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ABSTRACT

Nasal drug delivery offers significant advantages due to the nasal cavity's high vascularization, large surface area,
and ability to bypass first-pass metabolism. However, conventional nasal formulations such as drops and sprays are
limited by rapid mucociliary clearance, which reduces residence time and bioavailability. Nasal spray in-situ
gelling systems represent an innovative approach to overcome this limitation by undergoing sol-gel transition upon
exposure to physiological conditions in the nasal cavity. These formulations are administered as low-viscosity
solutions that transform into gels triggered by temperature, pH, or ionic composition of the nasal environment. This
review comprehensively examines recent advancements in nasal spray in-situ gels for both local and systemic drug
delivery. Key polymers including thermoreversible agents (Poloxamer 407/188), pH-sensitive polymers
(Carbopol), and ion-sensitive polymers (gellan gum, alginate) are discussed, along with essential formulation
components such as mucoadhesive polymers, permeation enhancers, and preservatives. The review elaborates on
formulation strategies tailored for local applications (e.g., corticosteroids for allergic rhinitis) and systemic delivery
(e.g., peptides, proteins, and small molecules). Critical evaluation parameters including physicochemical
characterization, spray characteristics, in vitro drug release, ex vivo permeation, mucoadhesive strength, and in
vivo pharmacokinetic and pharmacodynamic studies are detailed. Despite challenges related to device
compatibility, mucosal irritancy, dose volume limitations, and scale-up complexities, ongoing research into novel
polymers, combination trigger systems, nanocarrier-loaded gels, and nose-to-brain delivery pathways demonstrates
immense potential. Nasal spray in-situ gelling systems emerge as a promising platform that combines precise
dosing of spray devices with prolonged retention and sustained release, offering enhanced bioavailability and
patient compliance for a wide range of therapeutic applications.

KEYWORDS: Nasal drug delivery; in-situ gel; mucociliary clearance; sol-gel transition; thermoreversible
polymers, systemic delivery; local delivery; bioavailability; sustained release; permeation enhancers; nose-to-brain
delivery.

1. INTRODUCTION

The nasal route, with its highly vascularized, large
surface area, and porous endothelial lining, is a favorable
route for drug delivery.™ It provides a non-invasive
method for systemic drug delivery, especially for poorly
orally absorbed drugs such as peptides and proteins,
thereby bypassing first-pass effects and gastrointestinal
tract degradation.[! Moreover, it is the route of choice for
the treatment of local diseases such as allergic rhinitis,
congestion, and infections.®!

However, the conventional nasal preparations (drops and
sprays) have one major drawback: rapid mucociliary
clearance./ The clearance of the nasal cavity is usually
achieved within 15-20 minutes, thus limiting the
absorption time.®! This results in poor bioavailability,
thus requiring frequent administration. To overcome this
problem, mucoadhesive and in situ gelling systems have
been investigated.®!

In situ gelling systems are intelligent polymeric systems
designed to be delivered as low-viscosity solutions that
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change to a gel upon contact with the nasal cavity’s
physiological conditions.”? When combined with the
accuracy of a nasal spray delivery system, they offer
precise dosing and improved patient compliance with
increased residence time and sustained release of the
drug.[B] This review article summarizes recent
developments in the formulation, testing, and use of
nasal spray-in-situ gels for systemic and local drug
delivery.l

2. Advantages of Nasal In-Situ Gelling Sprays
The combination of spray technology and in situ gelation
provides a number of complementary advantages.!'”

Increased residence time: The resulting gel remains on
the nasal mucosa, resisting mucociliary transport and
allowing sustained drug release.”

Improved bioavailability: The longer contact time with
the absorption surface allows better drug diffusion and
increased systemic bioavailability.®!

Patient compliance: The spray formulation is easy to
use, painless, and does not require the patient to lie down
or tilt their head backward as far as the nasal drops
formulation.™™

Less frequent dosing: The sustained-release system can
significantly reduce the dosing interval, thereby
improving patient compliance.™?

Stabilization of labile drugs: The gel system provides
protection for labile drugs, such as proteins and peptides,
from enzymatic degradation in the nasal environment.™**!

3. Mechanisms of In Situ Gelation

The sol-gel transition in the nasal environment is
triggered by one or a combination of three major
physiological stimuli.2*!

3.1. Temperature-Induced Gelation
(Thermaoreversible)

Polymers such as Poloxamer 407 (Pluronic F-127) and
Poloxamer 188 are mainly used for this purpose.l*
These polymers are low-viscosity solutions at room
temperature (20-25°C) but transform into gels at
physiological temperatures (34-37°C).*) The gelation
process is caused by the dehydration and subsequent
entanglement of polymer chains due to the temperature
increase.™! The concentration of the polymer is crucial,
as the gelation temperature should be lower than the
temperature of the nasal cavity to allow instantaneous
gelation.*”!

3.2. pH-Induced Gelation

Some polymers, like Carbopol (polyacrylic acid
derivatives), are liquid at low pH but form a gel when the
pH is increased towards the physiological pH of the nasal
passage (5.0-6.5).®1 The Carbopol polymer chains
expand with increasing pH due to the ionization of
carboxyl groups, forming a three-dimensional network
structure of the gel.'!

3.3. lon-Induced Gelation

Polymers such as sodium alginate and gellan gum
(Gelrite) form a gel in the presence of specific ions.*?
The nasal fluid contains cations such as Na*, K*, and
Caz*? When these ions come into contact with the
polymer, cross-linking of the polymer chains occurs,
forming a gel.”? For example, gellan gum forms a strong
gel in the presence of mono- and divalent cations.?*!

Polymer Type Trigger Examples Key Benefit
Thermoreversible | Temperature | Poloxamer 407, 188 Instant gel at 34-37°C
pH-Induced pH (5-6.5) Carbopol lonization forms network
lon-Induced Cations Gellan gum, alginate | Cross-linking in nasal fluid

4. Formulation Components

A nasal in situ gel spray formulation typically consists of
several key components*

Drug: Suitable for local use (antihistamines,
corticosteroids, decongestants) or systemic  use
(antiemetics, cardiovascular drugs, hormones, analgesics,
peptides).r!

Gelling Polymers: The main component, usually used in
a combination to provide the desired gelation
temperature and mucoadhesive properties (Poloxamer
407 and Carbopol or HPMC).[

Chitosan,
sodium

Mucoadhesive Polymers:
methylcellulose  (HPMC),

hydroxypropyl
carboxymethyl

cellulose (Na-CMC), and polycarbophil are used to
improve adhesion to the mucus layer.®!

Permeation Enhancers: More important in systemic
delivery of macromolecules.”® Common permeation
enhancers include chitosan (which also modulates tight
junctions),  cyclodextrins,  bile  salts  (sodium
taurocholate), and fatty acids.*”

Solvents and Vehicles: Purified water is the main
solvent. Buffers (phosphate buffer, citrate buffer) are
used to provide pH and stability.”® Preservatives
(benzalkonium chloride, EDTA) are added to prevent
microbial growth in multi-dose preparations.*!
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5. FORMULATION STRATEGIES FOR SPECIFIC
DELIVERY

5.1. For Local Drug Delivery

The goal here is to maximize drug concentration at the
site of action within the nasal cavity while minimizing
systemic absorption.®? Formulations focus on high
mucoadhesion and sustained release.® Examples
include in situ gels for corticosteroids (e.g., fluticasone
propionate) for allergic rhinitis and antihistamines (e.g.,
azelastine).® The gel matrix holds the drug on the
mucosa, providing prolonged therapeutic effect.?*!

5.2. For Systemic Drug Delivery

The objective is to facilitate drug absorption into the
systemic circulation.®®! Formulations are designed for
sustained release and enhanced permeation.*”

Peptides and Proteins: Insulin is the most widely
studied model drug.** Various studies have
demonstrated that insulin-loaded in-situ gels, particularly
those containing permeation enhancers like chitosan or
bile salts, can achieve significant hypoglycemic effects in
animal models, with higher bioavailability compared to
simple solutions.*!

Small Molecule Drugs: Drugs with poor oral
bioavailability, such as antiemetics (ondansetron,
granisetron),  cardiovascular  drugs  (carvedilol,

propranolol), and hormones (progesterone), have been
successfully formulated into in situ gels to bypass first-
pass metabolism and achieve rapid systemic
absorption.™!

6. Evaluation of Nasal Spray In-Situ Gels
A full set of tests is necessary to assess the quality,
safety, and performance of these formulations.!*”

6.1. Physicochemical Characterization
Visual Appearance and Clarity: The formulation
should be clear and free from particulate matter.[*’!

pH: Should be compatible with the nasal mucosa (4.5-
6.5) to minimize irritation.™

Drug Content: Uniform drug content is essential for
dose accuracy.™

Viscosity and Rheological Behavior: Measurements are
conducted at storage (25°C) and physiological (34°C)
temperatures.”! A marked increase in viscosity at body
temperature indicates gelation. Rheological tests also
determine the strength and spreadability of the gel.!*®

Gelation Temperature and Time: The temperature at
which gelation occurs and the time required for gelation
at that temperature are critical parameters, usually
determined by the test-tube inverting method or
rheometry.

6.2. Spray Characteristics

Droplet Size Distribution: Determined by laser
diffraction. For nasal deposition, the optimal droplet size
generally ranges between 10-100um.?? Smaller droplets
may reach the lungs, whereas larger droplets may drip
out.**

Spray Pattern and Plume Geometry: These tests
define the spray shape and angle, which affect deposition
in the nasal cavity.®® They are usually performed using
spray-view instruments.?!

Dose Uniformity per Spray: Essential for ensuring that
each spray delivers a uniform dose.®

6.3. In Vitro Drug Release

Performed using diffusion cells (Franz diffusion cell)
with a synthetic membrane.™ The formulation is placed
in the donor compartment, and the release of drug into
the receptor medium is measured over time.'® This
method helps in understanding the release kinetics (e.g.,
Higuchi, zero-order, Korsmeyer-Peppas models).?"

6.4. Ex Vivo Permeation and Mucoadhesion
Permeation Studies: Conducted using excised nasal
mucosa (commonly taken from sheep, goat, or rabbit) in
a Franz diffusion cell. This approach helps assess the
permeability of the drug through the biological
membrane, providing a more realistic estimate of
absorption.

Mucoadhesive Strength: Measured by calculating the
force required to remove the gel from a model membrane
or excised mucosa, often using a texture analyzer.
Mucoadhesive strength is directly proportional to
residence time.

6.5. In Vivo Studies

Animal Models: Rats and rabbits are generally used.
For systemically administered drugs, pharmacokinetic
parameters (Cmax, Tmax, AUC, bioavailability) are
calculated from plasma concentrations of the drug.!** For
locally  administered  drugs,  pharmacodynamic
parameters are evaluated.?

[31]

Nasal Ciliotoxicity Studies: Histopathological analysis
of the nasal mucosa after repeated dosing is necessary for
evaluating the safety and biocompatibility of the
formulation and its components.

Gamma Scintigraphy: This method allows direct
visualization of the deposition, distribution, and
clearance of the radiolabeled formulation from the nasal
cavity."]

7. Challenges and Future Perspectives
Although nasal in situ gels have great potential, they face
several challenges®
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Device Compatibility: The formulation and device
development challenge lies in ensuring a consistent
delivery of the gel-forming solution as a fine spray
without clogging the actuator.®!

Irritancy: High polymer concentrations or permeation
enhancers can cause irritation or damage to the nasal
mucosa.*¥

Dose Volume Limitations: The maximum allowable
dose volume per nostril is limited (25-200 uL), which
restricts the total dose that can be delivered, especially
for potent drugs.™

Scale-Up: The manufacturing process for these sensitive
polymeric formulations is often complex and difficult to
scale up.l*®

Future Perspectives

The future research is focused on:

1. Combination Systems: Formulations using dual
mechanisms (thermo- and ion-sensitive) for more
effective gelation.™®

2. Novel Polymers: Development of new biocompatible
and biodegradable polymers from natural sources.**!

3. Nanocarrier-Loaded Gels: Loading the in-situ gel
with drug-loaded nanoparticles, liposomes, or micelles
for targeted delivery and improved penetration.?!

4. Nose-to-Brain Delivery: A new area of research in
which in-situ gels are being developed for direct delivery
of drugs from the nose to the central nervous system
(CNS), thus circumventing the blood-brain barrier.®

8. CONCLUSION

Nasal spray in situ gelling systems represent a significant
advancement in intranasal drug delivery by intelligently
responding to the nasal environment; they overcome the
primary limitation of conventional formulations, rapid
mucociliary clearance. This technology not only
enhances the bioavailability of systemically acting drugs,
including challenging biopharmaceuticals, but also
improves the therapeutic efficacy of locally acting
medications. While challenges related to device design
and large-scale manufacturing persist, the ongoing
research into novel polymers, combination strategies,
and advanced evaluation techniques promises a bright
future for this platform. With continued development, the
nasal spray in-situ gels are poised to become a
mainstream dosage form for a wide array of therapeutic
applications.
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