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ABSTRACT

In situ mucoadhesive nasal gels have emerged as a novel and effective approach for enhancing drug delivery through the nasal
route, offering significant advantages over conventional dosage forms such as drops and sprays. The nasal cavity provides a highly
vascularized surface, rapid onset of action, and avoidance of first-pass metabolism, making it an attractive pathway for both local
and systemic drug delivery. However, rapid mucociliary clearance and limited residence time restrict the efficiency of traditional
formulations. In situ gel systems address these limitations by undergoing a sol-to-gel transition upon exposure to physiological
conditions such as temperature, pH, or ionic strength, forming a viscous gel that remains in contact with the nasal mucosa. The
addition of mucoadhesive polymers further enhances retention by promoting strong interactions with mucin, thereby prolonging
residence time and improving drug absorption. These systems utilize a combination of natural and synthetic polymers, along with
suitable excipients, to achieve optimal gelation, stability, and controlled drug release. As a result, in situ mucoadhesive nasal gels
offer improved bioavailability, sustained release, and reduced dosing frequency, leading to better patient compliance. They are
particularly promising for the delivery of peptides, proteins, vaccines, and drugs targeting the central nervous system via the nose-
to-brain pathway. Recent advancements, including nanoparticle-loaded gels and stimuli-responsive systems, have further
expanded their therapeutic potential. Despite certain formulation and regulatory challenges, these systems represent a versatile
and promising platform for advanced drug delivery applications.
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INTRODUCTION neurological illnesses including Parkinson's disease,
Alzheimer's disease and epilepsy. The advantages of using
the nasal route of drug delivery include: ease of use; no
degradation in the gastrointestinal tract; and a better chance
of patient compliance(1,2) .However, although there are
several advantages to using the nasal route of drug delivery,
there are some limitations associated with the use of
conventional nasal products, such as drops or sprays, that
negatively impact their therapeutic benefit. One of the major
challenges with using the nasal route of drug delivery is that
the mechanism for clearing the nasal passages (the
mucociliary clearance mechanism) will fully eliminate a
given formulation from the nasal cavity within
approximately 15 to 20 minutes. This short time span limits
both the time that the drug has to reside in the nasal cavity
and the drug's chances to be absorbed into the systemic
circulation via the nasal route. Neuroplasticity is defined as

The nasal route is now commonly used for delivery of
medicines, not only for local effects but also for systemic
effects, because of its particular anatomical and physiological
characteristics. The nasal cavity has the following features: a
large surface area, a rich blood supply and a highly
permeable epithelial membrane. These features allow
medicines to enter the bloodstream quickly after
administration through this route, resulting in a quicker
response to treatment. Because the nasal route avoids first-
pass metabolism by the liver, it has the potential to increase
the bioavailability of drugs that are broken down extensively
when given by mouth. Also, due to the location of the
olfactory region, it provides an alternative pathway for drugs
to reach the brain, thus allowing for nose-to-brain delivery of
drugs. This route is especially beneficial for treating certain
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the ability of the human brain to reorganize itself by creating
new neural connections throughout one’s life. This is
particularly seen in the early stages of human development,
particularly during childhood. Research has shown that there
is a direct effect of environmental stimulation and learning
on the thickness of the cortex and dendrites. Functional
magnetic resonance imaging studies have also shown that
there is a significant degree of neuroplasticity in the human
brain even in adults, which helps in healing and learning. The
neuroplasticity model is particularly important for the fields
of educational psychology and rehabilitation medicine. (3, 4)

The limitations that have been seen with traditional nasal
drug delivery systems have created a need to design
advanced drug delivery systems that can effectively
counteract drug clearance, improve drug permeation, and
provide sustained therapeutic responses. Various approaches,
such as in situ gelling systems, mucoadhesive systems,
nanoparticles, and lipid-based systems, have been explored
for addressing these issues. Among these approaches,
mucoadhesive in situ nasal gel systems have attracted
significant attention due to their potential to undergo a sol-to-
gel transition, thereby increasing their residence time in the
nasal cavity. The mucoadhesive properties of these systems
have also been found to increase their residence time in the
nasal cavity, thereby increasing drug absorption.
Additionally, these systems have been found to increase drug
release, thereby reducing the frequency of drug
administration. Advanced drug delivery systems have also
been found to increase drug transport across biological
barriers, such as the blood-brain barrier, which is difficult to
achieve with traditional drug delivery systems. Various
approaches, such as using permeation enhancers, enzyme
inhibitors, and nanoparticles, have been found to increase
drug permeability. These systems are particularly
advantageous for the administration of biopharmaceuticals,
which include peptides, proteins, and vaccines. In addition,
the progress achieved in polymer science and formulation
techniques has enabled the development of smart drug
delivery systems that can respond to various physiological
changes, including temperature, pH, and ionic strength. Thus,
the development of advanced nasal drug delivery systems is
a promising approach for achieving the best results from
drug therapy and expanding the potential for intranasal drug
administration.(5,4)

In situ gels are smart drug delivery systems with the ability
to change phase from a low-viscosity liquid (sol) to a semi-
solid gel in response to physiological conditions such as
temperature, pH, or ionic strength. This property enables the
system to be easily administered as a liquid into the nasal
cavity and then rapidly form a gel upon contact with the
target site. The gelation of the system is facilitated by the
presence of smart polymers such as poloxamers, which are
thermosensitive; carbopol, which is pH-sensitive; or gellan
gum, which is ion-activated. On the other hand, the term
"mucoadhesion” is used to describe the ability of a material
to adhere to the mucus layer on the surface of biological
membranes through physical and chemical interactions such
as hydrogen bonding, electrostatic attraction, and

ISSN: 2320-4850

Asian Journal of Pharmaceutical Research and Development. 2026; 14(3): 250-259

interpenetration of chains. Mucoadhesive polymers such as
chitosan, alginate, and hydroxypropyl methylcellulose form a
strong bond with the mucus layer.(3,2)

The rationale for using in situ gelation with mucoadhesive
properties stems from addressing the major drawbacks of
traditional nasal drug delivery systems. The limitations of
traditional drug delivery systems are related to fast
mucociliary clearance rates and residence time. Although in
situ gelation systems offer a sustained drug release profile
through gelation, mucoadhesive properties are known to
significantly increase the retention time of a drug delivery
system. This approach has been found to increase drug
absorption, bioavailability, and release of drugs over a
prolonged period. Moreover, it has been found to reduce the
frequency of drug administration. This approach has been
found to be highly advantageous for drugs that need to
adhere to the nasal tissues for a prolonged period. Peptide,
protein, and central nervous system drugs are examples of
such drugs. Therefore, in situ mucoadhesive nasal gel
systems have been found to be a highly promising approach
in modern drug delivery systems(1,3).

Anatomy and Physiology of the Nasal Cavity

The nasal cavity has three distinct anatomical areas that play
a significant role in drug delivery. They are the vestibular
region, respiratory region, and olfactory region. The
vestibular region, located at the front of the nasal cavity, is
covered with stratified squamous epithelium. Additionally, it
contains nasal hairs that function as a barrier to filter out
drug particles from entering this region. This region does not
play a significant role in drug absorption due to its small
surface area. The respiratory region covers a larger area of
the nasal cavity. It is covered with pseudostratified columnar
epithelium that contains goblet cells. The goblet cells
produce mucus. This region is rich in capillaries. It plays a
significant role in drug absorption due to its large surface
area. The olfactory region covers a small area at the back of
the nasal cavity. It contains olfactory epithelium. This region
plays a significant role in smelling. However, it plays a
significant role in drug delivery to the brain through the
olfactory nerve.(6)

The nasal cavity is also characterized by an extensive blood
supply, mainly from branches of both the external and
internal carotid arteries. The blood supply is in the form of a
dense vascular bed located below the epithelial lining. The
extensive blood supply is responsible for the rapid absorption
of the drug into the systemic circulation. Moreover, the nasal
cavity is also characterized by a relatively large surface area
for absorption, estimated at about 150-200 cm2. The large
surface area is mainly due to the presence of microvilli in the
respiratory epithelium. However, other factors may also
affect the surface area for absorption. The presence of
mucociliary clearance and mucus renewal may affect the
surface area available for absorption. Thus, the nasal cavity
is an important route for both local and systemic drug
delivery owing to its extensive blood supply and large
surface area for absorption. (7).
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Figure 1: Anatomy of Nasal Cavity and Drug Absorption Pathways
Schematic Regions, Absorption Pathways and Extensive Blood Supply
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Figure 1: Anatomy of Nasal Cavity and Drug Absorption Pathways

Mucociliary clearance is one of the major physiological
protective mechanisms of the nasal passage that has been
identified to be of significant importance in limiting the
effectiveness of intranasally administered drugs. The nasal
mucosa is covered with ciliated epithelial cells and is
covered with a two-layered mucus system, which consists
of a low-viscosity sol layer and a high-viscosity gel layer.
The cilia beat in a coordinated fashion to push the mucus
layer towards the nasopharynx, thus removing particles,
pathogens, and other drug substances from the nasal
passage. Mucociliary clearance is completed within a
period of 15 to 20 minutes. Thus, only a small amount of
the administered dose is left at the site of absorption.
Overcoming the problem of mucociliary clearance is a
major challenge for the effective delivery of conventional
nasal dosage forms such as drops and sprays. Thus, there is
a need for the use of mucoadhesive or in situ gelling
systems. (8,9)

Drug absorption in the nasal mucosa is mediated by two
main pathways: the transcellular (intracellular) pathway
and the paracellular (intercellular) pathway. In the
transcellular pathway, lipophilic drug molecules pass
through cell membranes, making this pathway the most
important for drug absorption. In contrast, the paracellular
pathway facilitates the transport of hydrophilic drug
molecules through the junctions between epithelial cells.
However, this pathway is quite restrictive, limiting drug

absorption. Other biological barriers that influence drug
permeation in the nasal mucosa include the mucus barrier,
which restricts drug diffusion; enzymatic degradation,
which affects peptides and proteins; and tight junctions,
which restrict drug molecules. In addition, pathological
changes such as inflammation or congestion may influence
drug permeation. These barriers emphasize the requirement
for advanced drug delivery systems, such as permeation
enhancers, to facilitate drug delivery through the nasal
route. (10)

Concept and Mechanism of In Situ Mucoadhesive Gels

In situ mucoadhesive nasal gels are a type of advanced
drug delivery system that is introduced into the body as a
low viscosity liquid. However, upon contact with
physiological conditions at the target site, it changes its
physical form to a semi-solid gel. The expression “in situ”
is used to define the gel formation at the point of
application and not prior to its application. The formulation
of these gels is normally done using stimulus-responsive
polymers that can be responsive to particular stimuli such
as temperature, pH, or concentration of ions. Moreover, the
use of mucoadhesive polymers has the effect of attaching
the gel to the mucosal surface of the nose, thereby
increasing the residence time for the absorption of the drug.
As a result, in situ mucoadhesive nasal gels have been
identified as an effective means of improving the efficiency
of nasal drug delivery systems. (11,12).
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The working principle of such systems is based on sol-to-gel
transformation as well as mucoadhesive properties. When
administered intranasally, the liquid formulation comes in
contact with physiological stimuli such as a change in
temperature from room temperature to nasal cavity
temperature, i.e., 32-34°C, a change in pH, or cations such as
calcium ions. This triggers gelation. During gelation, the
viscosity of the formulation increases, thereby reducing
clearance from the nasal passages. At the same time,
mucoadhesive polymers interact with mucin through
hydrogen bonding, electrostatic interactions, as well as
polymer interpenetration, thereby resulting in mucoadhesion.
This prevents clearance as well as creates a drug reservoir
that enables sustained release of drugs. (13,14)

Temperature-triggered systems:

Temperature-sensitive in situ gels are known to have a sol-
to-gel transition with a change in temperature, usually from
room temperature to physiological nasal temperature, i.e.,
between 32°C to 34°C. Thermoresponsive polymers are
usually used to make such in situ gels. Poloxamers, such as
pluronic F127, are known to have reversible gelation
properties. At lower temperatures, the hydrated polymer
chains are in a free-flowing state. However, at higher
temperatures, dehydration of the hydrophobic segments of
the polymer occurs, resulting in micelle formation. This
allows for a gel to form in the nasal passages, thereby
increasing residence time for a sustained release. (15)

PH-triggered systems:

pH-sensitive in situ gels are those gels that make use of pH
changes in the environment to initiate gelation. pH-sensitive
gels are usually prepared using polymers like carbopol,
which exist in a sol state at acidic pH. However, they
undergo gelation at a pH close to the nasal environment,
which is slightly alkaline. In the nasal environment, the pH is
around 5.5-6.5. If the pH is too low, the polymer chains exist
in a coiled state due to the protonation of the carboxyl
groups. However, when the pH is raised to the nasal
environment pH, the polymer chains get ionized, which
causes them to uncoil, thus increasing the viscosity.
Therefore, the pH sensitivity causes the gel to form when the
drug is administered.(16)

lon-activated systems:

lon-activated in situ gels consist of polymers that gelate in
the presence of ions. In this category, divalent ions like
calcium ions, which are present in nasal fluids, play a crucial
role. Polymers like gellan gum, alginate, pectin, etc., are used
for ion-activated in situ gels. In solution form, the polymers
exist as a system with low viscosity. However, when they
come in contact with ions present in the nasal environment,
cross-linking between the polymer chains takes place,
resulting in the gelation of the system. In the case of alginate
or gellan gum, the presence of calcium ions causes the cross-
linking between the polymer chains, resulting in the gelation
of the system. lon-activated gelation increases the viscosity
and mucoadhesive character of the system, thus extending
the residence time.(17)

Mucoadhesion is a significant mechanism for the
prolongation of the residence period of drug formulations in
the nasal cavity. In this regard, the mucoadhesive potential is
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a significant parameter for the enhancement of the efficiency
of nasal drug delivery systems. It is the ability of a polymer
to interact with the mucus present on the nasal epithelium by
means of different physicochemical interactions. In the
presence of mucoadhesion, when a drug formulation is
administered nasally, the formulation comes in close contact
with the nasal epithelium, thus resisting the natural clearance
mechanism. In the presence of mucoadhesion, the drug
formulation is retained for a longer period on the nasal
epithelium, thus providing sufficient time for the release of
the drug.(16,17,18)

In addition, mucoadhesion not only extends residence time
but also allows for a sustained release of drugs. This is due to
the mucoadhesive properties that allow for a drug reservoir at
the site of absorption. This close contact between the drug
formulation and the mucus membrane enables a drug to
diffuse through it. This allows for a better permeation of
drugs, particularly those with poor absorption characteristics.
In addition, mucoadhesive polymers have been found to have
a hydrating effect on nasal tissues. This enables them to
swell, thereby increasing viscosity. This effect is particularly
important for drugs that need to have a prolonged period of
contact with the nasal tissues. This includes peptides,
proteins, and drugs that need to target the central nervous
system. Overall, mucoadhesive properties are a significant
aspect that has been incorporated into in situ nasal gels to
ensure that drugs are not cleared rapidly from the site of
administration. (19,20)

Mucoadhesion: Mechanism and Theoretical Aspects

It is a complex process that involves interaction between the
mucoadhesive polymer and the mucous layer present on the
nasal epithelium, which in turn leads to prolonged contact at
the target site. The mucoadhesive interaction occurs in two
stages: contact and consolidation stages. The contact stage is
the first stage in which mucoadhesive formulation is in close
proximity to the mucous membrane. In this stage, it is
important to have proper wetting and spreading of the
mucoadhesive formulation over the mucous membrane for
mucoadhesive interaction to take place effectively. In this
stage, concentration, viscosity, and surface tension have a
significant effect on mucoadhesive interaction. Proper
contact is important to have polymer chains in a favorable
position for interaction with mucin.(21)

The consolidation phase follows the initial phase of contact.
In this phase, adhesive bonding between the polymer and the
mucus layer is enhanced. During consolidation,
interpenetration of the polymer chains occurs with the
glycoprotein network of the mucin. This results in the
formation of physical and chemical bonds between the two.
The interpenetration of the chains depends on several factors,
such as flexibility of the chains, molecular weight, and
presence of sufficient groups to facilitate bonding. This
phase results in a stable adhesive bond between the
formulation and the tissue. This helps in retaining the
formulation in the nasal cavity. The two phases of
mucoadhesion ensure an effective adhesive bond.(22)

Diffusion theory:

The theory of diffusion explains the mechanism of
mucoadhesion, which is based on the interpenetration of
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chains from a polymer and glycoprotein chains found in
mucus, known as mucin. In this theory, when a
mucoadhesive polymer is brought into contact with mucus,
chains from the polymer, as well as chains from mucus,
interpenetrate, leading to a semi-permanent bond. The extent
of interpenetration is affected by chain flexibility, molecular
weight, concentration, and time. Thus, the higher the extent
of interpenetration, the higher the strength of mucoadhesive.
This theory is significant for hydrophilic polymers,
especially when they have the capability of forming an
entangled network.(23,24)

Electronic theory:

The electronic theory is based on the idea of the transfer of
electrons between the mucoadhesive polymer and the mucus
layer. The theory states that when two materials with
different electronic structures are brought into contact with
each other, there is a possibility of the transfer of electrons
from one material to another. This leads to the formation of
an electrical double layer on the surface of the materials,
which generates attractive forces between the materials. The
polymers with charged functional groups, such as the
cationic polymer chitosan or the anionic polymer carbopol,
may react with the oppositely charged sites on the mucin
surface and generate electrostatic attraction.(25,24)

Adsorption theory:

Based on the adsorption theory, mucoadhesion occurs as a
result of the formation of secondary chemical bonds between
the polymer and the mucus layer. This includes hydrogen
bonding, van der Waals’ forces, and hydrophobic bonding.
Although these types of bonding are not very strong, their
cumulative effect can be very strong. The presence of
hydroxyl, carboxyl, and amine groups in the polymer chain
enhances the ability of a polymer to bond with glycoproteins
in the mucus layer.(26)

Wetting  theory:

The wetting theory is mainly applicable to liquid or low
viscosity mucoadhesive systems. The wetting theory is based
on the concept that the extent of contact between the
formulation and mucus is related to the surface tension of the
formulation. A formulation with low contact angle has
greater wetting or spreading properties. Thus, the greater the
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wetting or spreading of the formulation, the greater the extent
of contact with the mucosal surface, thereby enhancing the
adhesion. Thus, wetting is an important aspect of
mucoadhesion, particularly at the initial stage of
contact.(27,28)

Fracture theory:

In fracture theory, mucoadhesion is explained on the basis of
the mechanical strength required for detaching a formed
mucoadhesive bond. In this theory, emphasis is placed on the
force required for detaching a polymer from a mucous
membrane. Fracture theory is used to measure the strength of
a mucoadhesive bond. In this theory, the strength of a formed
bond is determined by several parameters, such as the
stiffness of a polymer, cross-linking, and interaction with
mucus. A higher force for detaching a bond is a measure of
strong mucoadhesion, which is used to test a mucoadhesive
product.(29,30)

Polymers and Excipients Used

Natural and synthetic polymers are the main constituents of
in situ mucoadhesive nasal gel systems. These are
responsible for gelation and adhesion, which are essential for
drug delivery. Among natural polymers, chitosan, alginate,
and pectin are widely used because of their excellent
biocompatibility, biodegradability, and low toxicity.
Chitosan, a cationic natural polymer, has excellent
mucoadhesive properties due to electrostatic interaction with
negatively charged mucin. Chitosan has been found to
improve drug permeability by temporarily disrupting tight
junctions. Alginate and pectin, on the contrary, are anionic
natural polymers that exhibit excellent ion-induced gelation
properties when they come into contact with divalent cations,
such as Ca2+ ions, present in nasal fluid(31,32). These
polymers, therefore, are used for sustained drug delivery.
Synthetic and semi-synthetic polymers, such as carbopol,
hydroxypropylmethyl cellulose (HPMC), and poloxamer, are
used because they are easier to control. Among them,
carbopol is known for its excellent mucoadhesive and pH-
sensitive gelation properties. HPMC is used as a viscosity
enhancer. Poloxamer, a thermosensitive synthetic polymer, is
used for sol-to-gel transitions at physiological temperatures,
making them ideal for in situ gels. A mixture of all these
polymers is used to achieve an optimum balance. (33,34,35)

Table 1: Polymers Used in In Situ Mucoadhesive Nasal Gels

Polymer Type Polymer Name

Mechanism of Gelation

Mucoadhesive Property | Role in Formulation

Natural Polymer

Chitosan

pH-sensitive

High (cationic interaction
with mucin)

Enhances permeability and
mucoadhesion

Sodium Alginate

lon-activated (Ca*" ions)

Moderate to high

Forms gel in presence of ions

Pectin lon-activated Moderate Gel formation with divalent ions
Semi-synthetic HPMC (Hydroxypropyl Viscosity-based (no true Moderate Viscosity enhancer and stabilizer
Polymer methylcellulose) gelation)

Carbopol (Carbomer) pH-triggered Very high Strong mucoadhesive and gel-

forming agent

Synthetic Polymer Poloxamer (Pluronic F127) | Temperature-sensitive Low to moderate Thermoreversible gelation

Polyvinyl Alcohol (PVA) Temperature/chemical Low Film-forming and stabilizing

crosslinking agent

Other Functional Gellan Gum lon-activated Moderate Forms gel in nasal ionic
Polymers environment

Xanthan Gum Viscosity-based Moderate Enhances consistency and stability
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Besides polymers, other excipients play a supporting yet
critical role in the enhancement of the efficiency of nasal gel
drug delivery systems. Penetration enhancers, including
surfactants and bile salts, are used to increase the drug
concentration by adjusting the permeability of the
epithelium. Preservatives, including methylparaben and
propylparaben, are added to ensure microbiological stability.
In addition, a buffer is added to the formulation to maintain
the pH at a level that is compatible with the nasal
environment (36,37). In the development of nasal gel drug
delivery systems, the polymers used for the formulation
should have the ideal characteristics for the efficient
performance of the drug. The polymers should be non-toxic,
non-irritating, and capable of interacting with the nasal
environment. The polymers used for the formulation of nasal
gel drug delivery systems should have good mucoadhesive
characteristics, gelation characteristics at the pH of the nasal
environment, viscosity for easy administration and efficient
gelation at the site of application, controlled release
characteristics, chemical stability, economic viability, and
availability. The selection of the polymers for the
formulation of nasal gel drug delivery systems is critical for
the efficient development of the drug.(38,39)

Formulation Development and Preparation Methods

The selection of drug and excipients is a critical step in the
development of in situ mucoadhesive nasal gel formulations,
as it directly influences the efficacy, stability, and patient
acceptability of the system. The drug candidate should
ideally possess suitable physicochemical properties such as
adequate solubility, low molecular weight, and good
permeability to ensure efficient absorption across the nasal
mucosa; drugs requiring rapid onset or targeting systemic or
central nervous system effects are particularly suitable for
this route(40,41). Additionally, the drug should be stable
within the nasal pH range and resistant to enzymatic
degradation or may require protective strategies. Excipients
are selected based on their functional roles, including
polymers for gelation and mucoadhesion (e.g.,
thermosensitive, pH-sensitive, or ion-activated polymers),
penetration enhancers to improve drug absorption,
preservatives to ensure microbial stability, and buffers to
maintain physiological pH. Compatibility between the drug
and excipients must be ensured to avoid instability or
reduced efficacy. Overall, careful and rational selection of
both drug and excipients is essential to achieve optimal
gelation behavior, prolonged residence time, controlled drug
release, and enhanced therapeutic performance. (42,43)

Cold method (thermosensitive gels):

The cold method is the most commonly used approach for
the development of thermosensitive in situ gels, especially
those containing polymers. In the cold method, the polymer
is slowly added to cold water, usually between 4°C and 8°C,
under stirring. The addition is done slowly to ensure proper
hydration of the polymer. The cold water is essential for the
dissolution of the polymer since the polymer will be in a
liquid state at the cold temperatures. After the polymer is
fully dissolved, the other components are added under
stirring. The solution is stored under refrigeration until a
clear solution is formed. Once the solution is administered to
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the nasal cavity, the solution changes from sol to gel form as
the temperature increases to the normal range.(44,45)

Dispersion method:

The dispersion method uses a mixture of polymers and other
excipients in an aqueous medium for in situ gel formation. In
this method, a specific amount of a polymer, such as
carbopol or HPMC, is slowly added to an aqueous medium
containing distilled water under constant stirring. This helps
in the prevention of aggregation of the polymers. The
dispersion of the polymers in an aqueous medium swell
properly, which may take several hours. This helps in
attaining a suitable viscosity. After proper hydration of the
polymers, a solution or dispersion of a drug in an appropriate
solvent is mixed with the polymer. Other excipients, such as
preservatives, buffers, and enhancers, are then added to
enhance the formulation. The mixture is stirred properly to
obtain a solution. This method is used for pH-sensitive gels,
where gel formation is triggered by exposure to a suitable pH
in the nasal passage.(46,47)

lon-activation method:

The ion activation method is used for the preparation of in
situ gels that gel in the presence of certain ions. The
polymers used for the preparation of gellan gum, sodium
alginate, or pectin gels are dissolved in deionized water with
constant stirring. Gentle heating is done to ensure the
dissolution of the polymers. In order to prevent gel formation
during the preparation of the gels, complexing agents or
chelating agents such as sodium citrate can be added to the
solution. The drug and other additives can be added to the
solution under controlled conditions. When the gel is
introduced into the nasal cavity, it comes into contact with
physiological ions present in the nasal fluid. lonic cross-
linking of the polymers occurs to form a three-dimensional
gel matrix. The advantages of using the ion activation
method for the preparation of gellan gum gels include its
controlled  gelation  mechanism,  which  improves
mucoadhesion, increases the residence time, and provides
sustained drug release.(48,49)

Optimization strategies for in situ mucoadhesive nasal gels
are of prime importance in order to obtain an optimal balance
of gelation characteristics, mucoadhesive properties, drug
release, and patient acceptability. A scientific approach is
usually used in which experimental design methods, such as
factorial design or response surface methodology (RSM), are
used to evaluate the effect of critical formulation factors,
such as concentration of polymers, amount of drugs, and
ratios of excipients. Factors such as gelation temperature (in
thermosensitive gels), pH, viscosity, and mucoadhesive
strength are critically optimized to ensure that the
formulation remains a free-flowing liquid in order to be
easily administered and instantly forms a stable gel in the
presence of nasal secretions. The concentration and type of
polymers used are of particular interest since they directly
influence the gel strength, adhesive properties, and release
characteristics of drugs. Furthermore, optimization of
penetration enhancers and preservatives used in formulations
is of particular interest in order to maximize drug absorption
without causing irritation or toxicity.(48)
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Further optimization of the formulation includes in vitro and
ex vivo evaluation of parameters such as drug release profile,
permeation through nasal mucosae, and dwell time.
Rheological tests are conducted to check the fluidity of the
formulation, which should be suitable for administration and
should possess a gel-like character. Stability tests are
conducted under various environmental conditions to check
the stability of the formulation. Sensory properties of the
formulation are also taken into consideration to ensure
patient compliance. In all, optimization of a formulation
involves a combination of formulation, statistical analysis,
and evaluation of a formulation to obtain an effective and
patient-friendly nasal drug delivery system.(49)

Evaluation Parameters of In Situ Mucoadhesive Nasal
Gels

Evaluation of in situ mucoadhesive nasal gels is important in
order to evaluate their quality, efficacy, and effectiveness.
Some important parameters that are to be evaluated during
the development stage are pH, viscosity, and gelation
behavior. The pH of the nasal gel should lie in the range of
4.5 to 6.5 to prevent irritation and to ensure nasal mucosa
compatibility. The viscosity is also to be evaluated to
ascertain that it is sufficiently low to enable easy
administration and also increases upon gelation. Gelation
behavior, including gelation temperature, gelation time, and
gel strength, is also to be evaluated to ascertain that it occurs
rapidly in order to enable proper delivery. These parameters
are important in order to ascertain that the nasal gel is
retained in the nasal cavity for proper delivery.(50,49)

Mucoadhesive strength and residence time are important
parameters affecting the retention of the formulation in the
nasal cavity. The mucoadhesive strength is normally
measured using texture analyzers or modified balance
techniques, which determine the force required to remove the
formulation from the mucosa surface. The residence time
study is normally done using ex vivo nasal mucosa tissues to
determine the time for which the formulation remains
attached to the mucosa surface. In vitro studies for drug
release are done using diffusion cells to determine the rate
and extent of drug release from the gel formulation, whereas
ex Vvivo permeation studies using animal nasal mucosa
tissues, such as sheep or goat nasal mucosa, help in
understanding the permeation behavior of the drug from the
gel formulation.(50,46)

Rheological behavior is another significant parameter, which
helps in understanding the flow characteristics of the
formulation. ldeally, a pseudoplastic or shear-thinning fluid
is desirable, which would allow for easy administration
under shear stress (e.g., during spraying) and would have
higher viscosities at rest, providing better retention. In some
cases, oscillatory tests may be performed on the formulations
to determine their gel strength. Stability studies are
performed on the formulations to check for their physical,
chemical, as well as microbiological stability under different
storage conditions, such as varying temperatures and
humidity. These tests ensure that parameters such as drug
content, pH, viscosity, appearance, etc., remain constant over
time. These tests provide a comprehensive understanding of
the formulation, which is essential for nasal drug
delivery.(51,52)
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Drug Absorption, Advantages, and Applications

The drug absorption from in situ mucoadhesive nasal gels
takes place mainly through two routes, namely, transcellular
and paracellular pathways. In the transcellular pathway, drug
molecules are absorbed by passing through the cell
membranes. However, this pathway is generally favored by
lipophilic, low molecular weight compounds, as they are
capable of diffusing through the cell membranes. In the
paracellular pathway, hydrophilic drug molecules are
absorbed by passing through the spaces between adjacent
epithelial cell membranes. However, this pathway is
restricted by the tight junctions between epithelial cell
membranes. The use of mucoadhesive and permeation
enhancers helps in increasing drug absorption from in situ
gels. These polymers are known to temporarily alter the
permeability of epithelial membranes, thus increasing drug
absorption. All these pathways combine to make in situ gels
a highly efficient drug delivery system.(53,54,55)

The in situ mucoadhesive nasal gels have numerous
advantages over conventional dosage forms. They enhance
bioavailability by avoiding first-pass effects. The
bioavailability of drugs from in situ mucoadhesive gels is
significantly enhanced by extending the residence period of
the formulation in the absorption area. In addition, the
dosage forms exhibit controlled release of drugs. This helps
in minimizing fluctuations in the concentration of drugs. The
dosage forms are of wide applicability. They are particularly
used in central nervous system (CNS) drug delivery. In CNS
drug delivery, in situ mucoadhesive gels play a major role in
directly delivering drugs to the brain via olfactory and
trigeminal pathways, bypassing the blood—brain barrier. In
situ mucoadhesive gels are particularly used in peptide,
protein, vaccine, and hormonal therapies. These types of
drugs are normally degraded in the gastrointestinal tract. In
addition, they normally exhibit poor bioavailability.(56,57)

Recent Advances and Challenges

Significant improvements in in situ mucoadhesive nasal gel
systems in recent years have greatly improved their
performance and expanded their scope of application. One of
the notable improvements in in situ gel systems is the use of
nanoparticle-loaded gels. In this system, drugs are
incorporated in  nanoparticles such as  polymeric
nanoparticles, solid lipid nanoparticles, or nanosponges
before loading them in gel systems(58). This system helps in
stabilizing drugs, enhances permeability, and allows for
controlled and targeted release of drugs. In addition,
nanoemulsion and liposome-based in situ gels are also
notable improvements in in situ gel systems. This system
helps in dissolving poorly soluble drugs and enhances their
absorption. Liposomes, in particular, are biocompatible and
can be used to dissolve both hydrophilic and lipophilic drugs.
Another notable improvement in in situ gel systems is the use
of smart or stimuli-responsive gels. In this system, gels
respond to physiological stimuli such as temperature, pH, or
ionic strength. This system has been very promising,
especially in nose-to-brain delivery and in the delivery of
sensitive biomolecules.(59).

[256] CODEN (USA): AJPRHS



Baviskar etal

Asian Journal of Pharmaceutical Research and Development. 2026; 14(3): 250-259

Table 2: Research Studies on In Situ Mucoadhesive Nasal Gels

Drug Polymer Used Type of Gelation

Key Findings Application

Sumatriptan | Poloxamer + Carbopol

Temperature + pH-sensitive

Improved bioavailability and rapid onset Migraine treatment

Insulin Chitosan + B-glycerophosphate Temperature-sensitive Enhanced nasal absorption and permeability | Diabetes management
Ondansetron | Poloxamer + HPMC Thermosensitive Prolonged residence time and sustained releasel Antiemetic therapy
Midazolam Chitosan pH-sensitive Enhanced brain targeting via nasal route CNS delivery
Fluconazole | Carbopol + HPMC pH-triggered Sustained drug release and improved retention | Antifungal therapy
Propranolol Gellan gum lon-activated Increased nasal residence time Antihypertensive
Leuprolide Poloxamer + Carbopol Temperature-sensitive Improved systemic absorption Hormonal therapy
Rizatriptan Chitosan + Poloxamer Dual mechanism Enhanced permeability and faster onset Migraine
Metoclopramiq Carbopol + Sodium alginate pH + ion-activated Better mucoadhesion and controlled release Antiemetic

Donepezil Poloxamer + Chitosan Thermosensitive

Improved brain delivery efficiency Alzheimer’s disease

However, despite these promising advances, a number of
hurdles remain to be overcome for the application and
commercialization of in situ mucoadhesive nasal gels.
Irritation and toxicity in the nose are significant hurdles,
especially with prolonged use and the presence of penetration
enhancers and preservatives. The drug loading potential of
nasal products is limited because of the limited volume that
can be administered intranasally, which is a significant
constraint for the application of this route for drugs that
require a larger dose. Physiological variability among
individuals, including the effect of mucociliary clearance, the
composition of mucus, and the presence of diseases like
rhinitis, may affect drug absorption, thus making the
outcome variable. Finally, regulatory hurdles are a
significant constraint for the application of these products,
especially for complex products like nanoparticle-loaded
gels.(60,59)

Future Perspectives

The future of in situ mucoadhesive nasal gel systems appears
very promising, considering the development of new trends
in this area. One of the trends in the development of in situ
mucoadhesive nasal gel systems involves artificial
intelligence (Al) formulation and advanced targeted drug
delivery. In addition, the use of advanced technologies in the
development of in situ mucoadhesive nasal gel systems will
enhance their effectiveness in targeted drug delivery. This
will be achieved by incorporating ligand-functionalized
nanoparticles and receptor-mediated transport. The
development of multifunctional and stimuli-responsive
polymers appears to be a major breakthrough in the
development of in situ mucoadhesive nasal gel systems. This
will be achieved by using stimuli-responsive polymers,
which will be used to control the release of drugs..

From a clinical standpoint, in situ mucoadhesive nasal gels
possess considerable potential for clinical translation to
marketable products owing to their non-invasive character,
patient compliance, and ability to carry a variety of drugs. In
spite of this, challenges need to be overcome in terms of
large-scale manufacture, reproducibility, stability, and
regulatory hurdles. In conclusion, in situ mucoadhesive nasal
gels offer a novel and potent drug delivery system, which can
overcome the shortcomings of conventional nasal drug
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delivery. The potential of in situ mucoadhesive nasal gels to
enhance bioavailability, offer sustained release, and target
specific sites of action signifies their importance in
contemporary pharmaceutics, which can influence future
therapeutic approaches.

CONCLUSION

In situ mucoadhesive nasal gels have proven to be a
promising and innovative method for increasing drug
delivery through the nasal route. By incorporating the
benefits of in situ gelation as well as mucoadhesion, it has
been possible to effectively circumvent the limitations of
traditional nasal drug delivery systems, such as rapid
mucociliary clearance. The use of stimuli-responsive
polymers allows for gelation to occur in physiological
conditions, with mucoadhesion allowing for a prolonged
residence time at the site of absorption. This allows for a
significant increase in drug bioavailability. Moreover, the
versatility of these systems allows for the potential delivery
of a wide range of therapeutic agents, including small
molecules, peptides, proteins, and vaccines, especially for
nose-to-brain targeting for CNS disorders. Recent
developments, including the potential for the incorporation of
nanoparticles and smart polymers, have further increased the
potential for these systems. However, the issues concerning
the optimization of the formulation, nasal irritation,
physiological conditions, and regulatory requirements must
be addressed. In conclusion, in situ mucoadhesive nasal gels
have a significant potential for the efficient drug delivery
system, which is patient-friendly. Further research and
development in this area are expected to result in the
successful clinical translation and commercialization of the
nasal gels in the near future.

REFERENCE

1. Huang Q, Chen X, Yu S, Gong G, Shu H. Research progress in brain-
targeted nasal drug delivery. Frontiers in aging neuroscience. 2024 Jan
17;15:1341295.

2. Kleven M, Singh NP, Messina JC, Djupesland PG, Inthavong K.
Development of computational fluid dynamics methodology for
characterization of exhalation delivery system performance in a nasal
airway with Draf-111 surgery. Journal of Aerosol Science. 2023 Mar
1;169:106121.

3. Dijekic L. Novel mucoadhesive polymers for nasal drug delivery. Nasal
Drug Delivery: Formulations, Developments, Challenges, and
Solutions. 2023 Mar 18:189-234.

[257] CODEN (USA): AJPRHS



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Baviskar etal

Aboti |, Dhoble N, Padole N, Dhapake P, Baheti J. Artificial
Intelligence & Machine learning in Hydrogel: Revolutionizing Design
and Optimization-Detailed Review. Next Research. 2026 Jan
10:101335.

Chatzidaki MD, Mitsou E. Advancements in nanoemulsion-based drug
delivery across different administration routes. Pharmaceutics. 2025
Mar 5;17(3):337.

Sreeharsha N, Cherukuri S, Naveen NR, Goudanavar P, Fattepur S,
Aldhubiab B, Almugbil RM, Nair AB. Nasal administration of
dolutegravir loaded nanoparticles based mucoadhesive in situ gel:
design and in vivo assessment. Ind. J. Pharm. Edu. Res. 2024 Apr
1,58(2):1-0.

Singh RM, Kumar A, Pathak K. Mucoadhesive in situ nasal gelling drug
delivery systems for modulated drug delivery. Expert opinion on drug
delivery. 2013 Jan 1;10(1):115-30.

Costantino HR, Illum L, Brandt G, Johnson PH, Quay SC. Intranasal
delivery: physicochemical and therapeutic aspects. International journal
of pharmaceutics. 2007 Jun 7;337(1-2):1-24.

Gandhi S, Shastri DH, Shah J, Nair AB, Jacob S. Nasal delivery to the
brain:  harnessing nanoparticles for effective drug transport.
Pharmaceutics. 2024 Apr 1;16(4):481.

Gizurarson S. Anatomical and histological factors affecting intranasal
drug and vaccine delivery. Current drug delivery. 2012 Nov 1;9(6):566-
82.

Bordbar-Khiabani A, Gasik M. Smart hydrogels for advanced drug
delivery systems. International Journal of Molecular Sciences. 2022
Mar 27;23(7):3665.

Ujjwal RR, Yadav A, Tripathi S, Krishna SS. Polymer-based
nanotherapeutics  for burn  wounds. Current  Pharmaceutical
Biotechnology. 2022 Oct 1;23(12):1460-82.

Riaz M, Zaman M, Hameed H, Sarwar HS, Khan MA, Irfan A, Shazly
GA, Paiva-Santos AC, Jardan YA. Lamotrigine-loaded poloxamer-
based thermo-responsive sol-gel: formulation, in vitro assessment, ex
vivo permeation, and toxicology study. Gels. 2023 Oct 14;9(10):817.
Mao X, Liang Y, Li Y, Li C, Wang Y, Gu Y, Piao Y, Jia Q, Jiang HB,
Lee ES. A review on in situ gels as polymer drug carriers in the
treatment of periodontitis.  Iranian  Polymer Journal. 2025
Jul;34(7):1085-121.

Porfiryeva NN, Moustafine RI, Khutoryanskiy VV. Advances in
mucoadhesive and mucus-penetrating materials, nano-formulations, and
in situ gelling systems for nasal drug delivery. Expert Opinion on Drug
Delivery. 2026 May 4(just-accepted).

Singh D. Beyond the Maze: Recent Advancements in Molecular and
Cellular Tethered Drug Delivery Systems. ASSAY and Drug
Development Technologies. 2024 Jun;22(4):203-15.

Wang Y, Ling L, Zhang Z, Marin-Lopez A. Current advances in Zika
vaccine development. Vaccines. 2022 Oct 28;10(11):1816.

Gangane P, Thool M, More S, Warokar A, Salunkhe K, Dangre P.
Design and optimization of venlafaxine niosomes loaded
thermosensitive in-situ gel for prolonging intranasal residence in
depressive disorder. Drug Development and Industrial Pharmacy. 2025
Jun 3;51(6):587-96.

Malviya V, Pande S. Design and Characterization of pH Dependent
Phase Transition System of Almotriptan Malate for Nasal Drug
Delivery System by Employing Factorial Design. Indian Journal of
Pharmaceutical Education & Research. 2024 Jan 1;58(1).

Chishti NA, Pathan IB, Dehghan MH, Bairagi SM. Design and
development of immediate release pellets formulation containing co
amorphous mixture of Aceclofenac: in-vitro and in-vivo study. Journal
of Pharmaceutical Innovation. 2024 Apr;19(2):13.

Kamble S, Rasala T, Chikhale S, Khandare K, Babhulkar S, Bhadre Y.
Niosome-Based Vaccines for Enhanced Immunogenic Response. J.
Pharm. Res. Integr. Med. Sci. [Internet]. 2025 Sep. 25 [cited 2026 Apr.
4];:107-20.

Rengber S, Kose FA, Karavana SY. Development of novel
mucoadhesive gels containing nanoparticle for buccal administration of
dexamethasone. Brazilian Journal of Pharmaceutical Sciences.
2022;58:e20041.

Vinod A, Tadmor R, Katoshevski D, Gutmark EJ. Gels that serve as
mucus simulants: a review. Gels. 2023 Jul 7;9(7):555.

Desai V, Ashok PA, Kulkarni P, Ahmed KA, Raikar PK. Enhancing
drug bioavailability through mucoadhesive technologies: A
comprehensive review of delivery systems. Biomedical Materials &
Devices. 2025 Jul 10:1-9.

Renr S, Bilbll E, Senyigit ZA, Okur N, Siafaka Pl. Bioadhesive
nanoparticles as potent drug delivery carriers. Current medicinal
chemistry. 2023 Jul 1;30(23):2604-37.

ISSN: 2320-4850

26.

217.

28.

29.

30.

3L

32.

33.

34.

S5

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

[258]

Asian Journal of Pharmaceutical Research and Development. 2026; 14(3): 250-259

Ortega A, da Silva AB, da Costa LM, Zatta KC, Onzi GR, da Fonseca
FN, Guterres SS, Paese K. Thermosensitive and mucoadhesive hydrogel
containing curcumin-loaded lipid-core nanocapsules coated with
chitosan for the treatment of oral squamous cell carcinoma. Drug
delivery and translational research. 2023 Feb;13(2):642-57.

Vigani B, Rossi S, Sandri G, Bonferoni MC, Caramella CM.
Mucoadhesive polymers in substance-based medical devices: functional
ingredients or what else?. Frontiers in Drug Safety and Regulation. 2023
Aug 4;3:1227763.

Jawadi Z, Yang C, Haidar ZS, Santa Maria PL, Massa S. Bio-inspired
muco-adhesive polymers for drug delivery applications. Polymers. 2022
Dec 13;14(24):5459.

Addala MS, Kasani J. A Review on Applications of Mucoadhesive
Drug Delivery Systems. Journal of Pharma Insights and Research. 2025
Aug 5;3(4):261-70.

Fu M, Filippov SK, Williams AC, Khutoryanskiy VV. On the
mucoadhesive properties of synthetic and natural polyampholytes.
Journal of Colloid and Interface Science. 2024 Apr 1;659:849-58.

Kali G, Ozkahraman B, Laffleur F, Knoll P, Wibel R, Zoller K,
Bernkop-Schnurch A. Thiolated cellulose: A dual-acting mucoadhesive
and permeation-enhancing polymer. Biomacromolecules. 2023 Oct
5;24(11):4880-9.

Patel R, Patel S, Alsaidan OA, Prajapati B. Chitosan-based bioactive
polymer systems for the treatment of wvulvovaginitis: advances in
vaginal drug delivery. Journal of Biomaterials Science, Polymer
Edition. 2026 Mar 7:1-25.

Mohite P, Puri A, Munde S, Dave R, Khan S, Patil R, Singh AK,
Tipduangta P, Singh S, Chittasupho C. Potential of chitosan/gelatin-
based nanofibers in delivering drugs for the management of varied
complications: a review. Polymers. 2025 Feb 7;17(4):435.

Vardhan J, Yadav S, NaikBukke SP, Chettupalli AK, Thalluri C,
Koduru SK, Shanmugam ST, Kumarachari RK. A Review of Methods
of Enhancing Polysaccharides for Drug Delivery Applications. Natural
Product Communications. 2025 Dec;20(12):1934578X251407010.
Mokashi PK, Barse R, Jagtap V. A Novel Approach Of GRDDS For
Treatment Of H. Pylori: In Situ Gel. International Journal of Scientific
Research and Technology. 2024 Dec 29. 10.5281

Kasai RD, Radhika D, Archana S, Shanavaz H, Koutavarapu R, Lee
DY, Shim J. A review on hydrogels classification and recent
developments in biomedical applications. International Journal of
Polymeric Materials and Polymeric Biomaterials. 2023 Sep
2;72(13):1059-69.

Kamble S, Rasala T, Meshram P, Barewar B, kasdekar G, Deshmukh N.
Design and Characterization of Chitosan-Based Mucoadhesive
Nanoparticles for Buccal Delivery of Antidiabetic Drugs. J. Pharm. Res.
Integr. Med. Sci. [Internet]. 2025 Aug. 29 [cited 2026 Apr. 4];2(8):40-
55

Dakin E, Salunke S, Polonini H, Kuehl P, Hughes K. Excipients and
Active Pharmaceutical Ingredients. InPediatric Formulations: A
Roadmap 2026 Feb 17 (pp. 343-380). Cham: Springer Nature
Switzerland.

Bhadouria VS, Verma S, Mishra R, Kapoor B. Beyond Creams and
Gels: The Emergence of Emulgels in Pharmaceutical Science. Current
Drug Therapy. 2024 Oct 2.

Jadhav SS, Dighe PR. In Vitro Evaluation, and Molecular Docking
Studies of Novel Pyrazoline Derivatives as Promising Bioactive
Molecules. J. Pharm. Sci. Comput. Chem. 2025;1(3):190-209.

Saudagar P, Chaudhari K, Mohan M, Bedade D. Probiotic
characterization, safety assessment, and production performance of a
novel probiotic strain of Bacillus subtilis SKB/2074 (MCC 0563) in
broiler chickens. Preparative Biochemistry & Biotechnology. 2025 May
2;55(5):643-60.

Mardikasari SA. Development of antibiotic-loaded in situ gelling nano
drug delivery system for enhanced local nasal therapy (Doctoral
dissertation, szte).

Alwali B, Parumasivam T, Al-Tabakha MM. Intranasal drug delivery:
Unlocking the nose-to-brain route for central nervous system therapies.
International Journal of Pharmaceutics: X. 2026 Mar 19:100521.

Patel J, Patel K, Shah S. Fabrication of a dual-triggered natural gum—
based multi-particulate colon-targeted drug delivery system of
budesonide using the gbd approach. Journal of Pharmaceutical
Innovation. 2023 Dec;18(4):1992-2012.

Ul Hassan Shah Z, Bashir S, Sarfraz RM, Mahmood A, Rehman U, ljaz
H, Salem MM, Auda SH, Salem-Bekhit MM, Obaidullah AJ, Qasim
MT. Development of antihyperlipidemic drug loaded B-CD-based
microparticulate carrier systems: tuning and optimization. Polymer-
Plastics Technology and Materials. 2024 Jul 23;63(11):1438-63.

CODEN (USA): AJPRHS



46.

47.

48.

49.

50.

51

52.

Baviskar etal

Sheetal S, Mittal R, Gupta N. Selective synthesis of fluorescent metal
nanoclusters over metal nanoparticles. MicrochimicaActa. 2024
Dec;191(12):735.

Shubham Kamble, Govind K Lohiya, Priyanka Sharnangat, Monika
Kherade, TirupatiRasala, Janhavilndurkar, et al. Investigating The Anti-
Cancer Properties Of A Newly Synthesized Metal-Quercetin
Nanocomplex In The Context Of Cervical Cancer. Asian J Pharm Clin
Res [Internet]. 2025 Apr. 7 [cited 2026 Apr. 4];18(4):223-9. Available
from:

Kumar R, Kakar S, Singh R. Nose-to-Brain Drug Delivery for
Depression Therapy: Current Perspectives on Bilosomal in Situ Nasal
Gel Systems. Journal of Next-Gen Medicine. 2026 Mar 10;2(2):1-6.
Abdelbari MA, El-Mancy SS, Elshafeey AH, Abdelbary AA.
Fabricating Niosomes for Ocular Delivery of Clotrimazole: In Vitro
Assessment, Ex Vivo Permeation Study, Antimicrobial Efficacy
Evaluation, and Histopathological Investigation. Journal of
Pharmaceutical Innovation. 2026 Jun;21(3):220.

Kumar M, Sharma A, Mahmood S, Thakur A, Mirza MA, Bhatia A.
Franz diffusion cell and its implication in skin permeation studies.
Journal of Dispersion Science and Technology. 2024 Apr 1;45(5):943-
56.

Ding L, Agrawal P, Singh SK, Chhonker YS, Sun J, Murry DJ.
Polymer-based drug delivery systems for cancer therapeutics. Polymers.
2024 Mar 19;16(6):843.

Khan AH, Barros R. Pharmaceuticals in water: risks to aquatic life and
remediation strategies. Hydrobiology. 2023 Jun 14;2(2):395-409.

ISSN: 2320-4850

53.

54.

55.

56.

57.

58.

59.

60.

[259]

Asian Journal of Pharmaceutical Research and Development. 2026; 14(3): 250-259

drug development: current trends and challenges in safety and toxicity
implications of customized multifunctional nanocarriers for drug-
delivery applications. Pharmaceutics. 2022 Nov 15;14(11):2463.

Khan S, Sharma A, Jain V. An overview of nanostructured lipid carriers
and its application in drug delivery through different routes. Advanced
pharmaceutical bulletin. 2022 Sep 18;13(3):446.

Shrewsbury SB. The upper nasal space: Option for systemic drug
delivery, mucosal vaccines and “Nose-to-Brain”. Pharmaceutics. 2023
Jun 13;15(6):1720.

Zhu B, Liu S. Feature-Guided Machine Learning for Studying Passive
Blood-Brain Barrier Permeability to Aid Drug Discovery. International
Journal of Molecular Sciences. 2025 Nov 20;26(22):11228.

Wu X, Zang R, Qiu Y, Zhang Y, Peng J, Cheng Z, Wei S, Liu M, Diao
Y. Intranasal drug delivery technology in the treatment of central
nervous system diseases: challenges, advances, and future research
directions. Pharmaceutics. 2025 Jun 13;17(6):775.

Kleven M, Singh NP, Messina JC, Djupesland PG, Inthavong K.
Development of Computational Fluid Dynamics (Cfd) Methodology for
Characterization of Exhalation Delivery System (Eds) Performance.
Auvailable at SSRN 4066961.

Lochhead JJ, Kumar NN, Nehra G, Stenslik MJ, Bradley LH, Thorne
RG. Intranasal drug delivery to the brain. InDrug delivery to the brain:
physiological concepts, methodologies and approaches 2022 May 25
(pp. 461-500). Cham: Springer International Publishing.

Crowe TP, Hsu WH. Evaluation of recent intranasal drug delivery
systems to the central nervous system. Pharmaceutics. 2022 Mar
12;14(3):629.

CODEN (USA): AJPRHS



