TTR  to | 300 mg Once per week by | Injection site reaction,
(Tegsedi) pathy prevent SC headaches, fever, nausea,
protein decreased appetite, liver
synthesis inflammation, and
nephrotoxicity. One
patient who received
inotersen in a clinical trial
died after intracranial
haemorrhage  due to
thrombocytopenia.
Eteplirsen Hypersensitivity reaction
(Exondys 51) headaches, nausea,
vomiting, UTI,
nasopharyngitis, balance
disorder, contact
dermatitis, and arthralgia.
Golodirsen Hypersensitivity reaction,
(Vyondys 53) headaches, nausea,
vomiting, cough, fever,
abdominal pain,
DMD to | 30 mg/kg Once per week as nas%phary_n gltls, falls, and
- DMD skip exon | 35-to 60-min infusion. IV nep rotox_lc_lty._ -
Viltolarsen 51 route UTI, injection site
(Viltepso) ' reaction, cough, fever,
contusion, arthralgia,
diarrhoea, nausea,
vomiting, abdominal pain,
reduced ejection fraction,
urticarial, and
nephrotoxicity.
Casimersen UTI, cough, fever,
(Amondys 45) headaches, arthralgia, pain
in mouth and throat, and
nephrotoxicity.

Table 3. ASO-Based Therapeutics for the Treatment of Brain Disease Currently in
Clinical Trials[98]-[100]

Identifier

Disease

Drug

Phase | Delivery

Route
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NCT04849741 | Alexander disease ASO inhibiting GFAP synthesis -1 IT
(ION373)
NCTO03186989 | Alzheimer’s disease and | ASO inhibiting tau protein synthesis I IT
frontotemporal dementia (IONIS-MAPTRX)
NCT04768972 | Amyotrophic lateral | ASO inhibiting FUS  protein 11 IT
sclerosis with FUS mutation | synthesis (ION363)
NCT04931862 | Amyotrophic lateral | ASO targeting C9orf72 mRNA to 1711 IT
sclerosis or frontotemporal | selectively reduce C9orf72-repeat-
dementia with documented | containing transcripts (WVE-004)
mutation of G4C2 repeat
expansion in the first intronic
region of the C9orf72 gene
NCTO04494256 | Amyotrophic lateral | ASO inhibiting ataxin-2 synthesis | IT
sclerosis with no mutation in | (B11B105)
SOD1 or FUS gene
NCT04856982 | Amyotrophic lateral | ASO inhibiting SOD1 protein 11 IT
sclerosis with SOD1 | synthesis (Tofersen)
mutation
NCT04259281 | Angelman Syndrome ASO inhibiting UBE3A antisense 11 IT
transcript to increase paternal
UBE3A expression (GTX-102
NCT04428281 | Angelman Syndrome ASO inhibiting UBE3A antisense | IT
transcript to increase paternal
UBE3A expression (RO7248824)
NCTO05127226 | Angelman Syndrome ASO inhibiting UBE3A antisense i IT
transcript to increase paternal
UBE3A expression (ION582)
NCT04123626 | Autosomal dominant | ASO  inhibits  P23H  protein 1711 VT
retinitis pigmentosa due to | expression while preserving
the P23H mutation in the | expression of the  wild-type
RHO gen rhodopsin protein (QR-1123)
NCT04442295 | Dravet syndrome ASO targeting nonproductive 11 IT
alternative splicing in  SCN1A
mRNA to upregulate Navl.l
(STK001)
NCT04906460 | Duchenne muscular | Exon-skipping ASO to promote 11 v
dystrophy skipping over exon 53 in DMD pre-
mRNA (WVE-N531)
NCT04004065 | Duchenne muscular | Peptide-conjugated eteplirsen to I v
dystrophy promote skipping over exon 51 in
DMD pre-mRNA (vesleteplirsen or
SRP-5051)
NCT05524883 | Duchenne muscular | Exon-skipping ASO to promote 111 v
dystrophy skipping over exon 51 in DMD pre-
mRNA (DYNE-251)
CONCLUSION: therapeutic efficacy, new techniques that

BBB protects the brain from foreign
materials and is a big obstacle in brain-
targeted drug delivery. To enhance

can enhance BBB crossing should be
developed. Recently, nanotech techniques
such as NP, liposomes, dendrimers,
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micelles, and carbon nanotubes as
nanocarriers are being explored extensively
to bypass the BBB and transfer the proper
amount of medicine to the specified brain
region. The size of the nanoparticles is
crucial in influencing the efficiency of
endothelial transcytosis clearance from the
plasma and intrinsic pathways. The safety
and rate of degradation of the
oligonucleotide are influenced by its
structure, but the chemical formulation of
the nanoparticles principally controls the
site and rate of drug delivery. Effective
oligonucleotide gene therapy in humans has
needed intrathecal injection because of the
significant structural differences between
human and livestock illness models. In
animal  models, intraventricular  or
intravenous injection of oligonucleotides on
nanostructures has achieved some success.
By preserving the nucleic acid, boosting
mobility all over the BBB, and promoting
overexpression of target cells, NDDS
offers various advantages for delivering
therapeutic oligonucleotides to the CNS.
Since the previous two decades,
ASO/RNA-based therapeutics have
developed. RNAI has yet to reach its full
therapeutic effects, even though several
clinical trials have been approved, are
underway, or have been finished with
successful attempts worldwide.
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