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Intranasal in-situ gels have gained significant attention as drug delivery systems
capable of undergoing sol-gel transition in response to physiological stimuli such as
temperature, pH, or ionic strength. This transformation increases nasal residence time, enhances
mucoadhesion, and allows sustained drug release, thereby improving the potential for direct
brain delivery. Neurological disorders such as Alzheimer’s disease, Parkinson’s disease, epilepsy,
stroke, migraine, multiple sclerosis, and depression are often difficult to treat effectively
because the blood-brain barrier (BBB) restricts the entry of many therapeutic agents into
the central nervous system (CNS). Intranasal delivery offers a non-invasive alternative route
that can bypass the BBB through the olfactory and trigeminal pathways. The objective of this
review is to summarize recent advances in the formulation strategies, mechanisms of transport,
evaluation parameters, and therapeutic applications of in-situ nasal gels for nose-to-brain
delivery. Special emphasis is placed on thermosensitive, pH-sensitive, and ion-activated gels
prepared using polymers such as poloxamer, chitosan, Gellan gum, and Carbopol. The novelty
of this review lies in its integration of disease-specific applications with critical discussion of
current limitations and translational challenges. Intranasal in-situ gels represent a promising
approach for enhancing brain bioavailability, reducing systemic side effects, and improving
patient compliance. However, further clinical investigations are required to confirm long-term
safety, dose reproducibility, and therapeutic effectiveness in humans.
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Conventional therapies for neurological
disorders mainly rely on oral medications,
intravenous injections, deep-brain stimulation
devices, and surgical interventions. Although these
approaches may provide symptomatic relief and
slow disease progression, they are associated with
important limitations.! Systemically administered
drugs often fail to achieve therapeutic concentrations

in the brain because most molecules cannot cross
the highly selective blood—brain barrier (BBB).
As a result, higher doses are required, which
increases the risk of systemic adverse effects and
decreases patient safety. Invasive approaches, while
sometimes effective, are costly, uncomfortable,
and associated with poor patient compliance. To
overcome these challenges, intranasal drug delivery
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has emerged as a non-invasive and efficient strategy
for targeting the central nervous system (CNS).?
This route exploits the anatomical connection
between the nasal cavity and the brain via the
olfactory and trigeminal pathways, enabling direct
drug transport while partially bypassing the BBB.
Intranasal administration also offers rapid onset of
action, avoidance of first-pass metabolism, reduced
systemic exposure, and ease of self-administration,
making it attractive for long-term therapy of
neurological disorders.* Among intranasal delivery
systems, in-situ gels provide distinct advantages
over conventional nasal sprays and solutions.
They are administered in liquid form and undergo
sol-to-gel transition in response to physiological
stimuli such as temperature, pH, or ionic strength.*
Gel formation prolongs nasal residence time,
enhances mucoadhesion, reduces mucociliary
clearance, and enables sustained and controlled
drug release toward the brain. Compared with
simple nasal liquids, in-situ gels minimize post-
administration drainage and significantly improve
brain bioavailability. This review summarizes
formulation principles, mechanisms of nose-to-
brain transport, and recent advances in intranasal
in-situ gel systems. Special emphasis is placed on
thermosensitive, pH-sensitive, and ion-activated
gels prepared using polymers such as poloxamer,
chitosan, Gellan gum, and Carbopol. Finally,
current challenges, safety considerations, and
future prospects for clinical translation of intranasal
in-situ gels in neurological and neurodegenerative
disorders are critically discussed.’
Anatomy of nose

The nasal cavity is divided into two
halves by the nasal septum and extends from
the nostrils to the nasopharynx. For intranasal
drug delivery, the most important regions are the
respiratory region and the olfactory region.® The
respiratory region, which includes the inferior and
middle turbinates, is lined with ciliated respiratory
epithelium and contains a rich vascular network. It
is responsible for mucociliary clearance and serves
as the primary site for systemic absorption because
of its large surface area and high permeability.’
The olfactory region, located beneath the superior
turbinate, plays a key role in direct nose-to-brain
transport. It contains specialized olfactory neurons
that connect the nasal mucosa with the olfactory
bulb and other CNS regions. Branches of the
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trigeminal nerve are distributed throughout both
respiratory and olfactory mucosa, providing an
additional pathway for drug transport to deeper
brain structures such as the brainstem and spinal
cord.® Overall, the thin epithelial barrier and rich
innervation make the nasal cavity a suitable route
for delivering therapeutic agents to the CNS while
partially bypassing the blood—brain barrier.’
Pathways Involved
Olfactory pathway

The olfactory pathway enables direct
transport of therapeutic agent from nasal cavity to
the brain. The olfactory epithelium, located beneath
the superior turbinate, contain olfactory receptor
neuron whose axons project through the cribriform
plate into olfactory bulb.'* Drugs deposited in this
region may be transported intracellularly along
olfactory neurons or extracellularly via perineural
channels to reach higher brain regions, including
the olfactory bulb, cortex, hippocampus, and
amygdala."" Three major mechanisms contribute
to transport across this pathway: paracellular
diffusion, transcellular diffusion, and neuronal
(axonal) transport.'?
Trigeminal pathway

The trigeminal pathway provide an
additional direct connection between the nasal
mucosa and the brainstem.'* Branches of the
ophthalmic and maxillary division of the trigeminal
nerve innervate both the respiratory and olfactory
region of the nasal cavity, enabling drug transport
to brainstem, pons, spinal cord.' This pathway is
particularly important for drug deposited outside
the olfactory region and supports the delivery
of both hydrophilic and lipophilic agent while
partially bypass the blood-brain barrier.'
Systemic pathway

The systemic pathway is an indirect
route in which drugs absorbed through the
highly vascular nasal mucosa enter the systemic
circulation and subsequently reach the brain via
the bloodstream.'® following absorption, the drug
must still cross the blood-brain barrier (BBB) to
enter the central nervous system (CNS), which
limits the fraction that reaches brain tissue.!”
Therefore, this route resembles conventional
systemic administration and is generally slower
and less targeted than the olfactory and trigeminal
pathway. Although systemic absorption contributes
to overall exposure, particularly for small lipophilic
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drugs with BBB permeability, it typically plays
a secondary role compared with direct neural
pathways.'® These three pathways collectively
explain the mechanisms underlying nose-to-brain
delivery, as illustrated in figure 1.
Obstacles in Drug Delivery to the CNS
Delivering drugs to the central nervous
system (CNS) remains one of the greatest
challenges in pharmaceutical science, primarily
because of the presence of the blood—brain barrier
(BBB). The BBB is a highly selective physiological
barrier that restricts the entry of most therapeutic
agents into the brain, allowing passage only to
certain small, lipophilic, or actively transported
molecules. Although these barriers protect neural
tissue from toxins and pathogens, they also limit
the delivery of many potentially beneficial drugs.
The CNS, comprising the brain and spinal cord,
is further protected by additional barriers such
as the blood—cerebrospinal fluid barrier and
efflux transport systems, which together maintain
brain homeostasis but significantly hinder drug
penetration. As a consequence, many systemically
administered drugs fail to reach therapeutic
concentrations in the brain." The major anatomical
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and physiological obstacles to CNS drug delivery
are summarized in figure 2
Overview of Neurological and Neurodegenerative
Disorders

Alzheimer’s disease (AD) Alzheimer’s
disease (AD) is a progressive neurodegenerative
disorder characterized by decline in memory,
cognitive function, and behaviour, ultimately
interfering with daily activities and quality of life. It
is the most prevalent form of dementia worldwide,
and its incidence is expected to increase with ageing
populations. Current pharmacotherapy mainly
includes cholinesterase inhibitors and N-methyl-
D-aspartate (NMDA) receptor antagonists;
however, these agents provide only symptomatic
relief and have limited brain penetration because
of the restrictive blood—brain barrier (BBB).*
Consequently, alternative strategies capable
of improving brain delivery are being actively
explored.?! Intranasal in-situ gel formulations have
emerged as a potential approach for enhancing the
delivery of anti-Alzheimer’s drugs to the brain.
These systems can partially bypass the BBB
through the olfactory and trigeminal pathways and
undergo sol—gel transition upon contact with nasal
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Fig. 1. Anatomical structure involved in the nose-to-brain delivery
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mucosa, increasing residence time and enabling
sustained drug release. Commonly used polymers
include poloxamer 407, chitosan, gellan gum, and
Carbopol.2
Preclinical evidence

Preclinical in-vitro and animal studies
report enhanced brain targeting of donepezil,
rivastigmine, memantine, and huperzine A
using intranasal in-situ gels.” Donepezil-loaded
nanostructured lipid carrier gels improved brain
concentrations compared with oral formulations.
Rivastigmine ion-activated gels enhanced
brain uptake and learning performance in rats.
Memantine pH-sensitive gels showed prolonged
nasal residence, while huperzine A chitosan gels
demonstrated strong mucoadhesion and increased
brain accumulation.*
Clinical evidence

Early clinical investigations indicate
that intranasal delivery systems may improve
tolerability and brain targeting of anti-Alzheimer’s
agents; however, robust, large-scale randomized
clinical trials are still lacking.
Relevance

In-situ nasal gels therefore represent
a promising platform for improving brain
bioavailability of Alzheimer’s drugs while
potentially lowering systemic side effects and
reducing dosing frequency. The various In-situ gel
for treating Alzheimer have been in Table 1.
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Although intranasal in-situ gels for
Alzheimer’s drugs show promising improvements
in brain targeting and cognitive outcomes in
preclinical models, translation to patients remains
limited, and issues such as long-term nasal safety,
variability in nose to brain transport, and lack of
robust clinical trials still restrict definitive clinical
application.

Parkinson’s Disease

Parkinson’s disease (PD) is the second most
common progressive neurodegenerative disorder
after Alzheimer’s disease. It is characterized by
degeneration of dopaminergic neurons in the
substantia nigra, leading to motor symptoms such
as tremor, rigidity, bradykinesia, and postural
instability, which markedly impair quality of
life.” Current oral therapies, including levodopa
and dopamine agonists such as pramipexole and
ropinirole, are limited by poor brain bioavailability,
peripheral side effects, and extensive first-pass
metabolism.*® In-situ nasal gels are increasingly
explored for the management of Parkinson’s
disease as they facilitate nose-to-brain delivery and
reduce dependence on systemic administration.*
After intranasal administration, the formulation
transitions from a sol to a gel, leading to prolonged
residence in the nasal cavity and gradual drug
release. By engaging olfactory and trigeminal
pathways, these systems improve brain uptake
of antiparkinsonian agents. Polymers commonly
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Fig. 2. Obstacles in drug delivery to the central nerve system
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used include poloxamer 407, chitosan, pectin, and
Pluronic F-68.4°
Preclinical evidence

Multiple animals and in-vitro studies have
reported improved brain targeting using intranasal
in-situ gels containing anti-Parkinson’s drugs.
Rasagiline mesylate-loaded in-situ gels showed
high entrapment efficiency, nanosized particles,
and markedly enhanced brain bioavailability
compared with oral administration. Piribedil,
ropinirole and levodopa-based in-situ gels also
produced significantly greater brain uptake and
higher striatal dopamine levels than conventional
formulations. Across several studies, these systems
provided sustained drug release and superior brain-
targeting efficiency relative to oral and intravenous
routes.*!
Clinical studies

Early clinical findings indicate that
intranasal in-situ gels may improve patient
compliance and therapeutic response; however,
large, well-controlled clinical trials are still
required to confirm efficacy and long-term safety.
Relevance

In-situ nasal gels hold promise as a non-
invasive platform for delivering dopaminergic
drugs directly to the brain, potentially reducing
systemic adverse effects, improving bioavailability,
and enhancing symptom control in Parkinson’s
disease. The various In-situ gel has been discussed
for the treatment of Parkinson’s in Table 2.

Although intranasal in-situ gels of
antiparkinsonian drugs demonstrate improved
brain targeting and behavioural recovery in
preclinical studies, clinical evidence in humans
remains scarce, and long-term nasal safety, dosing
reproducibility, and patient acceptability need
further evaluation.
Epilepsy

Epilepsy is a chronic neurological
disorder characterized by recurrent, unprovoked
seizures resulting from abnormal electrical activity
in the brain. According to the World Health
Organization, epilepsy is one of the most common
neurological disorders worldwide, affecting more
than 50 million people. The condition significantly
impairs quality of life, and despite the availability
of several antiepileptic drugs, many patients still
experience uncontrolled seizures, indicating the
need for more effective and targeted therapies.
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Major challenges in epilepsy management include
drug resistance, systemic adverse effects, and
inadequate brain targeting. Traditional oral and
intravenous antiepileptic therapies often have
limited bioavailability and delayed onset of
action, making them less suitable for rapid seizure
control.>! To address these limitations, researchers
have increasingly explored intranasal in-situ gel
systems, which provide a non-invasive route to
the brain through the olfactory and trigeminal
pathways. These formulations are administered in
liquid form and convert into a gel upon contact with
the nasal mucosa, leading to prolonged residence
time, improved mucoadhesion, and enhanced
drug absorption. Polymers such as poloxamer
407, HPMC K4M, Carbopol, and gellan gum are
commonly used because of their thermosensitive
and mucoadhesive properties.
Preclinical evidence

Multiple preclinical studies have
evaluated intranasal in-sifu gel formulations of
antiepileptic drugs for nose-to-brain delivery.
Bacopaside A-loaded in-situ gel exhibited rapid
sol—gel transition and high ex-vivo permeation.
Carbamazepine-loaded Gellan gum gels
demonstrated enhanced brain uptake, prolonged
drug diffusion, and no evidence of mucosal
toxicity. Diazepam and midazolam in in-situ gel
formulations produced rapid brain uptake with
short Tmax values and high max, indicating
suitability for acute seizure control.*> Lorazepam,
clonazepam, levetiracetam, and oxcarbazepine
gels showed sustained release profiles, improved
mucoadhesion, and significantly higher brain
bioavailability compared with conventional oral
formulations.
Clinical studies

Clinical data on intranasal in-situ gels
for epilepsy are still limited; however, preliminary
studies suggest improved seizure control, faster
onset of action, and enhanced patient acceptability
compared with oral benzodiazepines. Larger
clinical trials are required to confirm long-term
safety and therapeutic benefit.
Relevance

In-situ nasal gels demonstrate strong
potential to transform epilepsy therapy by enabling
rapid onset, targeted nose-to-brain delivery,
reduced systemic side effects, and sustained
antiepileptic drug release.*® The various In-situ gel
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has been discussed for the treatment of epilepsy
have been discussed in Table 3.

Although intranasal in-situ gel
formulations of antiepileptic drugs show rapid
brain uptake and superior seizure control in
preclinical models, clinical studies in humans
remain limited, and long-term nasal safety and
dosing consistency require further investigation.
Ischemic Stroke

Ischemic stroke results from an interruption
of cerebral blood flow, leading to neuronal injury
and functional deficits such as paralysis, impaired
speech, and cognitive decline. Oxidative stress
plays a major role in ischemic brain damage
because excessive production of reactive oxygen
species during ischemia—reperfusion causes lipid
peroxidation and neuronal death. Conventional
thrombolytic and neuroprotective therapies are
limited by narrow therapeutic windows and
poor penetration across the blood-brain barrier
(BBB).®! Intranasal in-situ gel systems have been
increasingly explored to enhance brain delivery
of antioxidant and neuroprotective agents for
ischemic stroke management.*? These formulations
are administered in liquid form and undergo a
sol—gel transition at nasal physiological conditions,
which prolongs mucosal residence time, improves
mucoadhesion, and enables sustained drug release
through the olfactory and trigeminal pathways.5
Preclinical evidence

Animal studies have shown that edaravone,
naringenin, citicoline, resveratrol, curcumin and
zolmitriptan formulated as intranasal in-situ gels
produce higher brain concentrations, reduced
infarct volume, improved behavioural recovery and
attenuation of oxidative stress markers compared
with conventional delivery routes.*

Clinical evidence

Currently, clinical studies on intranasal
in-situ gel formulations for ischemic stroke are still
very limited, and most available data arise from
preclinical investigations. Large, well-designed
clinical trials are still needed to confirm safety and
therapeutic efficacy in humans.®
Relevance

This approach has the potential to enhance
neuroprotection in ischemic stroke by facilitating
nose-to-brain transport, sustaining drug release,
and minimizing peripheral side effects.® The
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potential of /n-situ nasal gels offers a safer, faster,
and more targeted alternative to conventional
stroke therapies. The various In-situ gel has been
discussed for the treatment of ischemic stroke in
Table. 4

Although these formulations show
enhanced brain delivery in preclinical stroke
models, clinical validation in humans is still
limited, and long-term nasal safety requires further
investigation.
Migraine

Migraine is a common neurological
disorder characterized by recurrent attacks of
moderate to severe headache, often accompanied
by nausea, photophobia and phonophobia. It affects
approximately 15% of the global population and
is a major cause of disability. Two major clinical
types are recognised: migraine with aura and
migraine without aura.” Neurogenic inflammation
and activation of trigeminal nerve pathways play
a key role in migraine pathophysiology, leading
to the release of vasoactive neuropeptides and
pain hypersensitivity.”* Conventional antimigraine
therapies are limited by gastrointestinal side effects,
frequent dosing, poor brain targeting and variable
patient response. To address these limitations,
intranasal in-situ gel systems have been explored
to enhance nose-to-brain delivery through olfactory
and trigeminal pathways. These formulations
are administered as liquids and undergo sol—gel
transition at nasal physiological conditions,
prolonging mucosal residence time and sustaining
drug release.”
Preclinical evidence

An emodin-loaded mucoadhesive in-situ
nasal gel formulated with poloxamer 407 and
almond gum demonstrated sustained drug release,
high mucoadhesive strength and minimal nasal
irritation. /n-vivo studies in migraine-induced rats
showed restoration of locomotor activity, reduction
in nitric oxide levels and significant decreases in
inflammatory markers such as CGRP and TNF-a.
Similar findings have been reported for sumatriptan
and zolmitriptan in-situ gels, with improved brain
uptake and prolonged retention compared with
conventional nasal sprays.”
Clinical evidence

Clinical data on intranasal in-situ gel
therapy for migraine are still scarce, and most
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available evidence is preclinical. Further controlled
human trials are needed to establish safety, efficacy
and patient acceptability.”
Relevance

In-situ nasal gels offer a promising
non-invasive strategy for rapid brain delivery
of antimigraine agents, potentially improving
therapeutic response while reducing systemic side
effects.” The various /n-situ gel has been discussed
for the treatment of migraine have been discussed
in Table.5

Although intranasal in-situ gels for
antimigraine therapy show encouraging results
in terms of rapid onset, enhanced brain delivery,
and prolonged relief in preclinical studies, clinical
evidence is still limited. Differences in nasal
physiology, potential local irritation, lack of direct
comparison with existing nasal formulations,
and the absence of large, well-designed clinical
trials continue to restrict their routine clinical
application.
Multiple Sclerosis

Multiple sclerosis (MS) is a chronic
autoimmune disease in which the body’s immune
system damages the myelin sheath of neurons
in the brain and spinal cord, leading to impaired
nerve conduction. Patients commonly experience
fatigue, muscle weakness, visual disturbances, and
loss of coordination. MS affects over 2.8 million
people globally and often results in progressive
disability beginning in early adulthood.® Current
therapies such as interferon-4, glatiramer acetate,
and dimethyl fumarate (DMF) aim to modulate
immune responses and reduce neuroinflammation,
however they are limited by poor brain targeting,
systemic adverse effects, and restricted penetration
across the blood—brain barrier (BBB). To improve
CNS delivery, intranasal in-situ gel systems are
being explored as a non-invasive alternative that
can bypass the BBB via olfactory and trigeminal
neuronal pathways. These gels are administered
as liquids and undergo sol-gel transition at
nasal physiological temperatures, increasing
mucosal residence time, mucoadhesion, and drug
absorption. Commonly used polymers include
poloxamer 407, Carbopol 934, chitosan, and
a-glycerophosphate.®’
Preclinical evidence

Several preclinical studies have
demonstrated improved targeting of MS
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therapeutics using intranasal in-situ gels.
Glatiramer acetate nanogels showed effective
localization to inflamed CNS lesions and significant
motor function improvement in experimental
autoimmune encephalomyelitis (EAE) mouse
models. Gliclazide-loaded in-situ gels produced
sustained drug diffusion and increased brain
concentrations compared with conventional
formulations. Geniposide in a thermosensitive in-
situ gel demonstrated enhanced brain uptake and
neuroprotective effects in animal studies.®
Clinical evidence

Clinical data on intranasal in-situ gel
formulations for MS remain limited; however,
early investigations with dimethyl fumarate and
glatiramer acetate intranasal systems indicate
acceptable tolerability and potential enhancement
of CNS targeting. Larger, controlled trials are
needed to verify clinical efficacy and long-term
safety. ¥
Relevance

Intranasal in-situ gels offer a promising
platform for MS therapy by improving brain
targeting, reducing systemic exposure, achieving
sustained release, and enhancing patient
compliance. The various /n-situ gel has been
discussed for the treatment of Multiple Sclerosis
have been discussed in Table 6.

Although intranasal in-situ gels for
multiple sclerosis show improved brain targeting
and neuroprotective effects in preclinical EAE
models, translation into clinical practice remains
uncertain. Most available evidence is limited
to in-vitro and animal studies, with only a few
early-phase human trials. Variability in nasal
anatomy, long-term safety concerns, potential
immunogenicity with peptide-based drugs such as
glatiramer acetate, and lack of standardized clinical
endpoints remain significant barriers. Therefore,
larger, well-controlled clinical studies are required
before intranasal in-situ gels can be recommended
for routine MS treatment.

Depression

Depression is a common psychiatric
disorder characterized by persistent low mood,
loss of interest or pleasure, cognitive impairment,
and functional disability. It affects over 280 million
people worldwide and represents a leading cause of
illness-related disability. Standard pharmacotherapy
includes selective serotonin reuptake inhibitors
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(SSRIs), serotonin—norepinephrine reuptake
inhibitors (SNRIs), and tricyclic antidepressants;
however, these agents are often associated with
delayed onset of action, inadequate clinical
response, systemic adverse effects, and poor brain
penetration due to the blood—brain barrier (BBB).”
Intranasal in-situ gel systems have therefore gained
increasing attention in depression therapy, as they
enable direct delivery of antidepressant drugs to the
brain while reducing hepatic first-pass metabolism
and dependence on oral dosing. In these systems,
the formulation is administered in liquid form and
subsequently undergoes sol—gel transition under
nasal physiological conditions, allowing prolonged
residence time and controlled drug release. This
strategy increases the likelihood of drug reaching
central serotonergic and noradrenergic regions
involved in mood regulation. Polymers such
as poloxamer 407, chitosan, and Carbopol are
commonly employed to confer thermosensitive
gelation and strong mucoadhesion.”
Preclinical evidence

Several antidepressant drugs have been
successfully investigated in intranasal in-sifu gel
systems for nose-to-brain delivery. Paroxetine-
loaded transferosomal in-situ gels demonstrated
high entrapment efficiency, sustained drug release,
enhanced ex-vivo permeation, and significant
antidepressant activity in lipopolysaccharide-
induced animal models. Agomelatine-loaded
nanostructured lipid carrier (NLC) gels exhibited
complete drug release within 6 h and efficient brain
delivery following intranasal administration.®
Mirtazapine in poloxamer—xyloglucan gels showed
high permeation across nasal mucosa and improved
behavioural responses in forced-swim tests.
Doxepin-loaded chitosan gels provided controlled
release, good mucoadhesion, and no evidence of
nasal mucosal irritation in animal studies. These
preclinical findings indicate improved brain
uptake, faster onset of action, and reduced systemic
exposure when compared with conventional oral
or intravenous administration.”
Clinical evidence

Clinical studies on intranasal in-situ gels
for depression are limited, and most evidence
remains at the experimental and preclinical stage.
Well-designed human trials are required to confirm
safety, efficacy, and patient acceptability.”’
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Relevance

This delivery strategy has the potential
to improve treatment response in depression by
increasing brain targeting, reducing peripheral
adverse effects, and lowering dosing frequency.
The various In-situ gel has been discussed for the
treatment of Depression have been discussed in
Table.7

Although intranasal in-situ gels for
antidepressant delivery show encouraging results
such as improved brain targeting, faster onset
of action and reduced systemic exposure in
preclinical studies, the available clinical evidence
is still very limited. Most data are derived from
animal models and short-term experiments, and
long-term nasal safety, dose reproducibility, and
patient acceptability remain insufficiently defined.
In addition, variability in nasal physiology and
the potential for local irritation or altered smell
sensation warrant careful evaluation. Therefore,
while these systems appear promising, large,
well-controlled clinical trials are essential before
intranasal in-situ gels can be considered a routine
therapeutic strategy for depression.

DISCUSSION

Intranasal in-situ gel systems are attracting
considerable interest as carriers for nose-to-brain
delivery of therapeutic agents. Evidence from
recent studies indicates that these formulations can
enhance brain uptake compared with conventional
oral or injectable dosage forms. Their advantages
mainly arise from the sol-gel transition inside
the nasal cavity, which increases contact time
with the mucosa, improves mucoadhesion,
and enables controlled and prolonged drug
release. In several neurological disorders such
as Alzheimer’s disease, Parkinson’s disease,
epilepsy, migraine, stroke, multiple sclerosis and
depression, preclinical models have demonstrated
improved pharmacokinetic performance and better
therapeutic responses when drugs are delivered
using intranasal in-situ gels. However, these findings
should be interpreted cautiously. The majority of
available data are derived from in-vitro studies
and animal experiments, while human clinical
evidence remains limited. Extrapolating animal
results directly to patients is difficult because of
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differences in nasal anatomy, mucus composition,
enzyme activity and disease progression. Additional
challenges include achieving consistent dosing,
ensuring patient-friendly administration, and
evaluating long-term mucosal safety. Possible
risks such as local irritation, changes in ciliary
function and alterations in olfactory perception
require systematic investigation. Manufacturing
and regulatory aspects present further barriers.
Reproducibility of gelation temperature, long-
term stability, sterility maintenance, large-scale
production and appropriate nasal delivery devices
must be optimized before routine clinical use can
be realized. Regulatory guidance for nose-to-brain
intranasal products is still evolving, which may
delay translation to clinical practice. Overall,
intranasal in-situ gels represent a promising but still
evolving strategy rather than an established therapy.
They offer clear theoretical and experimental
advantages in terms of brain targeting and reduction
of systemic exposure; however, comprehensive
clinical studies are needed to confirm these
benefits in patients. Future work should emphasize
standardized experimental protocols, detailed
toxicological evaluation, device compatibility and
well-designed clinical trials to clarify their real-
world therapeutic role in central nervous system
disorders.
Recent Advances in Nose-to-Brain In-situ Gel
Systems

Advancements in nose-to-brain drug
delivery have opened new avenues for treating
neurological disorders. Several ongoing clinical
trials are investigating the potential of intranasal
formulations, particularly in-situ gels, for
delivering drugs directly to the brain. These
trials include therapies for Alzheimer’s disease,
Parkinson’s disease, depression, and epilepsy. By
bypassing the blood-brain barrier via olfactory and
trigeminal pathways, these systems improve drug
bioavailability and onset of action. Incorporating
nanocarriers and mucoadhesive polymers further
enhances targeting and retention. The results from
these studies are promising and may soon lead
to more effective, non-invasive treatments for
central nervous system disorders. List of ongoing
clinical trials are currently exploring the potential
of intranasal drug delivery systems targeting the
brain as given below in Table: 8
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Challenges and Opportunities in Nose-to-Brain
In-situ Gel Systems

Although intranasal in-situ gel systems
show considerable promise for brain targeting,
several challenges still limit their widespread
clinical application. A major issue is formulation
complexity. An ideal in-situ gel requires careful
optimization of gelation temperature, mucoadhesive
strength, pH compatibility, and drug-release
kinetics, all of which must be compatible with
the delicate nasal mucosa. Small variations in
these parameters may affect drug stability, patient
comfort, and therapeutic response. Inter-patient
variability presents another difficulty. Differences
in nasal anatomy, mucociliary clearance, mucus
viscosity, and enzyme activity can influence
absorption and produce inconsistent outcomes.
Nasal inflammation or congestion may further
decrease effectiveness, especially when rapid
relief is required, such as in migraine. From
a pharmacokinetic perspective, although the
intranasal route bypasses the blood—brain barrier,
limited drug solubility and permeability can
still restrict brain uptake, and not all molecules
are suitable for nasal delivery due to high
molecular weight, hydrophilicity, or local irritancy.
Regulatory and manufacturing considerations
are equally important. Standardized evaluation
methods and quality-control criteria for intranasal
gels are still evolving. Most evidence remains
preclinical, and translation to large-scale human
studies is limited. Demonstrating long-term
safety, reproducibility, and scalable manufacturing
processes will be essential for regulatory approval.
Despite these challenges, opportunities are
substantial. Advances in nanotechnology such as
transferosomes, nano emulsions, and polymeric
nanoparticles incorporated into gels may further
enhance stability and brain targeting. Stimuli-
responsive “smart” polymers capable of enzyme- or
redox-triggered release could enable disease-
specific delivery. Personalized approaches using
computational formulation design and combination
regimens (e.g., insulin with GLP-1 agonists) are
being actively explored in current clinical trials.
With continued research, strong clinical validation,
and clear regulatory guidance, intranasal in-situ
gels have the potential to become patient-friendly,
non-invasive therapeutic options that minimize
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systemic adverse effects while improving central
nervous system drug delivery.

CONCLUSION

Intranasal in-situ gel systems are emerging
as a promising strategy for delivering therapeutic
agents to the brain, particularly for disorders
where conventional routes are limited by poor
penetration across the blood—brain barrier (BBB).
These formulations are administered as liquids
and undergo sol—gel transition upon contact with
the nasal mucosa, leading to prolonged residence
time, improved mucoadhesion and controlled drug
release. Most of the available evidence supporting
this approach arises from preclinical in-vitro and
in-vivo studies, which have demonstrated enhanced
brain bioavailability, improved targeting efficiency
and favourable pharmacological responses in
models of Alzheimer’s disease, Parkinson’s
disease, epilepsy, stroke, migraine, multiple
sclerosis and depression. Examples include
donepezil, rivastigmine and rasagiline, which
have shown increased brain AUC and behavioural
improvement primarily in animal models. However,
clinical translation is still limited. Only a small
number of preliminary clinical investigations
are available, and large, well-controlled human
studies are required to establish long-term safety,
efficacy, dose precision, nasal tolerability and
inter-patient variability. Additional challenges
include formulation reproducibility, large-scale
manufacturing, regulatory approval and anatomical
variability among patients. In summary, intranasal
in-situ gels should presently be regarded as a
promising but still developing strategy for nose-
to-brain drug delivery rather than an established
clinical therapy. Continued research integrating
formulation optimization with rigorous clinical
evaluation will be essential to confirm their clinical
relevance and to define their ultimate role in the
management of central nervous system disorders.
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