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Despite the expanding global occurrence of neurological disorders, achieving the effective and sufficient delivery
of therapeutic drug molecules to the central nervous system (CNS) continues to pose a considerable impediment.
The brain's protective mechanisms, including the cerebrospinal fluid (CSF) and blood-brain barrier (BBB), hinder
the passage of large lipophilic and hydrophilic molecules, thereby reducing the efficiency of conventional drug
delivery approaches. As a non-invasive alternative, intranasal delivery has gained attention for its capability to
evade the BBB and transport medications efficiently to the brain, though its efficacy remains reliant on the
unique physiological characteristics of the nasal cavity. This review puts emphasis on nanotechnology-based
nose-to-brain drug delivery techniques, which have shown significant potential in addressing these challenges.
Various approaches, including the application of nano-carriers like liposomes, polymeric nanoparticles, lipid
nanoparticles and nanoemulsions, are discussed for their ability to enhance bioavailability, improve perme-
ability, facilitate BBB traversal, extend drug retention in the body, and enable targeted delivery to the brain,

offering promising advancements in the therapy of neurological disorders.

1. Introduction

Any kind of anomalous medical condition affecting the nerve system
is referred to as a neurological disorder. In recent times, there has been
an increasingly prevalent observation that neurological ailments are the
foremost reason of infirmity and mortality universally. Some of the
common prevailing neurological illnesses are Alzheimer’s disease,
Migraine, Parkinson’s disease, Strokes, Epilepsy, Multiple Sclerosis and
so on [1]. The difficulties of the brain in neurological diseases are often
characterized by Cognitive disorders and also impacts impact a person's
capacity for speech, mobility, learning, and walking. A brain injury can
be fatal since the brain regulates all of the body's nerves. 10.2% of the
cases might be attributed to the worldwide prevalence of these illnesses.
Moreover, the relative causation rates of these disorders are significant
at 16.8% annually [2]. These statistics show that compared to other
human conditions, neurological disorders have higher rates of disability
[3].

Drugs that are intended to treat neurological illnesses must pass
through or get past a numerous obstruction, including the BBB and
blood CSF barrier to access the CNS. In current years, interest in nose-to-
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brain drug delivery has grown significantly as an approach for trans-
porting therapeutic medications directly to the brain [4]. Hence, any
therapeutic agent's clinical potency depends on both its bioavailability
and its capacity to pierce the BBB and CSF, two layers of protection,
because they prevent massive lipophilic and hydrophilic molecules from
entering the brain. The physicochemical features of active therapeutic
compounds and formulations for brain medication delivery are taken
into account while forging or developing any drug delivery mechanism.
The nasal passageway is the sole site that has close association with the
brain; therapeutic drugs that target the central nervous system demon-
strate a possible effect with an inadequate metabolic environment and
an elevated rate of absorption by bypassing the BBB.

Intranasal drug delivery methods absorb drug molecules via nasal
mucosa and reach the epithelial cells of the olfactory system, allowing
for non-invasive access into the brain to provide therapeutic effects. The
intranasal method of administering drugs provides benefits including
circumventing the intestine, escaping first pass metabolism, and mini-
mizing systemic adverse effects [5]. Many APIs now have a potential to
reach the brain directly through the nose, but this is tricky to do because
of issues like clearance of the mucociliary tract, which decreases the
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Fig. 1. Blood Brain Barrier.

amount of time the drug is present at the administration site and can
interfere with nasal administration because of nasal absorption [6].
Nanomedicines are able to penetrate impaired brain tissue and breach
the BBB. Additionally, nanomedicines are associated with improved
surface area, strength, stability, and sensitivity. In this review the focus
is drawn at Nanotechnology based nose-to-brain drug delivery in the
management of neurological disorders as a viable drug delivery to brain
overcoming the major impediments in CNS drug delivery.

2. Blood brain barrier (BBB): hurdle in CNS drug delivery

The brain is a highly sensitive and complex neuronal organ that relies
on a continuous supply of fuel, gases, and nutrients to maintain ho-
meostasis and support vital functions. However, the BBB, a specialized
structure of the central nervous system vasculature, acts as a protective
barrier, restricting the passage of various substances. It prevents thera-
peutic medications from reaching the CNS and obstructs the adminis-
tration of a wide range of pharmaceuticals through endothelial
capillaries to the brain. Because of its selective permeability, which also
varies under certain health conditions, the BBB is unique in nature [7].
In terms of structure, The BBB comprises endothelial cells of capillaries,
astrocytic end-feet encircling the exterior of brain capillary endothelial
cells, and pericytes integrated into the capillary basement membrane
(Fig. 1). The capillaries are non-fenestrated channels characterized by
tight junctions, which restrict the paracellular transport of these thera-
peutic compounds [8].Furthermore, P-glycoprotein and other
ATP-binding cassette transporters inhibit the accumulation of thera-
peutic medicines and extrude these molecules from the brain [9,10].
Considering the tight junctions that restrict the paracellular pathway for
drug delivery, the primary routes for drug transport to the CNS are the
transcellular route (requiring the drug molecule to be highly lipophilic
and have a molecular weight of less than 500 Da), receptor-mediated
endocytosis, and carrier-mediated transport. To utilize these routes for
medication entrance into the brain, a drug or delivery vehicle must
satisfy specified conditions [11-14].The BBB restricts the entry of
therapeutic molecules into the brain following oral or parenteral
administration [15]. This, coupled with hepatic metabolism and the
elimination and inactivation of drugs during systemic circulation, di-
minishes treatment efficacy, necessitates elevated drug dosages, and
frequently leads to adverse side effects [16]. Additionally, researchers
have devised several other techniques to address this physiological
barrier, including chemical modification of medicines, intra-
cerebroventricular injection, and intrathecal injection. Although intra-
cerebroventricular and intrathecal injections allow neurotherapeutic
molecules to reach high concentrations in the brain, these approaches
have several limitations. The drugs and injections must meet specific
conditions such as suitable pH, appropriate diluents, and controlled
volume to be safely administered into the brain [17]. In addition, these
strategies are invasive and associated with high surgical risk, which

makes their clinical use difficult and limits their applicability [18]. Since
all of the procedures described above are invasive and costly, the
intranasal delivery system has attracted attention as a route for potential
drug delivery to the brain, it circumvents the BBB by utilizing the direct
physical link between the nasal cavity and the brain. This non-invasive
method facilitates the fast and effective administration of many thera-
peutic agents, including as peptides, proteins, and macromolecules,
without requiring drug modification or carriers, rendering it a potential
technique for central nervous system drug delivery [19].

3. Overview of neurological disorders
3.1. Alzheimer’s disorder

Alzheimer’s disease (AD), the most prevalent form of dementia, is
characterized by progressive cognitive, behavioral, and functional
decline and is primarily associated with the accumulation of toxic am-
yloid- (AB) peptides in the brain [20]. The pathological cascade begins
with the cleavage of amyloid precursor protein (APP) by p- and y-sec-
retases, generating aggregation-prone Ap peptides, particularly Api—az
[21]. These peptides misfold and form soluble oligomers, which are
considered the most neurotoxic species in AD [22]. Ap oligomers disrupt
synaptic function, compromise cell membranes, induce oxidative stress,
trigger neuroinflammation, and cause mitochondrial dysfunction, ulti-
mately leading to neuronal death [23]. Over time, oligomers further
assemble into fibrils and extracellular amyloid plaques, especially in the
medial temporal lobe and neocortex, driving disease progression [24].

Current therapeutic strategies for AD are largely symptomatic.
Cholinesterase inhibitors donepezil, rivastigmine, and galantamine
remain the first-line treatment, enhancing cholinergic neurotransmis-
sion by inhibiting acetylcholine degradation [25]. While tacrine was the
first FDA-approved acetylcholinesterase inhibitor, its hepatotoxicity led
to withdrawal, prompting the development of safer analogues [26].
Rivastigmine inhibits both acetylcholinesterase and butyr-
ylcholinesterase, whereas donepezil and galantamine are more selective
for acetylcholinesterase [27]. Other therapeutic approaches targeting
Ap production and aggregation include y-secretase and f-secretase in-
hibitors, NSAIDs, aggregation modulators, and immunotherapy, though
safety and efficacy concerns limit their clinical utility [28]. Additionally,
memantine, a noncompetitive NMDA receptor antagonist, is approved
for moderate-to-severe AD and provides neuroprotection against
glutamate-induced excitotoxicity, particularly when used in combina-
tion with cholinesterase inhibitors [29].

3.2. Parkinson’s disorder

Parkinson’s disease (PD) is a common neurodegenerative disorder
first described by James Parkinson in 1817 [30]. It is clinically char-
acterized by hypokinesia, rigidity, resting tremor, postural instability,
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disturbances, and autonomic dysfunction. Although the typical age of
onset is between 30 and 50 years, it can range widely, and disease
duration averages 17-20 years, with progressive dependency and
eventual death [49].

Tetrabenazine (TBZ) is commonly used to manage chorea in HD by
inhibiting monoamine uptake into presynaptic neurons, leading to
depletion of dopamine, serotonin, and norepinephrine. Clinical trials
have shown that TBZ significantly reduces chorea severity but is asso-
ciated with adverse effects, including somnolence, parkinsonism,
depression, and anxiety [50]. Deutetrabenazine (DBZ), a newer alter-
native, has a shorter half-life, requires less frequent dosing, and is
associated with a lower incidence of neuropsychiatric and motor
adverse events, as well as fewer treatment interruptions, making it a
better-tolerated option for HD-associated chorea [51].

AD, PD, ALS, and HD are distinct clinical and pathological entities
but share the same types of difficulties in their therapy, namely pro-
gressive loss of neurons and poor penetration of drugs through the
blood-brain barrier [52]. One of the biggest challenges in treating these
disorders is that the BBB prevents the effective delivery of neuro-
protective, disease-modifying, and symptomatic agents to specific areas
in the brain [53]. In general, most pharmacotherapeutic approaches to
treating neurodegenerative diseases including cholinesterase inhibitors
and anti-amyloid agents for AD dopaminergic and MAO-B inhibitors for
PD riluzole and edaravone for ALS and monoamine-depleting agents
such as tetrabenazine for HD are hindered by low bioavailability to the
brain, systemic side effects, and dose-limiting toxicity [54].

Intranasal drug delivery has emerged as a promising CNS-targeted
strategy capable of bypassing the BBB and enabling direct nose-to-
brain transport via the olfactory and trigeminal neural pathways [55].
The intranasal route is a quick way to administer drugs to the brain
while allowing for accumulation of a drug at the site and minimizing the
systemic exposure of drug, providing increased effectiveness of the
therapeutic treatment of a disorder once it reaches the brain [56].
Because of this and the importance of long-term treatment and reduced
toxicity to the rest of the body in treating chronic neurodegenerative
diseases, the use of the intranasal method will also be helpful in deliv-
ering many different types of therapeutic agents (including small mol-
ecules, peptides, proteins, nucleic acids, and nanocarrier systems) to
parts of the brain that are involved in AD, PD, ALS, and HD [57]. As
shown in Table 1, intranasal drug delivery offers significant advantages
over intravenous, oral, and intracerebral routes.

4. Nose to brain pathway: an earmarked drug delivery to CNS

The brain has a remarkable level of resistance to the penetration of
foreign constituents, such as harmful compounds and drugs. This pro-
tective function is maintained by some cell types at key primary barriers:
the BBB, the CSF, and the arachnoid barrier. For a drug agent to gain
access to the brain, it must meet some requirements maintaining a non-
ionized form, lipophilic nature, molecular weight under 400 Da, and
lesser than eight H- bonds [58]. BBB limits several biologicals from
accessing the CNS.As a result, researchers have investigated other ways
to the brain, notably intranasal delivery, which has several advantages
over intravenous or oral treatment [59]. The nasal route of adminis-
tration has seen increased adoption over the past few years owing to its
lack of invasiveness and simple delivery system, where first-pass meta-
bolism is evaded and rapid absorption is ensured. The technique allows
direct pharmacologic delivery to the brain through two different path-
ways: intracellular and extracellular. Within the intracellular pathway,
sensory olfactory cells undergo endocytosis and are subsequently
transported via axons to the synaptic clefts. Drug molecules are subse-
quently exocytosed to the olfactory bulb, where nerve cell transmit
signals to various areas of the brain. The extracellular pathway, on the
other hand, allows drug diffusion across the epithelial junction of the
nasal mucosa, ultimately targeting the compounds to the cerebrospinal
fluid. Once in the CSF, the drug molecules move via neuronal conduits
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Fig. 2. Advantages of Intranasal drug delivery system.

extending into the subarachnoid space of the brain. Although both
pathways aid drug transportation, the intracellular route is slower and
cannot efficiently deliver intranasal markers to brain regions beyond the
olfactory bulb’s projections [60]. Some of its advantages include
increased patient compliance, bypassing BBB and disadvantages such as
mucosal damage,nasal congestion and rapid elimination are shown in
Figs. 2 & 3 respectively.

4.1. Factors affecting nasal drug delivery

It is important to take into account certain physicochemical,
formulation, and physiological aspects before developing intranasal
administration. Few of them are mentioned below in Fig. 4

4.2. Mechanism for absorption of drugs

There are two major pathways for Intranasal drug delivery depicted
in Fig. 5

4.2.1. Olfactory nerve pathway

The foremost route for intranasally delivered drugs to traverse the
brain relies on olfactory receptor neurons in the nasal olfactory region,
aided by supporting cells [61]. In olfactory nerve tracts, drug substances
pass through the nasal olfactory epithelium, Arising from olfactory
mucosa of the nasal cavity to the brain parenchyma or CSF. During this
process, the arachnoid layer overlying the subarachnoid space offers
three distinct pathways through the olfactory lining. The first is the
intracellular route, which takes place primarily within sustentacular
cells. n this process, lipophilic drugs are rapidly and effectively trans-
ported through targeted vesicular uptake, fluid phase endocytosis, or
passive diffusion. The rate of transport in this pathway is influenced by
the lipophilicity of the drug molecules. Secondly, the paracellular circuit
involves the tight connections between olfactory neurons and susten-
tacular cells, which have clefts between them. Hydrophilic drugs are
absorbed via diffusion through water pores or channels. The molecular
mass of the drug material plays a key role in regulating the pace of this
pathway. Drugs with molecular weights between 300 and 1000 Dalton
exhibit good bioavailability without absorption enhancers, while drugs
with molecular weights up to 6000 Dalton require absorption enhancers.
In the last stage of the olfactory nerve route, medicines enter neuronal
cells by endocytosis or pinocytosis and travel to the olfactory bulb via
intracellular axonal transport. Therefore, transcellular passive diffusion,
paracellular passive diffusion, and efflux transport are important path-
ways for drug transportation via the nose olfactory epithelium [62].

4.2.2. Trigeminal nerve pathway

The trigeminal nerve transmits neurological impulses from the
mouth and nasal cavities, eyelids, and cornea to the brain via its
ophthalmic, the maxillary, and mandible branches. The respiratory and
olfactory epithelia can also communicate with the CNS via the trigem-
inal nerve [63]. Since it is the largest cranial nerve tract, trigeminal
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nerve plays a vital role in nasal drug delivery through its maxillary and ocular branches crossing through the nasal mucosa. The two critical



R. Saxena and A. Lohani

Liposomes

Intranasal
DDS

Nanoemulsions

Nanogels

Fig. 6. Nanotechnology based Intranasal drug delivery system.

points of access are the cribriform plate at the olfactory bulb and the
anterior lacerated foramen around the pons lead to various areas of the
brain following intranasal drug delivery, with the cribriform plate being
the dominant route of transport through trigeminal nerves [64].

4.2.3. Respiratory mucosa pathway

The respiratory mucosa pathway is a significant indirect method of
delivering drugs intranasally to the CNS. The nasal respiratory area has a
ciliated pseudostratified epithelium lined with sufficient vascularity to
allow rapid delivery of drugs to the systemic circulation by circum-
venting hepatic first-pass metabolism [65]. Drugs are transported across
the epithelium via either a transcellular (intracellular) or paracellular
route. Lipophilic compounds can freely diffuse across epithelial mem-
branes, whereas hydrophilic substances and macromolecules must uti-
lize tight junction modulation or endocytosis-based transport depending
on molecular size. Drug molecules are thereafter absorbed into circu-
lation systemically and enter the CNS through the BBB with limitations
imposed on this route by the selective nature of the BBB and efflux
transporters located therein [66]. With regard to nanosystems, nano-
carriers and absorption enhancers can be utilized to enhance perme-
ability through the mucosal compartment, protect ineffective drugs
against degradation, and improve bioavailability in order for an
increased probability that therapeutic levels of drug reach the brain.
Therefore, relative to olfactory or trigeminal pathways, the respiratory
mucosal route is complementary relative to the CNS drug delivery
strategies [67].

4.3. Nanotechnology for nose-to-brain drug delivery

The rising prevalence of CNS ailments and dementia poses a signif-
icant obstacle in managing human well-being, affecting approximately
1.5 million individuals. While various drugs and therapeutic agents are
effective, their limitations stem from the unique profiles of individual
patients. The BBB impede the site-specific delivery of treatments,
reducing their effectiveness in combating targeted conditions [68]. As a
result, there is a growing need for the advancement of nano-enabled
drug delivery systems for treating CNS diseases [69].

A range of nano-enabled pharmacological methods has been inves-
tigated, including carriers such as nanoparticles, nanocomposite
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hydrogels, dendrimers, nanospheres, and liposomal drug delivery sys-
tems (Fig. 6). Nonetheless, these methods face challenges in clinical
application, particularly in CNS therapy [70]. Some of them are as
follows-

4.3.1. Nanoparticles

4.3.1.1. Inorganic nanoparticles. The exploration of inorganic nano-
particles (NPs) is an exciting field with a multitude of applications,
especially in the healthcare sector. Metals including gold and silver,
metal oxides like iron oxide, along with ceramics, are employed in the
development of these NPs [71]. They are noted for their stability,
distinctive optical, magnetic, and electronic characteristics, and the
simplicity of modifying ligands to target particular locations within the
body. In the realm of biomedicine, inorganic nanoparticles are utilized
for treatment, diagnostic imaging, and the delivery of drugs [72].

Gold Nanoparticles: Gold NPs (AuNPs), because of their exclusive
properties and capability to cross the BBB, are emerging as promising
therapeutic agents for NDs. These NPs exhibit neuroprotective qualities
by reducing oxidative stress and immune responses, common in NDs
such as AD and PD [73]. Functionalized AuNPs, targeting harmful
proteins like Tau and a-synuclein, can boost the delivery of therapeutic
drugs to the affected regions, increasing their effectiveness and mini-
mizing side effects [74]. Additionally, AuNPs can modulate the immune
system to reduce neuroinflammation, a critical factor in the progression
of various NDs. Their diminutive size and surface characteristics
contribute to a more effective penetration of the BBB, ensuing in better
drug distribution in the brain [75]. Experimental research has also
indicated that AuNPs can improve cognitive and antioxidant functions,
suggesting potential advantages in the treatment of conditions like AD.
Affrald and colleagues explored a novel delivery method for 4-amino-
pyridine using AuNPs and chitosan-based nasal drug delivery systems
to enhance its effectiveness and reduce toxicity. They evaluated the
neuroprotective potential through various characterization techniques
and ex vivo brain models. Their findings suggested improved brain
permeability and reduced toxicity, offering a promising strategy for
treating neurodegenerative diseases [76]. The research assessed the ef-
ficacy of intranasal delivery in the delivery of AuNPs to the CNS. Sci-
entists compared gold nanospheres and nanoprisms modified with
polyethylene glycol and D1 peptide and validated their biocompati-
bility. Intranasal delivery was also superior, wherein nanospheres pro-
vided greater brain levels compared to nanoprisms. Pharmacokinetic
investigation revealed maximal gold levels in the brain at 0.75 h after
administration, where intranasal delivery is a viable option for targeted
drug and nanoparticle delivery with decreased systemic exposure. [77].
Salem and colleagues utilized resveratrol-incorporated transferosomal
carriers and nanoemulsion systems tagged with AuNPs for drug delivery.
Their goal was to amplify resveratrol’s neuroprotective properties
against AD and optimize its transport to the brain through intranasal
administration. The study depicted that transferosomes provided greater
permeation and fluorescence intensity compared to nanoemulsions,
significantly enhancing cognitive learning and spatial recall in amnesic
rodents. Moreover, transferosomes led to a higher accumulation of
AuNPs in the rat brains. The results suggested that transferosomes could
be an effective brain-targeting system for delivering drugs to treat CNS
diseases. The research highlighted the potential application of these
transferosomes in treating various central nervous system disorders,
including AD, PD, schizophrenia, and sleep disorders [78].

Iron oxide Nanoparticles: Iron oxide NPs (IONPs) are pivotal in
treating NDs because of their exceptional properties like magnetic ca-
pabilities, small size, biological compatibility and minimal adverse ef-
fects [79]. They can be directed to specific brain areas by means of
external magnetic fields, enhancing the accuracy of drug delivery,
crucial for managing conditions like AD and PD [80]. Furthermore,
IONPs mitigate inflammation and oxidative stress, which are two major
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characteristics of NDs, by neutralizing reactive oxygen species and
reactive nitrogen species, protecting neurons in the process [81]. Their
magnetic characteristics enable them to function as visual markers in
magnetic resonance imaging, supporting early detection and tracking of
NDs. Additionally, IONPs can penetrate the BBB, elevating the localized

delivery of pharmacological compounds to the brain [82].TheY integrate
both therapeutic and diagnostic capabilities into a unified platform, termed theranostic,

enabling concurrent disease treatment and progression tracking [83]. The research

investigates the potency of nasal delivery for transporting magnetic
IONPs into the brain, with the goal of enhancing magnetic particle im-
aging of specific regions. Researchers explored various surface modifi-
cation techniques to facilitate the nasal introduction of these NPs and
confirmed their efficacy through live assessments. By combining mag-
netic nanoparticles with gold, they achieved additional surface modifi-
cations without compromising the magnetic properties. The study
demonstrated that specially designed PEGylated magnetic NPs migrated
into the brain after nasal delivery and accumulated at specific target
sites, as indicated by tracking agents attached to the PEG ends [84]. This
research examines the application of magnetically targeted cell delivery
to strengthen the transplantation of olfactory ecto-mesenchymal stem
cells for the management of PD. Intranasal delivery of SPIONs (super-
paramagnetic iron oxide nanoparticles) labeled olfactory
ecto-mesenchymal stem cells yielded improved therapeutic effects in PD
models through the mechanism of neuronal replacement and improve-
ment of dopaminergic markers in the damaged striatum. As a less
invasive procedure, this method offers a promising alternative to
traditional treatments with potential advantages in neuroregenration
and disease management [85]. Abbas and colleagues developed
chitosan-coated bilosomes containing resveratrol and SPIONs, which
were embedded into wafers made of sodium alginate and poly-
vinylpyrrolidone. These bilosomes facilitated a sustained release of
resveratrol over 24 h and were administered intranasally to mice with
inflammation-induced neurodegeneration. The results demonstrated
that these specialized bilosomes better cognitive and memory functions,
reduced inflammatory markers, and suppressed the activation of key
cellular regulatory proteins associated with neuroinflammation. This
enhancement is likely attributed to the combined therapeutic advan-
tages of nanoencapsulation, nasal administration, and externally
applied magnetics targeting [86].

Cerium Oxide Nanoparticles: Cerium oxide NPs (CONPs), hold sub-
stantial potential in treating NDs owing to their distinctive properties
[87]. They exhibit strong antioxidant capabilities by mimicking the role
of enzymes like catalase and superoxide dismutase, helping to reduce
oxidative stress and neutralize ROS, which are crucial in the advance-
ment of NDs like PD [88]. These NPs can also act as therapeutic agents to
halt neuronal death and promote recovery in neurodegenerative con-
ditions by affecting signal transduction pathways related to neuronal
survival and neuroprotection. They further reduce brain inflammation,
which is vital in treating NDs, by modulating the immune system and
mitigating damage caused by chronic inflammation [89]. Moreover,
because of their capability to penetrate through BBB, CONPs can directly
deliver drugs to the brain, enhancing the proficiency of ND treatments
by guaranteeing that therapeutic agents more effectively target their
intended sites. Additionally, they prevent the accumulation of harmful
proteins associated with AD, such as tau and amyloid-beta, reducing
neurotoxicity and preserving cognitive function. Overall, the multi-
functional properties of CONPs present a promising approach for
Creating innovative therapies for neurological conditions, underscoring
their capability to improve patient responses in NDs [90]. In one study,
CONPs were utilized to mitigate oxidative stress in rats induced by
haloperidol, a drug acknowledged to subsidize knowingly to the path-
ogenesis of PD. The effectiveness of intranasal CONPs was evaluated
through assessments of antioxidant activity, biochemical estimations,
and experiments. The study proved that CONPs significantly minimized
oxidative stress markers encompassing thiobarbituric acid reactive
substances, catalase, superoxide dismutase, and glutathione, while
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elevating interleukin-6 and TNF-a. Furthermore, treatment with intra-
nasal CONPs and oral levodopa resulted in a notable rise in dopamine
levels compared to the disease group. Behavioral assessments, including
locomoter activity and coordination tests, indicated that intranasal
CONPs provided a neuroprotective benefit against haloperidol triggered
PD [91]. SM et al. developed intranasal CONPs to evaluate their effec-
tiveness in experimental AD. The CONPs were synthesized via a ho-
mogeneous precipitation method and optimized using Box-Behnken
Design. Their synthesis was verified by Ultraviolet-Visible analysis and
FTIR, and elemental composition analysis validated their presence. The
DPPH assay indicated a 95.40 + 0.006% radical scavenging at a
50 pg/mL  concentration. In vivo cognitive assessments on
scopolamine-induced Alzheimer's rats demonstrated that intranasal
CONPs dose-dependently restored cognitive abilities. Biochemical esti-
mations revealed that intranasal CONPs increased SOD and Glutathione
levels in the brain. Hence, intranasal CONPs, with their robust antioxi-
dant activity, may offer a promising technique to managing signs asso-
ciated with AD [92].

4.3.1.2. Polymeric nanoparticles. Polymeric NPs are consists of a poly-
meric matrix that entraps, encapsulates, or chemically conjugates
therapeutic molecules. Polymeric NPs are often larger than micelles
(100-200 nm) and have a higher Polydispersity Index. The carrier sys-
tem is sustainable, biodegradable, stable, and cost-effective, allowing for
regulated or sustained medication release. The polymer employed in
NPs might be natural (such as albumin,chitosan, gelatin, alginate,
collagen) or artificial (like polycaprolactones or polyacrylates) [93].This
affects the nanoparticle's biological compatibility, drug loading,
toxicity, and stability. Synthetic polymers can outperform natural
polymers due of their flexibility [94].

Polymeric NPs are highly versatile due to their safety, excellent drug
encapsulation capacity, and the ability to modify their composition and
structure [95]. This allows them to adhere to mucosal surfaces, mini-
mizing mucociliary clearance, and extend their retention time in the
nasal mucosa [96]. Additionally, they enhance permeation by tempo-
rarily opening tight junctions, thereby increasing paracellular perme-
ability across the nasal epithelium. Different polymeric NPs have been
investigated for intranasal delivery, demonstrating diverse levels of
success in preclinical studies [95]. The study aimed the formulation of
chitosan NPs for targeted intranasal delivery of donepezil hydrochloride
to the brain. The optimized nanoparticles demonstrated favourable
particle size, zeta potential, and drug release, achieving over 90% drug
release and 70% permeation within 24 h. Intranasal administration
resulted in a 2.6-fold upsurge in brain drug levels relative to oral de-
livery. Confocal microscopy confirmed successful brain transport,
highlighting the viability of chitosan NPs as an efficient strategy for
improving donepezil hydrochloride delivery in AD treatment [97].
Sonawane et al. prepared polymeric nanoparticles by ionic gelation
technique for intranasal delivery of ropinirole HCl to the brain.
Box-Behnken design was applied to fine-tune the formulation using
encapsulation efficiency and mucoadhesion. Compatibility studies were
carried out to ensure drug-polymer interaction stability, and in vitro
release analysis depicted prolonged release of the drug with 65-81%
release in five hours. With growing curiosity in intranasal delivery of
therapeutics for aiming the CNS, the study suggested polymeric NPs is
an excellent technique for effective brain targeting of ropinirole HCL
[98]. Another research explored the formulation of polymeric NPs for
intranasal administration of Levodopa (L-Dopa) in the intervention of
PD. Employing PLGA and chitosan as polymeric matrices, scientists
optimized the nanoparticles using solvent evaporation and ionic gela-
tion methods. Among the developed formulations, chitosan-based NPs
exhibited the most desirable characteristics, such as enhanced encap-
sulation efficiency and stable drug loading. In vivo experiments
confirmed that intranasal administration considerably improved
L-Dopa's pharmacokinetic profile, resulting in increased brain
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concentrations of the drug and sustained release over conventional oral
delivery. These findings identified intranasal L-Dopa-loaded chitosan
NPs as a prospective substitute for the enhancement of therapeutic ef-
fects in PD patients [99].

4.3.1.3. Lipid nanoparticles. Lipid nanoparticles (LNPs) are particles
ranging in size from 50 to 1000 nm that are composed of biocompatible
solid or liquid lipids. They are favoured over other colloidal systems for
their superior carrier properties. Solid lipid nanoparticles or SLNs are
the most efficient lipid-based colloidal carriers, comprising a solid lipid
matrix encased by surfactants in an aqueous dispersion. A group of LNPs
called as nanostructured lipid carriers or NLCs include a solid lipid core
composed of both liquid and solid lipids, which increases drug loading
capacity while reducing burst release and drug ejection. Lipid-drug
conjugates (LDCs) NPs have been introduced to address the restricted
hydrophilic drug loading capacity of LNPs. LNP production is scalable
and yields physico-chemically stable formulations. LNPs are employed
intensively for intranasal delivery of drugs because of their stability,
biocompatibility, and surface modification simplicity as well as scal-
ability. Intranasal administration is beneficial due to fast onset of ther-
apeutic action, evasion of intestinal and liver first-pass metabolism,
minimized systemic exposure and associated side effects, direct entry
into the CSF and brain, simplicity of application, and enhanced patient
compliance with therapy regimens [100]. One such study explored the
use of NLCs to boost the delivery of doxepin to the brain via intranasal
delivery. The developed formulation yielded smaller particle sizes,
showed high entrapment efficiency, and controlled drug release. In vivo
studies in rats exposed significantly high brain concentrations upon
intranasal delivery compared to intravenous delivery, hence showing
the efficient targeting of the drug via olfactory and trigeminal routes.
These findings highlight the promise of NLCs as a realistic strategy for
increasing the absorption and pharmacological effect of doxepin in the
treatment of NDs [101]. Researchers investigated the preparation of
chitosan-coated NLCs for improving cerebral delivery of Tanshinone ITA
to treat PD. The optimized formulation was more stable, had improved
drug entrapment efficiency, and prolonged release for 24 h. In vivo
experiments conducted in a PD rat model revealed more effective anti-
parkinsonian and antidepressant activities than uncoated Tanshinone
ITA -NLCs and free TAN. Biochemical analysis proved improved brain
targeting and therapeutic efficacy, with the chitosan-coated system
being more effective. These results identify chitosan-coated -NLCs as a
promising intranasal delivery system to improve TAN bioavailability in
the treatment of PD. [102].

4.3.2. Liposomes

These phospholipid vesicles composed of lipid bilayers that encase
an aqueous compartment. Reliant on their solubility, drugs are incor-
porated into either the lipid or water layer. This system effectively ac-
commodates molecules of different sizes, hydrophilicity levels, and pKa
values [103]. Liposomes are gaining prominence as impactful drug de-
livery systems for the CNS because of their capability to encapsulate
water loving or hydrophilic, lipophilic, and amphiphilic molecules
[104]. The incorporation of biocompatible and biodegradable lipids
makes this vesicular system well-suited for therapeutic use. Researchers
worldwide have explored and documented nose-to-brain delivery tech-
niques utilizing liposomes to manage various CNS disorders. To optimize
drug delivery to brain tissues, both passive and active targeting ap-
proaches have been implemented. Passive targeting leverages physio-
logical mechanisms driven by the body's hormones and
neurotransmitters, while active targeting involves attaching a ligand to
the liposomal surface, enabling selective binding to specific brain cells.
Additionally, stimuli-responsive liposomal formulations are designed to
react to environmental factors such as pH fluctuations, temperature
variations, and other external conditions [105]. A study evaluated the
effectiveness of intranasal liposomal formulations containing donepezil,
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Beta-site amyloid precursor protein cleaving enzyme 1 siRNA and
memantine for AD treatment. Using genetically engineered mice with
APP/PS1 mutations as an AD model, researchers found that intranasally
administered drugs led to greater short-term memory improvements
compared to oral delivery. This triple-drug approach not only enhanced
memory function but also lowered beta-amyloid levels and reduced
BACE-1 mRNA expression. Furthermore, it contributed to a decline in
inflammatory cytokine mRNA expression. This pioneering method in-
troduces new opportunities for AD therapy and direct transnasal drug
delivery. Findings highlight the capability of this delivery system for AD
management and its broader applications in other CNS conditions,
including NDs and brain tumors [106] A study investigated the devel-
opment of +vely charged liposomes containing selegiline hcl for intra-
nasal delivery as a potential treatment for PD. Using the Box Behnken
design for optimization, the liposomes underwent coating with stearyl-
amine to introduce a positive charge. The resulting Selegiline
Hydrochloride-Liposome Preparation 3 (SH-LP3) liposomes exhibited a
minimal size of 173 + 2.13 nm, an optimal surface charge of + 16
+1.98, and a highest entrapment efficiency of 40.14 + 1.83%.
Morphological study confirmed their spherical shape within the
100-200 nm range. In vitro cytotoxicity assays on Subclone
Human-SY5Y (SHSY5Y) cell lines demonstrated a significant reduction
in toxicity, nearly tenfold lower than that of sheer selegiline hydro-
chloride. Additionally, animal studies utilizing a rotenone-lesioned
C57BL6 mouse model of PD showed that intranasal administration of
SH-LP3 liposomes effectively alleviated PD symptoms. These findings
highlight SH-LP3 liposomes as a promising candidate for PD treatment
via intranasal delivery, offering controlled drug release, augmented
safety, and improved efficacy, paving the direction for forthcoming
developments in PD therapeutics [107].

4.3.3. Nanogels

Nanogels, which are biocompatible three-dimensional polymeric
networks, are utilized for CNS drug delivery because of their straight-
forward synthesis, customizable functionality, adjustable structure and
porosity, suitability with biomolecule loading, biodegradability, and
responsiveness to stimuli. However, traditional bulk hydrogels face
challenges in crossing the BBB owing to their micron-scale structures,
leading to suboptimal drug delivery efficiency [108]. Nanogel-based
drug delivery systems hold promise for maximum drug loading capac-
ity, higher drug stability, controlled or dynamic drug release, and pre-
cise aiming of CNS disorders [109].

Nanogels are promising as drug nanocarriers due to their small size,
which permits them to invade tissues through transcellular pathways
[110]. They provide enhanced encapsulation and can be delivered
through multiple pathways, including pulmonary, nasal, oral and
intraocular routes. The nanogels' size significantly affects their circula-
tion time in the blood and bioavailability [111]. Their ability to
permeate body barriers results in enhanced permeability and retention
effects, leading to stable and responsive therapeutic applications.
Nanogels also adapt to external factors including temperature, magnetic
fields, pH, and ionic strength [112]. In this study, researchers formu-
lated an in situ nasal nanogel loaded with nanosuspension of nortrip-
tyline HCl to increase nasal drug delivery. This approach facilitates brain
targeting via olfactory and trigeminal nerves, improving therapeutic
efficacy. The nanosuspension was synthesized using a nano-
precipitation—ultrasonication process, subsequently subjected to
high-pressure homogenization, and then integrated into an in situ gel-
ling polymer system. The improved nanogels, composed of gellan gum,
featured a particle size ranges from 10 to 100 nm, an advantageous PDI
value, improved solubility, effective gelation behavior, and the optimal
viscosity needed for nasal mucosal adhesion via ionic interactions. In
vitro, the drug release exceeded that of a drug solution within 60 min.
Studies on spreadability and viscosity confirmed prolonged residence
time, establishing in situ nanogels as a potent technique for
brain-localized drug delivery at the nanoscale. [113]. Chen et al.
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conducted a study to develop a novel glycyrrhizic acid-zinc alginate
nanogel, reinforced by hydrogen bonds to enhance drug loading ca-
pacity and stability. The H- bond interaction amid glycyrrhizic acid and
the carrier effectively encapsulated albiflorin, minimizing leakage. The
release of albiflorin occurs when the H-bond among glycyrrhizic acid
and sodium alginate dissociates. Furthermore, glycyrrhizic acid serves
not only as a nanogel component but also as a therapeutic agent due to
its pharmacological benefits. A thermosensitive hydrogel was incorpo-
rated to load albiflorin-glycyrrhizic acid nanogel, ensuring adhesion to
the nasal cavity and facilitating PD treatment via intranasal adminis-
tration. The findings revealed that albiflorin and glycyrrhizic acid
encapsulated within the heatsensitive nanogel exhibited potent antiox-
idant and anti-inflammatory effects upon intranasal delivery. This study
highlighted the potential of hydrogen bond interactions between small
molecules and carriers in improving drug loading efficiency and system
stability for PD treatment [114].

4.3.4. Nanoemulsions

Nano emulsions are nano-sized emulsions formulated to elevate drug
delivery to the intended location, reduce undesired outcomes, and limit
harmful responses [115]. These biphasic dispersions systems consist of
two immiscible liquids, with particles of nanometric size ranging from
10 nm to 1000 nm [116]. NEs are biocompatible, physically stable,
easily manufactured, and biodegradable. They are beneficial for intra-
venous administration due to their droplet size and nasal drug delivery
systems through mucoadhesive agents. The review explores the imple-
mentation of NE in NDs including AD, PD, and prion’s disease, focusing
on their molecular aspects and the significance of nano emulsions in
treating these diseases [117].

NEs are tiny dispersed particles utilized in pharmaceuticals for
delivering drugs to treat NDs. Nano formulations, including NEs, have
been crafted for enhanced drug delivery in PD. NEs based on palm oil,
combined with Levodopa, offer advantages due to their efficiency, su-
perior thermal characteristics, and resistance to oxidation [118]. Addi-
tionally, NEs have been adapted with mucoadhesive properties for PD
treatment [119]. This research aimed to enhance trans nasal drug de-
livery by optimizing nasal NEs of Iloperidone applying Design Expert
(Version 11) and incorporating chitosan for surface modification. The
chitosan-functionalized nanoemulsions were formulated through ultra-
sonication using oleic acid as a charge regulator, along with appropriate
excipients. Characterization studies exposed a droplet size of 146.4
+0.5nm, a PDI of 0.291 + 0.02, and a zeta potential of + 23.6
+ 0.3 mV. Surface functionalization was validated through Ninhydrin
assay, TEM, and FTIR analysis. In vitro drug release analysis indicated
that Iloperidone release from the NEs and chitosan-functionalized for-
mulations were 90.41 + 2.1% and 72.02 + 0.21%, respectively. After
eight hours, ex vivo permeation experiments over goat nasal mucosa
showed Iloperidone penetration values of 1270.58 + 0.023 ug/cm? and
1096.13 £ 0.043 pg/cm? Studies employing Neuro2A brain cell lines
and RPMI 2650 nasal cells validated the chitosan-functionalized nano-
emulsions' safety profile. Furthermore, experiments in Wistar rats
revealed enhanced cataleptic effects, improved cognitive function, and
reduced anxiety-related behavior, along with increased brain aggrega-
tion, highlighting the promise of this technique for efficient nasal drug
delivery [120]. In a recent study,scholars designed a mucoadhesive
microemulsion incorporating lipophilic silymarin for PD treatment.
Using Central Composite Design, they optimized the microemulsion to
achieve favourable droplet size, zeta potential, and drug loading effi-
ciency. The refined formulation exhibited a droplet size of 61.26
+ 3.65 nm, a surface charges of —24.26 &+ 0.2 mV, and an impressive
drug loading efficiency of 97.28 + 4.87%. Chitosan incorporation
notably enhanced droplet size and zeta potential. In vitro cell toxicity
assessments confirmed the formulation’s safety and non-toxicity. The
mucoadhesive microemulsion demonstrated superior permeability
across sheep nasal mucosa collated to a conventional microemulsion and
drug solution, highlighting its potential for transnasal delivery of

Next Nanotechnology 9 (2026) 100466

sparingly soluble silymarin. In vitro release studies revealed substan-
tially greater drug diffusion and release from microemulsions compared
to silymarin solutions. Moreover, behavioral and biochemical analyses
in a rotenone-triggered rat model demonstrated substantial neuro-
protective effects, reinforcing the formulation’s therapeutic promise for
PD management [121].

4.3.5. Nisosomes

Nisosomes are nanoscale vesicular systems having a robust bilayer
structure, composed primarily of non-ionic emulsifiers and cholesterol.
The vesicles are extremely biologically suitable and biodegradable
[122]. The vesicles are noted for enhanced chemical inertness, good
shelf life, low adversity, and low production price. Nisosomes are
capable of entrapping lipophilic as well as hydrophilic drugs and
releasing them at localized sites in a controlled manner [123]. Besides,
Nisosomes are reported to possess the ability to affect organ distribution
and metabolic stability of drugs. This study analyses the capability of
dual drug-loaded niosomes in the intranasal delivery of Rivastigmine
and N-Acetyl Cysteine to the CNS. The preparation achieved a nanoscale
size of 162.4 nm, along with high drug entrapment efficiencies, and
proved to be stable in liquid form for six months. The niosomes were
able to endorse sustained release of the drug for two days, showing
enhanced therapeutic effects compared to conventional free drug solu-
tions. Pharmacokinetic and biodistribution analyses showed greater
retention in the brain, which suggested that the self-assembled lipidic
nanoscale structure of niosomes can efficiently enable nasal drug de-
livery, hence circumventing the BBB through the intranasal route [124].
The research assessed the use of niosomes for intranasal delivery of
Bromocriptine Mesylate for improved brain targeting through the ol-
factory route for better treatment of PD. The best formulation showed
effective encapsulation, improved permeation through nasal mucosa,
and enhanced brain bioavailability in comparison to conventional ap-
proaches. In vivo studies justified its efficacy in reducing PD symptoms
with an excellent safety profile, without any toxicity observed within 28
days. The results underscore intranasal niosomal delivery as a viable
strategy for delivering drugs of therapy to the brain, providing improved
efficacy at reduced doses with fewer systemic side effects [125].

4.3.6. Dendrimers

Dendrimer is a term Professor Donald Tomalia coined by uniting the
two Greek words d¢vtpo (dendro) for "tree" and pépoc (meros) for "part."
Dendrimers (DDs) are highly branched three-dimensional synthetic
macromolecules with the highly controlled size, shape, and function-
ality of terminal groups on synthesis [126]. Their typical design consists
of a central core, which can be a single atom or a cluster of atoms, as well
as multiple identical chemical activities, outwards expanding branches
replicated from the core, and terminal groups on the nanoparticle's
surface. DDs are considered prospective drug delivery methods since
they can traverse the BBB and increase the absorption rate of conven-
tional medicines in the brain [127]. They have been found to be useful in
gene delivery by suppressing the expression of certain target proteins.
Additionally, DDs are promising as anti-inflammatory, anti--
amyloidogenic agents and facilitate cellular uptake in certain cell types.
They can also be used as very potent diagnostic tools for NDs. Addi-
tionally, DDs possess higher water solubility, biocompatibility, poly-
valence, and well-defined molecular weight compared to conventional
polymers and thus can be employed for targeted delivery of drugs to the
brain [128]. This research assessed dendrimers as a possible nanocarrier
for siRNA gene targeting of the apolipoprotein E gene through the BBB
for treating NDs. Researchers compared complexation stability, mech-
anism of interaction, and cytotoxicity against brain endothelial cells.
Amongst the dendrimers tested, third-generation silicon-based den-
drimer with polyethylene glycol 6000 conjugation) showed the greatest
potential, with attractive characteristics for drug delivery. On the other
hand, fourth-generation oxygen-based dendrimer with polyethylene
glycol 6000 conjugation was found to be extremely cytotoxic, while
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lower doses,
bypassed hepatic first-pass
metabolism

unassessed long-
term toxicity,
restricted intranasal
dosing

Table 2
Comparison of different nanosystems in intranasal drug delivery system.
Delivery System Particle size Loading Efficiency Limitations References
Liposomes 50-500 nm Moderate Stability issues. Leakage [130]
Polymer Nanoparticles 50-300 nm High Toxicity concern, complex synthesis [131]
Inorganic Nanoparticles 1-100 nm Variable Poor biodegradability, toxicity [132]
Lipid Nanoparticles 50-300 nm Moderate-High Surfactant irritation [133]
Nanoemulsions 10-200 nm High Instability [134]
Niosomes 100-1000 nm High Aggregation, size variability [135]
Dendrimers 1-100 nm Very high Cost, cationic toxicity. [136]
Table 3
An overview of intranasal nano delivery system studied for neurological disorders.
Drug Nano Route Bioavailability Advantage Limitation Toxicity References
formulation
Levodopa Polymeric Intranasal ~ fBioavailability 1Solubility, lentrapment NA [137]
nanoparticle (from 26.56% to Tnasal residence time, efficiency (~40%)
45.20%) 1CNS absorption - Mucociliary
clearance
tPolymer-induced
aggregation
Tparticle size
- Delayed Tmax due
to larger
nanoparticle size
Riluzole nanoparticle Intranasal  fbioavailability ttherapeutic effects by NA mitigated haloperidol-induced [138]
tAbsorption reaching CSF directly, memory impairment and toxicity
loxidative stress, improved in rats.
memory impairment
Buspirone solid lipid Nasal tbrain targeting self-medication lentrapment low toxicity of solid lipid [139]
nanoparticles tease of better patient compliance efficiency nanoparticles.
administration, Rapid absorption
tdrug distribution -fast onset of action
hydroxy- Liposomes Nasal tbioavailability 1Brain-Targeting, Despite high Caused slight nasal mucosa [140]
a-sanshoo 1Stability, stability therapeutic damage.
1Safety Profile, efficacy in AD
remain insufficiently
validated.
donepezil, Liposomes Intranasal ~ NA -Intranasal liposomal linherent stability, -free(non-encapsulated) [141]
memantine, delivery offers a non- lcellular uptake donepezil and memantine exhibit
and BACE-1 invasive route that measurable cytotoxicity,
siRNA bypasses the BBB, protects indicating the need for a
siRNA from degradation, protective delivery system to
tdrug efficacy and safety reduce drug-induced cell damage.
Isystemic side effects
magnolol Thermosensi- Intranasal ~ tbioavailability, Bypassed BBB for direct Poor solubility and |Toxicity [142]
tive hydrogel Prolonged plasma brain transport. aggregation. -Biocompatibility
release Tnasal residence time inability to
tdrug release effectively cross the
Imucociliary clearance BBB.
Osthole Nano- Nasal tbioavailability tnasal drug delivery NA -toxicity profile was not [143]
emulsion tdrug release 1Transport, evaluated, leaving safety
ttherapeutic tmucoadhesion, tstability unconfirmed.
efficacy tsolubility 1,
Dolutegravir Nano- Nasal 1 Dolutegravir’s once-daily dosing regimen.  potential patient NA [144]
emulsion brain High genetic barrier to variability,
bioavailability, drug resistance. unassessed clinical
1Systemic good safety profile. scalability.
exposure tbrain targeting
Lacosamide Niosomes Intranasal tbrain ttranscellular transport NA safe and non-toxic, [145]
bioavailability, tmucoadhesion minimal nasal inflammation,
Showed 4.5-7 Tstability no mucosal damage
times higher brain
uptake
Bromo-criptine Niosomes Nasal tbrain tbrain uptake and uncertain human No organ toxicity, [146]
bioavailability, distribution of drugs, safety, minimal nasal inflammation

*NA — Not Addressed

third-generation oxygen-based dendrimer with polyethylene glycol
6000 conjugation was characterized by balanced complexation

competence and thus had promise as an siRNA carrier. The results
revealed the promise of dendrimer-based delivery systems to improve
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ND treatments [129]. Another study investigated a DDs supported drug
delivery system to improve the brain-targeting activity of tacrine with
reduced systemic side effects. Researchers functionalized poly(propyl-
ene imine) G5.0 DDs with oleic acid as a brain-targeting ligand and
assured successful binding using spectroscopic techniques. Tacrine hy-
drochloride was physically entrapped in these dendrimers without loss
of its AChE inhibitory activity, a key enzyme in AD. Safety tests
confirmed the biocompatibility of the formulation, thus warranting
subsequent in vivo studies as a potentially useful approach to treat AD.
Comparison of different nanosystems is depicted in Table 2.

An overview of intranasal nano delivery system studied for neuro-
logical disorders is represented in Table 3.

5. Conclusion

Nasal delivery of drugs has become an exciting non-invasive way to
overcome the limitations of the BBB when treating neurological disor-
ders. In this review, we discussed how different types of nanocarrier
systems such as liposome, niosome, polymeric nanoparticle, and nano-
gel have varying drug characteristics related to particle size, delivery
performance, drug loading efficiencies, mucoadhesion properties, but
also differences in other areas like limitations associated with that
particular carrier. While liposomes and niosomes offer biocompatibility
and efficient encapsulation, issues related to stability and rapid clear-
ance persist. On the other hand, polymeric nanoparticles provide
controlled release of drugs and improved stability due to crosslinking
and appeasement via chemical reactions. However, Polymer neurotox-
icity and difficulties for scaling up production remain concerns. While
nanogels provide superior mucoadhesion and have high drug loading
capacity, long-term safety data is incomplete.

Despite having preclinical evidences demonstrating an ability to
achieve better targeting to the brain and decreased systemic exposure
using intranasal nanocarriers, there are still numerous issues that will
impact clinical translation of these products including variability be-
tween patients due to differences in nasal anatomy and physiology, the
reproducibility of formulation composition, the unknown impact of
long-term use with respect to neurotoxicity as well as the regulatory
hurdles needed for approval.

In this view, future studies should focus on further standardizing
comparative data comparing carriers through thorough mechanistic
investigation on olfactory and trigeminal transport mechanisms and
develop biodegradable, scalable and pharmaceutically optimized
nanocarriers. Additionally, well-designed preclinical and clinical studies
specifically evaluating nose-to-brain targeting efficiency, safety, and
long-term neurological outcomes are necessary to facilitate successful
clinical translation.
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