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ABSTRACT: There are various ways to deliver drugs and each one has its ups and downs depending on the purpose
of use and the patients themselves. And among these drug delivery systems, the intranasal path stands out as one of
the more exciting and challenging ones. Despite being perhaps the most commonly used path of delivery, the oral route
is subject to facing various roadblocks in terms of efficacy and bioavailability, requiring a certain amount of dosage and
synergy from the active pharmaceutical ingredient that is being used to be effective. When said active pharmaceutical
ingredient is ineffective via the oral route, has to be given in small doses, or has to enter circulation quickly to manifest
its effects, it inevitably falls out of favor. In its place, the intranasal route can act as a viable substitute. Although there
are several methods to formulate intranasal drugs, naturally, the intranasal route possesses advantages and
disadvantages of its own. Thus, in situ gel systems have emerged as a favorable preference among these formulation
methods. Possessing the upsides of not only gels but solutions as well, the in situ gel systems effectively address and
solve some of the disadvantages posed by intranasal drug delivery systems. This review article aims to provide a general
understanding of intranasal drug delivery systems and in situ gels, both separately and together as a combination, while
underlining the importance of each and also providing examples from existing literature to display their range of
applications.
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1. INTRODUCTION

There are multiple reasons to investigate a different way to deliver nasal drugs, rather than using the
traditional methods. The nasal route provides convenience; it is easy to use, has a rapid onset of action, and
does not experience gastrointestinal degradation or first-pass metabolization. It tends to have high
bioavailability thanks to the small molecule size of the drugs made for it, and even when that’s not the case its
bioavailability can be increased, making the nasal route extremely preferable [1,2].

The nasal cavity has a limited capacity and displays low membrane permeability for hydrophilic
molecules. Additionally, there is mucociliary clearance, the cleaning of the airways through the interaction of
the ciliary beating and nasal mucus. This pushed the researchers and drug developers to find a way to exploit
the bioadhesive agents, as well as the permeation enhancers, to develop a drug delivery system that can
improve the existing conditions by enhancing the absorption of the drug, extend the area of effect of the drug
and improve the bioavailability of polar compounds. Due to their characteristics, in situ gelling formulations
can change from a solution to a gel upon intranasal delivery, as a result of physiological variables (e.g. pH, ion
concentration, temperature). Thus, these dosage forms may be delivered simply as solutions, guaranteeing
precision in the dose provided. In contrast, gel formation upon contact with the nasal epithelium is necessary
to ensure sufficient contact time and thus better bioavailability [3-7].

2. INTRANASAL DRUG DELIVERY SYSTEMS

Nowadays the oral and parenteral routes are no longer considered the first choice as long as there are
alternatives present. They owe this to their overall qualities, being less dependable and effective in some cases.
This can be seen especially well with drugs containing molecules that have diminishing attributes, such as
being exposed to a significant elimination from the first-pass effect, displaying low and/or limited stability in
gastrointestinal fluids, or having poor intestinal absorption. Such drugs make the primary candidates for
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intranasal delivery. Although the intranasal route has been available for a considerable amount of time, it has
mostly been used to provide symptomatic relief and to treat or prevent topical illnesses of the nose. Now that
their properties are being understood more clearly it is possible to see that the intranasal route can offer a lot.
For example, it can overcome the obstacles posed by the blood-brain barrier, which leads to direct drug
delivery to the central nervous system. Similarly, the overall traits and features of the nose and the nasal cavity
(e.g., their potential to provide a rapid onset of action and drug absorption) also increase the interest to explore
this route of administration [4, 8-12].

2.1. Physiology of the nose

The nose is one of the most important organs of the human body. It is not only the most protruding part
of the face and easily noticeable, the main organ of the olfactory system that serves the sense of smell, as well
as the first organ of the respiratory system. The nasal cavity has a depth between 120-140 millimeters, a volume
between 16-19 milliliters, and a surface area of approximately 160 cm? [13]. The nose has various functions.
These are primarily allowing the entry of air into the body, warming up and humidifying the air that has
entered, filtering the unwanted presence in the respired air, providing resistance for the airways, establishing
the sense of smell, and acting as one of the first barriers of immunological defenses of the body [14].

There are three regions in the nose. These are the turbinate, vestibular, and olfactory regions (Figure 1).
The turbinate regions make up a relatively large vascular portion of the nose, consisting of inferior, middle,
and superior regions. It is made up of three types of cells, these being basal cells, ciliated cells, and non-ciliated
cells, accompanied by mucosal secretions. Additionally, it possesses a pseudostratified columnar epithelium
lining. Non-motile microvilli increase the surface area and cover ciliated and non-ciliated cells making them
ideal for the absorption of drugs. Ciliated cells play an especially important role in transporting mucus for
mucociliary clearance, as they are covered with approximately 100 motile cilia. Entry to the mucociliary area
means clearance from the nasal cavity, and thus limited access to the site of absorption. The vestibular region,
on the other hand, is located in the anterior part of the nose and makes up the nasal cavity's narrowest part.
The majority of this area is covered by vibrissae and can filter out incoming particles [14, 15].
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&\
Figure 1. Regions of the nose (image was edited in Adobe Photoshop 2022) (Modified from Ref. [16])

The first stage of any nasal drug's absorption is its passage through the mucosa. It is possible to see the
effects of the size of the particles of active pharmaceutical ingredients during the passage through the mucosa;
while fine particles pass through without any issues, it may be relatively more difficult for larger particles to
do the same. Mucus, itself, has the ability to potentially bind to solutes due to its mucin content. Additionally,
changes in the environment or the physiology of the host can lead to changes in the structure of the mucus.
All of these factors influence the diffusion process as a whole. But once the drug successfully passes through
the mucus, it will be subjected to one of the various mechanisms of absorption. The most common of these
mechanisms are transcellular and paracellular routes. The former takes place thanks to simple diffusion,
whereas the latter is a method of transportation through the transcytosis carried out by vesicle carriers and
movement that occurs between the cells [14, 17].

The transcellular route is mostly involved with the transportation of lipophilic drugs, which exhibit a
rate dependency on their lipophilicity attribute, thus making use of the lipoidal route. The paracellular route
on the other hand is rather slow and passive and deals with water-soluble compounds. It is affected by
intranasal absorption and also the molecular weight of water-soluble compounds. It is known that the
bioavailability of these drugs has been found to be quite poor when the molecular weights were over 1000
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Daltons. Drugs can also enter cellular membranes via active transport via carrier-mediated means or tight
junction openings. Possible metabolism before reaching the systemic circulation and insufficient residence
time inside the nasal cavity are known obstacles to absorption [14, 18].

Permeation enhancers are used regularly, to increase the bioavailability and permeation of many drugs
that are highly soluble in water and possess poor permeability and inadequate bioavailability, especially
across the nasal epithelia. These permeation enhancers are widely considered to modify the phospholipid
bilayer to show an effect, which in return alters the permeability of the epithelial cell layer [14, 19].

There are a variety of enhancers that increase absorption and permeation. Carbapol and chitosan are
biomaterials that induce their effect by opening tight junctions. Bestatin and amastatia are enzyme inhibitors
that induce their effect by inhibiting involved enzymes. Bile salts like sodium deoxycholate and sodium
glycocholate may inhibit enzymes, shows mucolytic activity, and open tight junctions, being slightly similar
to cyclodextrins and derivatives like a-, B- and y-cyclodextrin, which open tight junctions and disrupt the
membrane. Fatty acids like lysophosphatidylcholine and surfactants like sodium lauryl sulfate and saponin,
on the other hand, may only disrupt the membrane [14, 20].

2.2. Advantages of nasal drug delivery systems

e Vascularised mucosa creates a large surface area and allows rapid drug absorption.

¢ Rapid onset of action.

¢ Easy and non-invasive administration.

¢ Convenience for patients who are undergoing long-term therapy.

¢ No requirement for a complex formulation.

¢ Lower doses are usually sufficient.

e Fewer side effects due to lower doses.

¢ Lower risk of overdosing.

¢ Drugs have the potential to be directly transported into the central nervous system and systemic
circulation.

¢ No degradation in the gastrointestinal tract.

e Bypasses the first-pass metabolism.

e High bioavailability with small molecule size (<1000 Daltons).

¢ Option to increase bioavailability with large molecule size (>1000 Daltons) via absorption enhancers.

e Acts as a viable alternative for drugs the display poor stability in fluids [21].

2.3. Disadvantages of nasal drug delivery systems

e Delivery effect including formulation drug distribution and deposition, the viscosity of the
formulation.

¢ Regular defense mechanisms present inside the nose may affect the permeability of the drug.

e Large interspecies variability for studies.

e Inconvenience due to possible nasal irritation.

o The smaller surface of absorption in comparison to the gastrointestinal tract.

e Possible irritation of the nasal mucosa by drugs.

o The restricted volume of delivery in the nasal cavity.

o Difficulty in delivering compounds with high molecular weight or low lipophilicity.

e Pathological conditions may induce negative effects [21].

3. IN SITU GELS

In situ gels are systems of suspensions or solutions that can undergo a sol-to-gel transformation, which
is often set off by a stimulus, like an ion presence, pH, or temperature. In other words, they enter the body as
a solution and change into a gel. There are quite a lot of upsides to using in situ gels. Thanks to their properties,
they can be used for controlled and sustained release forms of drugs. They don't have to be used frequently,
which effectively decreases the dosing frequency of the drug, while also allowing for higher patient
compliance and comfort. Because of their increased bioavailability due to their route of distribution, in situ
gels also don't have to be given in larger doses, contributing to less overall toxicity. They are easy to administer
and can even be administered to unconscious patients. They can be designed to be bioadhesive, which helps
facilitate the targeting of the drug and allows for non-invasiveness [22].

Of course, there are also limitations involved with in situ gels as well. There can potentially be stability
issues, especially when they are in solution form as they then tend to be generally more susceptible to
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degradation. Their administration might restrict regular activities like eating and drinking, making it less
convenient for patients. If the active pharmaceutical ingredient is hydrophobic, then the homogeneity and the
amount of the drug that is loaded will be limited. They also tend to possess a lower amount of mechanical
strength, which contributes to possible premature dissolution or may cause the hydrogel to flow away from
the site of application.

Regardless, a lot of variables are at play for each drug that is being formulated. If the advantages of in
situ gels outweigh their limitations, they become a favorable option. When that is the case, it should be kept
in mind that the type of polymer used for sol-gel conversion affects the type of system that is going to be
obtained in the end [23, 24].

3.1. Thermo-responsive systems

Thermo-responsive systems make use of polymers that are affected by the changes in the surrounding
temperature. The variations in the temperature are quite easy to apply both in vivo and in vitro. Additionally,
itis also easy to manage them. This makes temperature as a stimulus the most commonly used polymer system
in in situ gels and their formulations. Despite being in liquid form at 20-25°C, they go through gelation around
35-37°C, meaning that they can change form when in contact with body fluids. Three types of thermo-
responsive systems are in existence [25-27].

Thermo-responsive hydrogels can swell with increasing temperature. When that is the case, they are
considered to be positively thermo-responsive systems. If the opposite is the case and the hydrogel is shrinking
with increasing temperature, then it is considered to be negatively thermo-responsive. Additionally, there is
a third type, namely the thermally reversible type. These are hydrogels that display a lower critical solution
temperature. Akin to negatively thermo-responsive systems, they deswell and shrink in aqueous solutions
with increasing temperature. However, this is a reversible process for them, as they can swell once again and
expand if cooled down to temperatures below the lower critical solution temperature [24, 28-30].

3.2. Ion-responsive systems

Ion-responsive systems utilize polymers that can start the gelling of the solutions by responding to the
changes in the ionic strength in the surrounding chemical environment. In these systems, the rate of gelation
is presumably dependent on the surface osmotic gradient of the gel [2, 24, 31, 32].

3.3. pH-triggered systems

pH-triggered systems make use of hydrogels that are sensitive to variations in pH, meaning that they
will swell or deswell as a result of the changing pH in their environment. The polymers that are used are thus
also required to be pH-sensitive. Polyelectrolytes are known to be widely used for these systems. They can be
found inside the formulation and increase the pH externally. As a result, the hydrogel begins to swell and
ultimately creates an in situ gel. Their qualities make pH-sensitive systems desirable for various purposes. For
example, they can be utilized to sort multiple solutions following pH and how the solutions react to them [33-
36].

3.4. Polymers used as gelling agents and their properties

The polymers that are used change depending on what kind of system is wanted, or rather, the polymer
that is used for the sol-to-gel conversion determines what type of system it’s going to be. Even so, there are
several qualities that the polymers should possess, regardless of the system type. In accordance with these, an
ideal polymer should;

e have the ability to adhere to the mucus membrane,

e be able to influence tear behavior,

® possess an acceptable optical clarity,

enot add any additional toxic effects,

e display pseudo-plastic behavior,

® be able to decrease the viscosity and increase the shear rate.

Some of the excipients and APIs that have been used in the literature are provided below (Table 1).
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Table 1. Some of the excipients and APIs used in nasal in situ gel drug delivery systems.

API Excipients Refs
Sumatriptan Poloxamer 407, Carbopol 934P [37]
Voriconazole Deacetylated gellan gum, Clove oil, Soybean lecithin, Tween 80 [38]
Almotriptan Poloxamer 407, Poloxamer 188 [39]
Metoclopramide Igjgi;),(acriil;) ig;,’ fnglgiti?;lle;i f}ll};TOL Hydroxypropyl cellulose, Carbopol [40]
Midazolam Gellan gum, Carbopol 934P [41]
Levodopa Poloxamer 407, Chitosan [42]
Budesonide Poloxamer 407, Propylene glycol [43]
Lorazepam Gellan gum, Carbopol 934P [44]
Timolol Poloxamer 407, Hydroxypropyl methyl cellulose [45]
bupone bR St Ploamer 407 Hydrospropd g
Naratriptan Poloxamer 407, Carbopol 934P, Polyvinylpyrrolidone K30 [47]
Fluticasone Gellan gum, Pectin, Tween 80 [48]
Ketorolac Chitosan, Pectin, Hydroxypropyl methylcellulose [49]
Terbutaline Chitosan, Pectin, Poloxamer 407 [50]
Donepezil Poloxamer 407, Gellan gum [51]
Lamotrigine Gellan gum, Xanthan gum, Polyethylen glycol [52]
Fexofenadine Poloxamer 407, Chitosan, Hydroxypropyl-p-cyclodextrin [53]
Zolmitriptan Chitosan, Sodium alginate, Hydroxypropyl methylcellulose [54]
Ciprofloxacin Poloxamer 407, Propylene glycol [55]
Mometasone Gellan gum, Xanthan gum [56]
Selegiline Poloxamer 407, Propylene glycol [57]
Repaglinide Poloxamer 188, Gellan Gum, Propylene glycol [58]

3.4.1. Carbopol®

Carbopol® is mostly used in pH-triggered systems as a sol-gel converting polymer. It is a polyacrylic
acid polymer and as the pH is raised above its pK of around 5.5, it exhibits a sol-to-gel transition in an aqueous
solution. Its acidic nature, however, may stimulate the targeted tissues when its concentration rises in the
vehicle. An appropriate viscosity-enhancing polymer is often used in the formulation to increase viscosity
without affecting the in situ gelling characteristics or overall rheological behaviors while also decreasing the
Carbopol® concentration at the same time. It is preferred in pH-triggered systems [34, 59-61].

3.4.2. Chitosan

Chitosan is obtained from chitin and can be categorized as the latter's hydrolyzed polysaccharide
derivative. It can be seen in abundance in nature and is considered a biopolymer. It is also biodegradable, non-
toxic, and biocompatible. It can remain in its dissolved state in aqueous solutions for up to a pH of 6.2. Its
gelling can occur at either temperature or pH, so when used as a sol-gel conversion polymer it is preferred in
thermo-responsive and pH-triggered systems [24, 62-66].

3.4.3. Gellan Gum

Gellan gum is produced by Sphingomonas elodea. It can be categorized as an anionic exopolysaccharide.
It begins to turn into gel form when exposed to physiological cation concentrations, such as those seen in
bodily fluids like the nose fluid. As a result, the pH, volume, and ionic makeup of the surrounding nasal fluids
have a significant influence on the gellan gum’s ability to transport drugs. Despite its mucoadhesive qualities,
which are based on relatively weak interactions like hydrogen bonds and Van der Waals forces, they are
nevertheless insufficient to extend the mucosal residence duration. They are used commonly in ion-responsive
systems [67- 69].
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3.4.4. Poloxamer

Poloxamers are nonionic poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)
copolymers. In some solvents, they are known to form structures with gel-like features, depending on the
surrounding temperature and concentration. Otherwise, they form clear and thermoreversible gels at high
concentrations and micelles at low concentrations. Poloxamers are available under different brand names as
well; these are Pluronic® and Lutrol®. Poloxamer 407 and Poloxamer 188 can be seen extensively in existing
literature, owing to their low toxicity, good biocompatibility, good compatibility with various drugs and
excipients, and easy gel preparation. They have low mucoadhesiveness, thus they are often paired with more
bioadhesive polymers to make them more effective. Poloxamer combinations with hyaluronic acid, chitosan,
alginate, and hydroxypropyl methylcellulose are good examples of these pairings. They are used commonly
in temperature-triggered systems [62, 70-76].

4. COMMON CHARACTERIZATION PARAMETERS

Different characterization methods are used to determine and evaluate various qualities of in situ gel
nasal drug delivery systems. Depending on the results, it is possible to properly assess whether the end
product is at a desirable level of quality if changes should be made to the formulation, or if any lacking
properties need to be addressed. The characterization techniques vary greatly between different drugs and
even when they are produced in the same delivery system, the tests need to be done differently due to the
changing active pharmaceutical ingredients. Even then, it is possible to see several characterization factors
being investigated commonly for most of the in situ gel nasal drug delivery systems.

4.1. Gelation temperature

Gelation refers to the production of a gel from a system of an active pharmaceutical ingredient and
polymers. Gelation temperature refers to the specific temperature at which this phenomenon occurs. It can be
determined by preparing the formulation, taking a certain amount from it, and heating it with the help of a
magnetic stirrer, where the heat will be increased consistently over time whereas the stirring speed will be
kept constant at the same level. The temperature at which gelation is observed (e.g. when the magnetic stirrer
is stopped due to gelation) is the gelation temperature [33, 77].

4.2, Mucoadhesive strength

Mucoadhesion refers to the attracting forces that are between mucosal surface and material, this usually
being a biological material. Mucoadhesive strength, on the other hand, refers to the ability of mucous
membranes to successfully adhere to materials. The determination of mucoadhesive strength is carried out by
texture analyzing machines (e.g. CT3 Texture Analyzer, TA.XTPLUS Texture Analyzer). Nasal mucosa from
a selected in vitro subject is obtained and put into contact with the formulation that was prepared. Afterward,
mucoadhesion per square centimeter is calculated [33, 77, 78].

4.3. Rheological studies

Rheology is the study of a material’s flow behavior under circumstances in which they flow rather than
deform elastically or plastically. On the continuum mechanical scale, it is similarly concerned with developing
predictions for mechanical behavior based on the nanostructure or microstructure of the materials. Among
the parameters that can be examined under rheological studies are shear stress and viscosity. Shear stress is
the drag force caused by the fluid moving over the surface horizontally. It is determined by the fluid's gradient
of velocity when it is close to the surface. Its magnitude is inversely related to the cube of the radius and
directly proportional to fluid flow and viscosity. Viscosity, on the other hand, is the measurement of the
resistance of a fluid to deforming under shear force. It defines the internal flow resistance of fluid and may be
compared to the friction forces that exist inside a flowing fluid. The shear stress to strain rate ratio is another
way to describe viscosity. These parameters and their corresponding values can be obtained via rheometers
and can be used to make evaluations on further parameters like consistency index or flow behavior [33, 77,
79].

4.4. Texture profile analysis

Texture profile analysis helps evaluate the mechanical properties of in situ gels. These parameters for
hydrogels include hardness, elasticity, compressibility, cohesiveness, and adhesiveness. Hardness is the force
required to attain a given deformation. Compressibility is the work required to deform the product during the
first compression of the probe. Adhesiveness is the work necessary to overcome the attractive forces between
the surface of the sample and the surface of the probe. Cohesiveness is the ratio of the area under the force-
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time curve produced on the second compression cycle to that produced on the first compression cycle, where
successive compressions are separated by a defined recovery period, and elasticity is defined as the ratio of
the time required to achieve maximum structural deformation on the second compression cycle to that on the
first compression cycle, where successive compressions are separated by a defined recovery period. Various
software is used for the collection and calculation of the data [80-82].

5. CLINICAL STUDIES

Chelladurai et al. prepared an in situ gel formulation of ketorolac tromethamine. Chitosan and pectin
were used as the main polymers in the gelling system. The purpose was to increase the release duration of
ketorolac tromethamine and extend the residence duration in the nasal mucosa. In the irritancy test performed
on mice, it was observed that the formulation showed non-irritant properties in the nasal mucosa. It was also
compared with the oral solution and intraperitoneal injection in the anti-inflammatory efficacy test on Wister
rats. As aresult, it has been proven that the anti-inflammatory activity of the in situ gel formulation was higher
than the other formulations [49].

Ravi et al. developed an alternative drug for Parkinson's disease. For this purpose, Rasagiline mesylate
was used as an active ingredient, and Poloxamer 407 as a mucoadhesive polymer. The study aimed to increase
oral bioavailability and improve the passage of early substances into brain tissue. The studies have shown that
the mucoadhesive gel of rasagiline mesylate displayed a much higher bioavailability, about 4-6 folds greater
than that of the oral formulation. Accordingly, pharmacokinetic studies were conducted on New Zealand
rabbits. The produced in situ gel form of rasagiline maleate was proven to be a viable alternative to existing
oral formulations of the same active ingredient. Additionally, the obtained in situ gel of rasagiline maleate did
not irritate the nasal mucosa of the rats that were used in the study. Moreover, it was shown to be capable of
reaching the brain tissues through intranasal administration [83].

Zaki et al. prepared an in situ gel form of metoclopramide HCI, an antiemetic active substance, using
Poloxamer 407. This study aimed to ensure that the formulation stayed longer in the nasal mucosa, to eliminate
the problem of bad taste in oral use, to provide ease of use, and to reduce the mucociliary transport time. In
mucoadhesion tests performed in rats, the formulation could remain in the nasal mucosa for a long time. The
bioavailability of in situ gel formulation and oral solution formulations were compared in tests performed
with New Zealand rabbits. As a result, the bioavailability of the in situ gel formulation was found to be
significantly higher [84].

A nasal in situ gel containing mometasone furoate, a corticosteroid, was prepared by Cao et al. Xanthan
gum and gellan gum were used for the gelling system. The aim of this study was to achieve higher success in
reducing the symptoms of allergic rhinitis by prolonging the nasal residence time of mometasone furoate. In
in vivo studies with Wistar rats, a suspension formulation containing mometasone furoate and an in situ gel
formulation containing the same active ingredient were compared. As a result of the studies, it was observed
that the in situ formulation was suitable for the intended purpose. In another in vivo study in rats, it was
observed that the in situ gel formulation did not cause irritation. This study has proven promising results for
the delivery of mometasone furoate as a nasal in situ gel [85].

An in situ gel containing paenol was prepared by Chu et al. Its absorption from the nasal mucosa was
investigated in the treatment of allergic rhinitis. The main polymer used for in situ gel formation was
Poloxamer 407. The nasal mucosa ciliotoxicity of the in situ gel formulation was investigated using the toad
palate model and no toxic effects were observed. Guinea pigs were used for in vivo experiments. Experiments
were also performed with physiological saline and Rhinocort® nasal spray to compare the effect of the nasal
in situ gel formulation. It was observed that the in situ gel formulation showed significant improvement in the
nasal mucosa. At the same time, IgE and LTE4 levels and the number of eosinophils were significantly
reduced. These results showed that nasal in situ gel containing paenol can be used as an alternative in the
treatment of allergic rhinitis [86].

Ved et al. prepared a nasal in situ gel formulation of zidovudine. The aim of this study was to increase
the absorption of zidovudine and its transportation to the brain tissues. Poloxamer 407 was used as the main
polymer in this formulation. New Zealand rabbits were used in in vivo pharmacokinetic studies. The rabbits
were divided into groups and given intravenous, nasal solution, and nasal in situ gel applications. It was
observed that the concentration of in situ gel was higher in cerebrospinal fluid and brain tissue, but lower in
plasma compared to intravenous administration. It was observed that the residence time of the formulation in
the nasal mucosa was prolonged with the use of nasal in situ gel. According to all of these results, it was
concluded that the nasal in situ gel formulation of zidovudine could be used as an alternative [87].

A nasal in situ gel formulation containing Radix Bupleuri was prepared by Chen et al. In this
formulation, Poloxamer 407 was used as the main polymer for gelling, and the antipyretic efficacy of Radix
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Bupleuri in the form of nasal in situ gel was investigated. New Zealand rabbits were used to investigate this
activity. The nasal solution was applied to one group to be compared with nasal in situ gel. Longer-lasting
effects and higher efficacy were observed in the in situ gel formulation. The siliotoxicity of the in situ gel
formulation was investigated in the toad palate model. As a result, no serious nasal toxicity was observed [88].

Bhandwalkar et al. prepared a nasal in situ gel containing venflaxin hydrochloride, an antidepressant.
This study aimed to increase the bioavailability by prolonging the duration in the nasal mucosa and decreasing
the mucociliary clearance of venflaxin hydrochloride. The main polymer used for gelling was Lutrol F127. In
vivo pharmacokinetic studies were performed on rats. In order to compare the nasal in situ gel effectiveness,
rats were divided into groups and oral solution and saline were given to the groups. After the formulations
were administered, the rats were forced to swim. The immobility times of the rats were observed. As the
concentration of venflaxin increased, it was expected that the rats would experience an excess of immobility
times. As a result of the experiment, it was observed that rats that were administered nasal in situ gel remained
immobile for longer, hence the targeted goal was achieved with the in situ gel formulation [89].

In a study by Khan et al., a nasal in situ gel formulation containing ropinirole used in Parkinson's disease
was prepared. The aim was to increase bioavailability and reduce gastrointestinal disorders compared to oral
administration. A gelling system was created using chitosan (as the main polymer) and hydroxypropyl
methylcellulose. In vivo bioavailability and clearance studies were performed using Wistar rats. In clearance
studies, rats were divided into groups. While in situ gel was given to one group, a control solution was applied
to the other group. When the two formulations were compared, it was observed that the in situ gel formulation
could stay in the nasal mucosa two times longer. In bioavailability studies, rats were divided into groups and
given a nasal solution labeled with 99mTc, the intravenous formulation, and the nasal in situ gel. It was
observed that the in situ gel formulation had a faster effect and higher concentration in the brain. In addition,
increased bioavailability was demonstrated compared to the oral formulation [90].

With the use of cubosomes, Ahirrao et al. attempted to enhance resveratrol transport to the brain via
the transnasal route. Cubosomes were created using glycerol monooleate and Lutrol F127, and a 32 complete
factorial design was used for optimization. The best cubosomal batch was physically stabilized with
Poloxamer 407 and then transformed into a thermoreversible in situ gel. The cubosomal in situ gel's resveratrol
released over time and under regulated conditions, according to the in vitro release tests. The cubosomal in
situ gel showed greater mucosal permeability, a higher concentration, and better distribution to the brain than
the drug solution delivered intranasally or orally, according to ex-vivo permeation and in vivo biodistribution
experiments. It was concluded that the cubosomal in situ gel shows promise and may be a useful drug delivery
strategy for the treatment of brain disorders via the nasal route, but more clinical trials were required to assess
the risk/benefit ratio [91].

The goal of Wang et al. was to create a thermoreversible and mucoadhesive in situ nasal gel containing
geniposide for the treatment of neurodegenerative disorders. Combining poloxamers, hydroxypropyl
methylcellulose, and borneol as a permeation enhancer allowed for the gel's optimization. The drug content,
in vitro and ex vivo release kinetics, pH, clarity, gel strength, mucoadhesive strength, and gelation temperature
were assessed. When compared to oral delivery, the optimized gel displayed controlled release of geniposide
and showed higher permeability and potential for compliance. Their study came to the conclusion that this
was a promising approach and more animal studies on the in situ nasal gel of geniposide are possible [92].

Mathure et al. aimed to create an in situ nasal gel comprising nanostructured lipid carriers (NLCs)
loaded with rizatriptan for effective intranasal drug delivery to the brain. The 189 nm particle size, high drug
encapsulation efficiency, and 83.9% drug release after 24 hours were all characteristics of the optimized NLCs.
The liquid gelling technique used to create the in situ gel from the rizatriptan-loaded NLCs demonstrated high
mucoadhesive strength, effective brain targeting, and no evidence of toxicity to nasal mucosa in the ex vivo
study. According to their findings, the lipid carrier-loaded in situ gel has the potential to administer rizatriptan
intranasally for the treatment of neurological conditions including migraines [93].

In the study of Vasantha et al, mucoadhesive in situ nasal gel formulations of loratadine and
chlorpheniramine maleate were developed and evaluated for improved drug bioavailability compared to
conventional dosage forms. On the nasal absorption of the pharmaceuticals from in situ nasal gels comprising
various polymeric combinations, the effects of various permeation enhancers were examined. The three most
effective enhancers, oleic acid, sodium taurocholate and Pluronic F127, greatly increased drug flux. According
to in vitro studies, the in situ gels have enhanced stability and release profiles, making them a promising drug
delivery system for loratadine [94].

An in situ mucoadhesive gel filled with darunavir was developed by Nair et al. and tested for brain
targeting through the intranasal route in order to increase the efficacy of antiretroviral treatment in
NeuroAIDS. The experiment's properties were adjusted using a complete factorial design, and the gel's
improved formulation showed preferable rheological characteristics, prolonged drug release, and increased
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permeability across the nasal mucosa. An in vivo pharmacokinetic study in rats revealed significantly higher
drug concentrations in the brain after nasal application, compared to the intravenous route. It was concluded
that Darunavir was effectively targeted by the gel to the brain via the nasal route, offering a viable treatment
option for NeuroAIDS [95].

Dawre et al. aimed to to improve nasal penetration via dispersion in a thermoreversible in-situ gel.
Vitamin D3-loaded PLGA microspheres were developed in their study, and optimized using the Box Behnken
Design. The microspheres were uniform and colloidally stable, and the gel had a strong mucoadhesive
property, a viscosity of 35698-5032 cps, and a gelation temperature of 35-37 °C. The microspheres scattered in
the gel released 69% of vitamin-D3 for up to one week, which was better than the oily solution, according to
in vitro dissolution experiments. The gel exhibited 2.5 times greater penetration than microspheres and
solution, according to ex vivo permeation experiments, which raises the possibility that it may be used as a
drug delivery system for vitamin D3 when administered nasally [96].

In another study, Rao et al. developed a thermoreversible in situ nasal gel for the anti-Parkinson drug
ropinirole, aiming to tackle the limited bioavailability caused by the first-pass metabolism as well as the
swallowing difficulties caused by the drug. The gel displayed mucoadhesion, which prolonged nasal
residence duration, and the gelation time was less than the mucociliary clearance time. In contrast to plain
ropinirole, the nasal gel formulations demonstrated high ex vivo drug release and a protective impact on nasal
mucosa. Nasal application of the gel increased its bioavailability in the brain by a factor of five when compared
to intravenous administration. The study concluded that the developed in situ nasal gel was a viable drug
delivery alternative for people with Parkinson's disease [97].

6. CONCLUSION

Conventional and more traditional drug delivery systems face numerous problems and possess
different disadvantages, some of which make them less efficient and thus less desirable for use. In this regard,
nasal in situ gel drug delivery devices have drawn more and more interest as a potentially effective and
efficient method of drug administration. These systems are characterized by a phase transition from a sol to a
gel state following nasal administration. This facilitates sustained drug release and prolongs the time the drug
spends in the nasal cavity, resulting in improved bioavailability and therapeutic effectiveness. They provide
a non-intrusive, patient-friendly method of medication delivery, since there is no need for particular training
for administration, unlike invasive ways, making it a practical alternative for patients, especially those who
are unable to endure invasive treatments. This non-invasiveness and patient-friendliness may increase patient
adherence and compliance, improving therapy results.

The capacity of nasal in situ gel drug delivery systems to directly target the central nervous system while
bypassing the blood-brain barrier is another benefit they offer. With this ability, drugs can reach the brain
directly and quickly through the olfactory area of the nasal cavity. This makes them a potentially desirable
alternative for the treatment of central nervous system conditions. The therapeutic efficacy and bioavailability
of drugs can also be improved. In order to provide for prolonged release and better absorption, the
formulations can gel upon contact with the nasal mucosa, extending the drug's residence time in the nasal
cavity. As a result, the risks of adverse effects and enzymatic degradation are reduced while the stability and
shelf-life are improved. In summary, the creation of efficient and effective drug delivery systems can be made
possible by nasal in situ gel drug delivery systems, making them well worth the many types of research that
have been dedicated to them.

REFERENCES

[1] Laffleur F, Bauer B. Progress in nasal drug delivery systems. Int. J. Pharm. 2021; 607: 120994.
https:/ /doi.org/10.1016/].iijpharm.2021.120994

[2] Agrawal M, Saraf S, Saraf S, Dubey SK, Puri A, Gupta U, Kesharwani P, Ravichandiran V, Kumar P, Naidu VGM,
Murty US, Ajazuddin, Alexander A. Stimuli-responsive In situ gelling system for nose-to-brain drug delivery. J.
Contr. Release. 2020; 327: 235-65. https:/ /doi.org/10.1016/].jconrel.2020.07.044

[3] Karavasili C, Fatouros DG. Smart materials: in situ gel-forming systems for nasal delivery. Drug Discov. Today. 2016;
21(1): 157-66. https:/ /doi.org/10.1016/j.drudis.2015.10.016

[4] Beule AG. Physiology and pathophysiology of respiratory mucosa of the nose and the paranasal sinuses. GMS Curr.
Top. Otorhinolaryngol. Head Neck Surg. 2010: 9. https:/ /doi.org/10.3205/cto000071

[5] SunY,LiL, Xie H, Wang Y, Gao S, Zhang L, Bo F, Yang S, Feng A. Primary studies on construction and evaluation
of ion-sensitive in situ gel loaded with paeonol-solid lipid nanoparticles for intranasal drug delivery. Int. ]. Nanomed.
2020: 3137-60. https:/ /doi.org/10.2147 /1IN.S247935

http://dx.doi.org/10.29228/jrp.471
J Res Pharm 2023; 27(5): 1875-1888

1883



Celik et al. Journal of Research in Pharmac
Nasal in situ gels as a drug delivery system Review Article

(6]

7]

(21]

(22]

(23]

Chen 'Y, Cheng G, Hu R, Chen S, Lu W, Gao S, Xia H, Wang B, Sun C, Nie X, Shen Q, Fang W. A nasal temperature
and pH dual-responsive in situ gel delivery system based on microemulsion of huperzine A: Formulation, evaluation,
and in vivo pharmacokinetic study. Aaps Pharmscitech. 2019; 20: 1-2. https:/ /doi.org/10.1208 /s12249-019-1513-x

Abdelnabi DM, Abdallah MH, Elghamry HA. Buspirone hydrochloride loaded in situ nanovesicular gel as an
anxiolytic nasal drug delivery system: In vitro and animal studies. AAPS PharmSciTech. 2019; 20: 1-4.
https://doi.org/10.1208 /s12249-018-1211-0

Crowe TP, Hsu WH. Evaluation of recent intranasal drug delivery systems to the central nervous system.
Pharmaceutics. 2022; 14(3): 629. https:/ /doi.org/10.3390/ pharmaceutics14030629

Malviya V, Ladhake V, Gajbiye K, Satao J, Tawar M. Design and characterization of phase transition system of
zolmitriptan hydrochloride for nasal drug delivery system Int. J. Pharm. Sci. Nanotechnol. (IJPSN). 2020; 13(3): 4942-
51. https:/ /doi.org/10.37285/ijpsn.2020.13.3.8

Ourani-Pourdashti S, Mirzaei E, Heidari R, Ashrafi H, Azadi A. Preparation and evaluation of niosomal chitosan-
based in situ gel formulation for direct nose-to-brain methotrexate delivery. Int. J. Biol. Macromol. 2022; 213: 1115-26.
https://doi.org/10.1016/j.ijbiomac.2022.06.031

Verekar RR, Gurav SS, Bolmal U. Thermosensitive mucoadhesive in situ gel for intranasal delivery of Almotriptan
malate: Formulation, characterization, and evaluation. ]. Drug Deliv. Sci. Technol. 2020; 58: 101778.
https://doi.org/10.1016/j.jddst.2020.101778

Bekhet MA, Ali AA, Kharshoum RM, El-Ela FIA, Salem HF. Intranasal niosomal in situ gel as a novel strategy for
improving citicoline efficacy and brain delivery in treatment of epilepsy: In vitro and ex vivo characterization and in
vivo pharmacodynamics investigation. J. Pharm. Sci. 2022; 111(8): 2258-69.
https://doi.org/10.1016/j.xphs.2022.02.012

Aulton ME, Taylor K, editors. Aulton's pharmaceutics: the design and manufacture of medicines. Elsevier Health
Sciences; 2013

Ghori MU, Mahdi MH, Smith AM, Conway BR. Nasal drug delivery systems: an overview. Am. J. Pharmacol. Sci.
2015; 3(5): 110-9.

Keller LA, Merkel O, Popp A. Intranasal drug delivery: Opportunities and toxicologic challenges during drug
development. Drug Deliv. Transl. Res. 2021: 1-23. https://doi.org/10.1007/s13346-020-00891-5

Dreamstime: Stock Photos & Images, Vectors, Video & Audio. https:/ /www.dreamstime.com/stock-image-nose-
anatomy-image29506621 (accessed on 22 April 2023).

Tai J, Han M, Lee D, Park IH, Lee SH, Kim TH. Different methods and formulations of drugs and vaccines for nasal
administration. Pharmaceutics. 2022; 14(5): 1073. https:/ /doi.org/10.3390/ pharmaceutics14051073

Shah B. Microemulsion as a promising carrier for nose to brain delivery: Journey since last decade. J. Pharm. Investig.
2021: 1-24. https:/ /doi.org/10.1007 /s40005-021-00528-w

McGuckin MB, Wang J, Ghanma R, Qin N, Palma SD, Donnelly RF, Paredes AJ. Nanocrystals as a master key to
deliver hydrophobic drugs via multiple administration routes. ]. Contr. Release. 2022; 345: 334-353.
https://doi.org/10.1016/j.jconrel.2022.03.012

Vasantha PV, Sherafudeen SP, Rahamathulla M, Mathew ST, Murali S, Alshehri S, Shakeel F, Alam P, Sirhan AY,
Iyer BAN. Combination of Cellulose Derivatives and Chitosan-Based Polymers to Investigate the Effect of Permeation

Enhancers Added to In situ Nasal Gels for the Controlled Release of Loratadine and Chlorpheniramine. Polymers.
2023; 15(5): 1206. https:/ /doi.org/10.3390/ polym15051206

Xu ], Tao ], Wang J. Design and application in delivery system of intranasal antidepressants. Front. Bioeng.
Biotechnol. 2020; 8: 626882. https:/ /doi.org/10.3389/ fbioe.2020.626882

Vigani B, Rossi S, Sandri G, Bonferoni MC, Caramella CM, Ferrari F. Recent advances in the development of in situ
gelling drug delivery systems for non-parenteral administration routes. Pharmaceutics. 2020; 12(9): 859.
https:/ /doi.org/10.3390/ pharmaceutics12090859

Makwana SB, Patel VA, Parmar SJ. Development and characterization of in situ gel for ophthalmic formulation
containing ciprofloxacin hydrochloride. Results Pharma Sci. 2016; 6: 1-6.
https://doi.org/10.1016/j.rinphs.2015.06.001

Mohanty D, Bakshi V, Simharaju N, Haque MA, Sahoo CK. A review on in situ gel: a novel drug delivery system. Int.
J. Pharm. Sci. Rev. Res. 2018; 50(1): 175-81.

Chatterjee S, Hui PCI. Review of applications and future prospects of stimuli-responsive hydrogel based on thermo-
responsive biopolymers in drug delivery systems. Polymers. 2021; 13(13): 2086.
https://doi.org/10.3390/ polym13132086

http://dx.doi.org/10.29228/jrp.471
J Res Pharm 2023; 27(5): 1875-1888

1884



Celik et al. Journal of Research in Pharmac
Nasal in situ gels as a drug delivery system Review Article

26]

(27]

Uppuluri CT, Ravi PR, Dalvi AV, Shaikh SS, Kale SR. Piribedil loaded thermo-responsive nasal in situ gelling system
for enhanced delivery to the brain: formulation optimization, physical characterization, and in vitro and in vivo
evaluation. Drug Deliv. Transl. Res. 2021; 11: 909-26. https:/ /doi.org/10.1007/513346-020-00800-w

Sharma D, Atassi F, Cook S, Marden S, Wang J, Xue A, Wagner DJ, Zhang G, Yang W. Experimental design,
development and evaluation of extended release subcutaneous thermo-responsive in situ gels for small molecules in
drug discovery. Pharm. Dev. Technol. 2021; 26(10): 1079-89. https://doi.org/10.1080/10837450.2021.1985519

Wang F, Liu Z, Zou LB, Xie R, Ju XJ, Wang W, Pan DW, Chu LY. A universal model for describing responsive
performances of both positively and negatively responsive smart gating membranes J. Membr. Sci. 2023; 668: 121235.
https://doi.org/10.1016 /j.memsci.2022.121235

Chen IC, Su CY, Chen PY, Hoang TC, Tsou YS, Fang HW. Investigation and characterization of factors affecting
rheological properties of poloxamer-based thermo-sensitive hydrogel. Polymers. 2022; 14(24): 5353.
https://doi.org/10.3390/ polym14245353

Salem HF, Kharshoum RM, Abou-Taleb HA, Naguib DM. Nanosized transferosome-based intranasal in situ gel for
brain targeting of resveratrol: formulation, optimization, in vitro evaluation, and in vivo pharmacokinetic study. Aaps
pharmscitech. 2019; 20: 1-4. https:/ /doi.org/10.1208 /512249-019-1353-8

Rudko M, Urbaniak T, Musial W. Recent developments in ion-sensitive systems for pharmaceutical applications.
Polymers. 2021; 13(10): 1641. https://doi.org/10.3390/ polym13101641

Kolawole OM, Cook MT. In situ gelling drug delivery systems for topical drug delivery. Eur. J. Pharm. Biopharm.
2023 Jan 13. https:/ /doi.org/10.1016/].ejpb.2023.01.007

Li D, editor. Encyclopedia of microfluidics and nanofluidics. Springer Science & Business Media; 2008.

Kouchak M, Mahmoodzadeh M, Farrahi F. Designing of a pH-triggered carbopol®/HPMC in situ gel for ocular
delivery of dorzolamide HCIL: in vitro, in vivo, and ex vivo evaluation. AAPS PharmSciTech. 2019; 20: 1-8.
https:/ /doi.org/10.1208 /s12249-019-1431-y

Ma Q, Luo R, Zhang H, Dai M, Bai L, Fei Q, Lei F, He N. Design, characterization, and application of a pH-triggered
in situ gel for ocular delivery of vinpocetine. AAPS PharmSciTech. 2020; 21: 1-1. https://doi.org/10.1208/512249-
020-01791-0

Jain P, Jaiswal CP, Mirza MA, Anwer MK, Igbal Z. Preparation of levofloxacin loaded in situ gel for sustained ocular
delivery: in wvitro and ex vivo evaluations. Drug Dev. Ind. Pharm. 2020; 46(1): 50-6.
https:/ /doi.org/10.1080/03639045.2019.1698598

Majithiya RJ, Ghosh PK, Umrethia ML, Murthy RSR. Thermoreversible-mucoadhesive gel for nasal delivery of
sumatriptan. AAPS pharmscitech. 2006; 7: E80-6. https:/ /doi.org/10.1208 / pt070367

Kammoun AK, Khedr A, Hegazy MA, Almalki AJ, Hosny KM, Abualsunun WA, Murshid SSA, Bakhaidar RB.
Formulation, optimization, and nephrotoxicity evaluation of an antifungal in sifu nasal gel loaded with voriconazole—
clove oil transferosomal nanoparticles. Drug Deliv. 2021; 28(1): 2229-40.
https:/ /doi.org/10.1080/10717544.2021.1992040

Verekar RR, Gurav SS, Bolmal U. Thermosensitive mucoadhesive in situ gel for intranasal delivery of Almotriptan
malate: Formulation, characterization, and evaluation. ]. Drug Deliv. Sci. Technol. 2020; 58: 101778.
https://doi.org/10.1016/j.jddst.2020.101778

Zaki NM, Awad GA, Mortada ND, ElHady SSA. Enhanced bioavailability of metoclopramide HCI by intranasal
administration of a mucoadhesive in situ gel with modulated rheological and mucociliary transport properties. Eur.
J. Pharm. Sci. 2007; 32(4-5): 296-307. https:/ /doi.org/10.1016/].ejps.2007.08.006

Patel S, Koradia H, Parikh R. Design and development of intranasal in situ gelling system of Midazolam
hydrochloride wusing 32 full factorial design. J. Drug Deliv. Sci. Technol. 2015 30: 154-62.
https://doi.org/10.1016/j.jddst.2015.10.010

Alipour S, Azari H, Ahmadi F. In situ thermosensitive gel of levodopa: Potential formulation for nose to brain delivery
in Parkinson disease. Trends Pharm. Sci. 2020; 6(2): 97-104. https:/ /doi.org/10.30476/ tips.2020.86526.1052

Antonino RSCMQ, Nascimento TL, de Oliveira Junior ER, Souza LG, Batista AC, Lima EM. Thermoreversible
mucoadhesive polymer-drug dispersion for sustained local delivery of budesonide to treat inflammatory disorders
of the GI tract. J. Contr. Release. 2019; 303: 12-23. https:/ /doi.org/10.1016/j.jconrel.2019.04.011

Shah V, Sharma M, Pandya R, Parikh RK, Bharatiya B, Shukla A, Tsai HC. Quality by Design approach for an in situ
gelling microemulsion of Lorazepam via intranasal route. Mater. Sci. Eng. C. 2017; 75: 1231-41.
https://doi.org/10.1016/j.msec.2017.03.002

Jagdale S, Shewale N, Kuchekar BS. Optimization of thermoreversible in situ nasal gel of timolol maleate. Scientifica.
2016; 2016. https:/ /doi.org/10.1155/2016 /6401267

http://dx.doi.org/10.29228/jrp.471
J Res Pharm 2023; 27(5): 1875-1888

1885



Celik et al. Journal of Research in Pharmac
Nasal in situ gels as a drug delivery system Review Article

(46]

(47]

(63]

(64]

Abdelnabi DM, Abdallah MH, Elghamry HA. Buspirone hydrochloride loaded in situ nanovesicular gel as an
anxiolytic nasal drug delivery system: In vitro and animal studies. AAPS PharmSciTech. 2019; 20 :1-4.
https://doi.org/10.1208 /s12249-018-1211-0

Shelke S, Pathan I, Shinde G, Agrawal G, Damale M, Chouthe R, Panzade P, Kulkarni D. Poloxamer-based in situ
nasal gel of naratriptan hydrochloride deformable vesicles for brain targeting. BioNanoSci. 2020; 10: 633-48.
https://doi.org/10.1007/s12668-020-00767-5

Nizi¢ L, Ugrina I, Spoljari¢ D, Sargon V, Ku¢uk MS, Pepi¢ I, Hafner A. Innovative sprayable in situ gelling fluticasone
suspension: Development and optimization of nasal deposition. Int. J. Pharm. 2019; 563: 445-56.
https://doi.org/10.1016/].ijpharm.2019.04.015

Chelladurai S, Mishra M, Mishra B. Design and evaluation of bioadhesive in-situ nasal gel of ketorolac tromethamine.
Chem. Pharm. Bull. 2008; 56(11): 1596-9. https:/ /doi.org/10.1248 /cpb.56.1596

Mohamed S, Nasr M, Salama A, Refai H. Novel lipid-polymer hybrid nanoparticles incorporated in thermosensitive
in situ gel for intranasal delivery of terbutaline sulphate. ]. Microencapsul. 2020; 37(8): 577-94.
https:/ /doi.org/10.1080/02652048.2020.1826590

Patil RP, Pawara DD, Gudewar CS, Tekade AR. Nanostructured cubosomes in an in situ nasal gel system: an
alternative approach for the controlled delivery of donepezil HCI to brain. J. Liposome Res. 2019; 29(3): 264-73.
https:/ /doi.org/10.1080/08982104.2018.1552703

Paul A, Fathima KM, Nair SC. Intra nasal in situ gelling system of lamotrigine using ion activated mucoadhesive
polymer. Open Med. Chem. J. 2017; 11: 222. https:/ /doi.org/10.2174/1874104501711010222

Cho HJ, Balakrishnan P, Park EK, Song KW, Hong SS, Jang TY, Kim KS, Chung SJ, Shim CK, Kim DD.
Poloxamer/ cyclodextrin/ chitosan-based thermoreversible gel for intranasal delivery of fexofenadine hydrochloride.
J. Pharm. Sci. 2011; 100(2): 681-91. https:/ /doi.org/10.1002/jps.22314

Malviya V, Ladhake V, Gajbiye K, Satao J, Tawar M. Design and characterization of phase transition system of
zolmitriptan hydrochloride for nasal drug delivery system. Int. J. Pharm. Sci. Nanotechnol. (IJPSN). 2020; 13(3): 4942-
51. https:/ /doi.org/10.37285/ijpsn.2020.13.3.8

Sousa ], Alves G, Oliveira P, Fortuna A, Falcdo A. Intranasal delivery of ciprofloxacin to rats: A topical approach
using a thermoreversible in situ gel. Eur. J. Pharm. Sci. 2017; 97: 30-7. https:/ /doi.org/10.1016/j.ejps.2016.10.033

Cao SL, Ren XW, Zhang QZ, Chen E, Xu F, Chen ], Liu LC, Jiang XG. I situ gel based on gellan gum as new carrier
for mnasal administration of mometasone furoate. Int. J. Pharm. 2009, 365(1-2): 109-15.
https://doi.org/10.1016/].ijpharm.2008.08.042

Salatin S, Alami-Milani M, Daneshgar R, Jelvehgari M. Box-Behnken experimental design for preparation and
optimization of the intranasal gels of selegiline hydrochloride. Drug Dev. Ind. Pharm. 2018; 44(10): 1613-21.
https://doi.org/10.1080/03639045.2018.1483387

Elkarray SM, Farid RM, Abd-Alhaseeb MM, Omran GA, Habib DA. Intranasal repaglinide-solid lipid nanoparticles
integrated in situ gel outperform conventional oral route in hypoglycemic activity. J. Drug Deliv. Sci. Technol. 2022;
68: 103086. https:/ /doi.org/10.1016/j.jddst.2021.103086

Wu C, Qi H, Chen W, Huang C, Su C, Li W, Hou S. Preparation and evaluation of a Carbopol®/HPMC-based i situ
gelling ophthalmic system  for puerarin. Yakugaku Zasshi. 2007; 127(1): 183-91.
https://doi.org/10.1248 /yakushi.127.183

Ranch KM, Maulvi FA, Naik MJ, Koli AR, Parikh RK, Shah DO. Optimization of a novel in situ gel for sustained
ocular drug delivery using Box-Behnken design: I vitro, ex vivo, in vivo and human studies. Int. J. Pharm. 2019; 554:
264-75. https:/ /doi.org/10.1016/j.ijpharm.2018.11.016

Alsaidan OA, Zafar A, Yasir M, Alzarea SI, Alginyah M, Khalid M. Development of Ciprofloxacin-Loaded Bilosomes
In-Situ Gel for Ocular Delivery: Optimization, In-Vitro Characterization, Ex-Vivo Permeation, and Antimicrobial
Study. Gels. 2022; 8(11): 687. https:/ /doi.org/10.3390/ gels8110687

Tugcu-Demiroz F. Development of in sifu poloxamer-chitosan hydrogels for vaginal drug delivery of benzydamine
hydrochloride: Textural, mucoadhesive and in vitro release properties. Marmara Pharm. J. 2017; 21(4): 762-70.
https://doi.org/10.12991/mpj.2017.3

Kurakula M, Naveen NR. In situ gel loaded with chitosan-coated simvastatin nanoparticles: Promising delivery for
effective  anti-proliferative  activity against tongue carcinoma. Mar. Drugs. 2020; 18(4): 201.
https:/ /doi.org/10.3390/md18040201

Gholizadeh H, Messerotti E, Pozzoli M, Cheng S, Traini D, Young P, Kourmatzis A, Caramella C, Ong HX.
Application of a thermosensitive in situ gel of chitosan-based nasal spray loaded with tranexamic acid for localised
treatment of nasal wounds. AAPS PharmSciTech. 2019; 20: 1-2. https:/ /doi.org/10.1208 /s12249-019-1517-6

http://dx.doi.org/10.29228/jrp.471
J Res Pharm 2023; 27(5): 1875-1888

1886



Celik et al. Journal of Research in Pharmac
Nasal in situ gels as a drug delivery system Review Article

(65]

(66]

(67]

(71]

(72]

(73]

(74]

(75]

Kolawole OM, Lau WM, Khutoryanskiy VV. Chitosan/ B-glycerophosphate in situ gelling mucoadhesive systems for
intravesical delivery of mitomycin-C. Int. J. Pharm.: X. 2019; 1: 100007. https:/ /doi.org/10.1016/].ijpx.2019.100007

Miyazaki T, Iwanaga A, Shirosaki Y, Kawashita M. In situ synthesis of magnetic iron oxide nanoparticles in chitosan
hydrogels as a reaction field: Effect of cross-linking density. Colloids Surf. B Biointerfaces. 2019; 179: 334-9.
https://doi.org/10.1016/j.colsurfb.2019.04.004

Jelkmann M, Leichner C, Zaichik S, Laffleur F, Bernkop-Schniirch A. A gellan gum derivative as in situ gelling cationic
polymer  for nasal drug  delivery. Int. J.  Biol. = Macromol.  2020;  158: 1037-46.
https://doi.org/10.1016/j.ijbiomac.2020.04.114

Agibayeva LE, Kaldybekov DB, Porfiryeva NN, Garipova VR, Mangazbayeva RA, Moustafine RI, Semina II, Mun
GA, Kudaibergenov SE, Khutoryanskiy VV. Gellan gum and its methacrylated derivatives as in situ gelling
mucoadhesive formulations of pilocarpine: In vitro and in vivo studies. Int. J. Pharm. 2020; 577: 119093.
https:/ /doi.org/10.1016/1.ijpharm.2020.119093

Huang G, Xie J, Shuai S, Wei S, Chen Y, Guan Z, Zheng Q, Yue P, Wang C. Nose-to-brain delivery of drug
nanocrystals by using Ca2+ responsive deacetylated gellan gum based in sifu-nanogel. Int. J. Pharm. 2021; 594:
120182. https:/ /doi.org/10.1016/j.ijpharm.2020.120182

Radivojsa M, Grabnar I, Grabnar PA. Thermoreversible in situ gelling poloxamer-based systems with chitosan
nanocomplexes for prolonged subcutaneous delivery of heparin: Design and in vitro evaluation. Eur. J. Pharm. Sci.
2013; 50(1): 93-101. https://doi.org/10.1016/].ejps.2013.03.002

Soliman KA, Ullah K, Shah A, Jones DS, Singh TRR. Poloxamer-based in situ gelling thermoresponsive systems for
ocular drug delivery applications. Drug Discov. Today. 2019; 24(8): 1575-86.
https://doi.org/10.1016/j.drudis.2019.05.036

Abdeltawab H, Svirskis D, Sharma M. Formulation strategies to modulate drug release from poloxamer based in situ
gelling systems. Expert Opin. Drug Deliv. 2020; 17(4): 495-509. https:/ /doi.org/10.1080/17425247.2020.1731469

Giuliano E, Paolino D, Cristiano MC, Fresta M, Cosco D. Rutin-loaded poloxamer 407-based hydrogels for in situ
administration: ~ stability =~ profiles and rheological properties. Nanomaterials. 2020; 10(6): 1069.
https://doi.org/10.3390/nano10061069

Niyompanich J, Chuysinuan P, Pavasant P, Supaphol P. Development of thermoresponsive poloxamer in situ gel
loaded with gentamicin sulfate for cavity wounds. J. Polym. Res. 2021; 28: 1-3. https:/ / doi.org/10.1007/510965-020-
02352-6

Shelke S, Pathan I, Shinde G, Agrawal G, Damale M, Chouthe R, Panzade P, Kulkarni D. Poloxamer-based in situ
nasal gel of naratriptan hydrochloride deformable vesicles for brain targeting. BioNanoSci.. 2020; 10: 633-48.
https://doi.org/10.1007/s12668-020-00767-5

Xia Y, Li L, Huang X, Wang Z, Zhang H, Gao ], Du Y, Chen W, Zheng A. Performance and toxicity of different
absorption enhancers used in the preparation of Poloxamer thermosensitive in situ gels for ketamine nasal
administration. Drug Dev. Ind. Pharm. 2020; 46(5): 697-705. https:/ /doi.org/10.1080/03639045.2020.1750625

Ponnamma D, Ninan N, Thomas S. Carbon nanotube tube filled polymer nanocomposites and their applications in
tissue  engineering.  InApplications of Nanomaterials 2018; 391-414. Woodhead  Publishing.
https:/ /doi.org/10.1016 /B978-0-08-101971-9.00014-4

Shipp L, Liu F, Kerai-Varsani L, Okwuosa TC. Buccal films: A review of therapeutic opportunities, formulations &
relevant evaluation approaches. J. Contr. Release. 2022; 352: 1071-92. https:/ /doi.org/10.1016/j.jconrel.2022.10.058

Kopa¢ T, Rucigaj A, Krajnc M. Effect of polymer-polymer interactions on the flow behavior of some polysaccharide-
based hydrogel blends. Carbohydr. Polym. 2022; 287: 119352. https:/ /doi.org/10.1016/j.carbpol.2022.119352

Amasya G, Inal O, Sengel-Turk CT. SLN enriched hydrogels for dermal application: Full factorial design study to
estimate the relationship between composition and mechanical properties. Chem. Phys. Lipids. 2020; 228: 104889.
https://doi.org/10.1016 /j.chemphyslip.2020.104889

Altuntas E, Yener G. Formulation and evaluation of thermoreversible in situ nasal gels containing mometasone
furoate for allergic rhinitis. AAPS PharmSciTech. 2017; 18(7): 2673-82. https:/ /doi.org/10.1208 /s12249-017-0747-8

Cevher E, Sensoy D, Taha MAM, Araman A. Effect of thiolated polymers to textural and mucoadhesive properties
of vaginal gel formulations prepared with polycarbophil and chitosan. AAPS Pharmscitech. 2008; 9(3): 953-65.
https:/ /doi.org/10.1208 %2Fs12249-008-9132-y

Ravi PR, Aditya N, Patil S, Cherian L. Nasal in situ gels for delivery of rasagiline mesylate: improvement in
bioavailability and brain localization. Drug Deliv. 2015; 22(7): 903-910.
https://doi.org/10.3109/10717544.2013.860501

http://dx.doi.org/10.29228/jrp.471
J Res Pharm 2023; 27(5): 1875-1888

1887



Celik et al. Journal of Research in Pharmac
Nasal in situ gels as a drug delivery system Review Article

(84]

(85]

Zaki NM, Awad GA, Mortada ND, ElHady SSA. Enhanced bioavailability of metoclopramide HCI by intranasal
administration of a mucoadhesive in situ gel with modulated rheological and mucociliary transport properties. Eur.
J. Pharm. Sci. 2007; 32(4-5): 296-307. https:/ /doi.org/10.1016/].ejps.2007.08.006

Cao SL, Ren XW, Zhang QZ, Chen E, Xu F, Chen ], Liu LC, Jiang XG. I situ gel based on gellan gum as new carrier
for nasal administration of mometasone furoate. Int. J. Pharm. 2009, 365(1-2): 109-115.
https://doi.org/10.1016/].ijpharm.2008.08.042

Chu K, Chen L, Xu W, Li H, Zhang Y, Xie W, Zheng J. Preparation of a paeonol-containing temperature-sensitive in
situ gel and its preliminary efficacy on allergic rhinitis. Int. J. Mol. Sci. 2013; 14(3): 6499-6515.
https://doi.org/10.3390/ijms14036499

Ved PM, Kim K. Poly (ethylene oxide/propylene oxide) copolymer thermo-reversible gelling system for the
enhancement of intranasal zidovudine delivery to the brain. Int. J. Pharm. 2011, 411(1-2): 1-9.
https://doi.org/10.1016/].ijpharm.2011.02.040

Chen E, Chen ], Cao SL, Zhang QZ, Jiang XG. Preparation of nasal temperature-sensitive in situ gel of Radix Bupleuri
and evaluation of the febrile response mechanism. Drug Deliv. Ind. Pharm. 2010; 36(4): 490-496.
https:/ /doi.org/10.3109/03639040903264371

Bhandwalkar MJ, Avachat AM. Thermoreversible nasal in situ gel of venlafaxine hydrochloride: formulation,
characterization, and pharmacodynamic evaluation. AAPS Pharmscitech. 2013; 14(1): 101-110.
https:/ /doi.org/10.1208 /s12249-012-9893-1

Khan S, Patil K, Bobade N, Yeole P, Gaikwad R. Formulation of intranasal mucoadhesive temperature-mediated in
situ gel containing ropinirole and evaluation of brain targeting efficiency in rats. J. Drug Target. 2010; 18(3): 223-234.
https:/ /doi.org/10.3109/10611860903386938

Ahirrao M, Shrotriya S. In vitro and in vivo evaluation of cubosomal in situ nasal gel containing resveratrol for brain
targeting. Drug Dev. Ind. Pharm. 2017; 43(10): 1686-93. https:/ /doi.org/10.1080/03639045.2017.1338721

Wang Y, Jiang S, Wang H, Bie H. A mucoadhesive, thermoreversible in situ nasal gel of geniposide for
neurodegenerative diseases. PloS one. 2017; 12(12): e0189478. https:/ /doi.org/10.1371/journal.pone.0189478

Mathure D, Ranpise H, Awasthi R, Pawar A. Formulation and characterization of nanostructured lipid carriers of
rizatriptan benzoate-loaded in situ nasal gel for brain targeting. Assay Drug Dev. Technol. 2022; 20: 211-224.
https:/ /doi.org/10.1089/adt.2022.044

Vasantha PV, Sherafudeen SP, Rahamathulla M, Mathew ST, Murali S, Alshehri S, Shakeel F, Alam P, Sirhan AY,
Iyer BAN. Combination of Cellulose Derivatives and Chitosan-Based Polymers to Investigate the Effect of Permeation
Enhancers Added to In situ Nasal Gels for the Controlled Release of Loratadine and Chlorpheniramine. Polymers.
2023; 15(5): 1206. https:/ /doi.org/10.3390/ polym15051206

Nair AB, Chaudhary S, Shah H, Jacob S, Mewada V, Shinu P, Aldhubiab B, Sreeharsha N, Venugopala KN, Attimarad
M, Shah J. Intranasal delivery of darunavir-loaded mucoadhesive in situ gel: Experimental design, in vitro evaluation,
and pharmacokinetic studies. Gels. 2022; 8(6): 342. https:/ /doi.org/10.3390/ gels8060342

Dawre S, Waghela S, Saraogi G. Statistically designed vitamin D3 Encapsulated PLGA microspheres dispersed in
thermoresponsive in-situ gel for mnasal delivery. J. Drug Deliv. Sci. Technol. 2022; 75: 103688.
https://doi.org/10.1016/j.jddst.2022.103688

[97] Rao M, Agrawal DK, Shirsath C. Thermoreversible mucoadhesive in situ nasal gel for treatment of Parkinson’s disease.

Drug. Dev. Ind. Pharm. 2017, 43(1), 142-150. https:/ /doi.org/10.1080/03639045.2016.1225754

This is an open access article which is publicly available on our journal’s website under Institutional Repository at http://dspace.marmara.edu.tr.

http://dx.doi.org/10.29228/jrp.471
J Res Pharm 2023; 27(5): 1875-1888

1888



