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Abstract: In situ gelling formulations are liquid at room temperature and transform into gels upon application to the body in
response to various stimuli (e.g., pH, temperature, ionic composition). Incorporating drug nanoparticles into these systems
enhances their biomedical utility by prolonging drug release, reducing dosing frequency, and improving patient outcomes. These
formulations, particularly those with mucoadhesive polymers, offer promising potential for targeted drug delivery and prolonged
drug retention at specific sites. A review of clinical properties of in situ gelling systems investigated over the past decade
underscores their effectiveness and challenges in achieving optimal dosage forms.
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I. INTRODUCTION
This Systems for in situ gelling are liquid formulations that, when injected into the body or applied topically, solidify into a depot
[1]. Over the last two decades, there has been increasing interest in responsive drug delivery systems as an attractive category of
devices for various pharmaceutical and biological applications. They are preferred over traditional injectable depot systems like
wafers or implants because they are easier to prepare and require less capital investment because they can be self-administered with
autoregulators, be injected using smaller gauge needles, and allow for the controlled release of incorporated therapeutic agents,
which lowers the frequency of dosing and prevents therapeutic failure or unwanted side effects [2]. Using these systems for topical
administration is especially appealing since the gel state is retentive and controls distribution, while the low viscosity state at
ambient settings facilitates administration and permits procedures like spraying.
The behavior of the sol-gel phase transition seen by in situ gelling formulations is dependent on one or more stimuli, including
changes in pH, temperature, solvent exchange, UV radiation, and the presence of certain ions or molecules [3] . Polymer solutions
are usually used to generate this gelation, while some inorganic and tiny organic systems do exist and are becoming more and more
interesting [4], [5]. Molecular weight (MW), architecture, temperature, and physiological media composition all affect the gelation
of in situ gelling formulations in polymer systems [6]. The focus of this paper will be on formulations of polymer systems that are
attractive for transport to the body yet are sensitive to pH, ions, and temperature [1].
Mucoadhesive polymers and in situ gelling have shown to be necessary excipients for extending the mucosal residence time of drug
delivery systems. Numerous medications' systemic and local therapeutic efficacy can be significantly enhanced by this extended
residence time [7]. Many mucoadhesive polymers have been investigated for mucosal drug delivery, including poly(acrylic acid),
gellan gum, hyaluronic acid, chitosan, cellulose derivatives, and thiolated polymers, sometimes known as thiomers [7].

Il. SYSTEMSUSED IN IN SITU GELLING FORMULATION

A. pH Sensitive System

Variations in the physiological environment's pH may allow for modifications to the polymer's ionization state, conformation, and
solubility, which could lead to the drug carrier gelling [8]. The gelation behavior of pH-responsive formulations is influenced by the
pKa of the constituent polymer [9].

pH-sensitive polymeric solutions that are weakly acidic or basic usually gel at pH values that are higher than their pKa values,
respectively [8]. pH-sensitive formulations include xanthan-based systems for controlled release of bovine serum albumin at
physiological pH, polyacrylic acid-based in situ nasal gels (Carbopol 934) that demonstrate in situ gelling properties by
deprotonation at nasal pH =~ 8.3 in patients with rhinitis, and formulations based on polyacrylic acid for colonic delivery of 5-
aminosalicylic acid [10], [11], [12] .
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B. lon-Sensitive System

By combining simulant biological fluid (tear, nasal, or vaginal fluid) with the in-situ gelling samples, the gelation potential of an
ion-sensitive delivery system can be assessed [1]. Changes in the rheological profiles of these samples can then be examined using
viscometry or turbidimetric analysis [13].

The viscosity of the cross-linked polymer and the rate at which the polymeric system transitions from a sol-gel depends on the kind
and concentration of cation that cross-links the ion-sensitive polymers [14]. Furthermore, pathological circumstances that alter the
ionic composition and strength of the target sites may aid in the sol—gel transition of ion-sensitive dosage forms [14].

Gellan gum , methacrylated gellan gum, pectin, and sodium alginate are a few examples of ion-sensitive drug delivery methods.
Gellan gum, an anionic polysaccharide, comprises repeating units of 1,3-p-D-glucose, 1,4-p-D-glucuronic acid, 1,4-p-D-glucose,
and 1,4-a-L-rhamnose. It is noteworthy that gelation is produced by ions and is dependent on temperature and pH [15], [16], [17].

C. Temperature-Sensitive system
Drug formulations that gel in situ at temperatures higher than 37 °C may not be appropriate for transmucosal drug delivery to
humans because they may remain liquid at physiological temperature, causing biological fluid dilution and drug formulation wash-
off, as well as a brief period of mucosal retention of the drug formulation and decreased therapeutic efficacy [18].
Typically, single phase, sol-like thermosensitive in situ gelling systems are used in aqueous media below the lower critical solution
temperature (LCST) [1]. The entropy of mixing decreases above LCST, increasing hydrophobic interactions and allowing the
solvated polymer chains to dehydrate quickly. This can result in polymer—polymer interactions and the sol—gel transition [1].
Chitosan/beta-glycerophosphate systems, polyethylene oxide-polypropylene oxide-polyethylene oxide (Poloxamers), and poly(N,
N-diethyl acrylamide)-b-poly (ethylene glycol)-b-poly (N, N-diethyl acrylamide) are a few examples of temperature-sensitive drug
delivery systems[1], [19], [20].

11I.LPOLYMERS USED IN INSITU GELLING SYSTEM
When administered as liquids at room temperature, poloxamers are attractive thermo-responsive in situ gelling systems for drug
delivery; at physiological temperature, they convert into a gel state for sustained release [21]. Chitin, a naturally occurring polymer
present in crab shells, is the source of chitosan, a biodegradable and biocompatible polysaccharide. Because of its special qualities,
which include mucoadhesion, low toxicity, and enhanced permeability, chitosan has found extensive use in pharmaceutical and
biological applications [22]. An in-situ gelling system using the stable, isotonic, non-irritating Carbopol 940 and HPMC E50 has
strong antibacterial activity [23].

A. Pectins

Pectins are polysaccharide groups whose main constituent is a galacturonic a--(1-4)--D- corrosive buildup found in the polymer.
The egg carton model describes how the gels are connected to the galaxy-corrosive chains in an aqueous arrangement with low
methoxy gelatins (esterification level < 50%) when free carbon particles are present. Gelatinization of gelatine, a source of divalent
particles, can happen with the H + particles in mind; primarily, calcium particles are needed to provide the proper gels for
transportation. Since pectin is soluble in water, natural solvents are not needed when using it for these flooring. When taken orally,
the divalent cations help the pectin reach the gel form in the stomach [24].

B. Guar gum

Another name for guar gum is natural rubber, or guaran, which is made from endosperm seeds. When dissolved in water, lipids,
alcohols, esters, ketones, and hydrocarbons, guar becomes insoluble. They spread in both hot and cold climates and are water-
soluble in both, helping to minimally frame the colloidal arrangement in both cold and boiling water. The branches of guar gum are
employed to form hydrogels in transport systems, nano-microparticles, and network architectures. In addition, branches of guar
gum, for instance, bind polymers similar to guar gums, which are linked with polyacrylamide and have superior colon selection
qualities [25].

C. Carbopol

The pH of the corrosive polyacrylic polymer (PAA) carbopol has changed from 4,0 to 7,4 [26]. Carbopol turns into a poor
consistency gel with soluble pH, but it maintains its structure that makes it useful for acid pH. When HPMC is used with carbopol,
the acidity of the layout is reduced and the consistency of the carbopol is improved. After examining several poly (corrosive acrylic)
(Carbopol 940-934-941 and 910) 47 forms, he came to the conclusion that Carbopol 940 showed greater look and clarity [27].
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D. Gellan gum [28]

Gellan gum, an anionic straight polysaccharide, is produced by the bacterium Sphingomonas elodea. It consists of glucuronic acid,
rhamnose, and glucose, which combine to form a tetrasaccharide molecule [28]. Gelrite, a deacetylated form of gellan gum, is
obtained by treating the molecule with an alkaline solution to remove the acetyl group. Gelrite exhibits gel-like properties due to the
presence of calcium ions[26]. Gelation occurs through complexation with cations and hydrogen bonding with water, resulting in the
formation of double-helical structures that aggregate into three-dimensional networks. In the food industry, gellan gum is commonly
used as a stabilizing and suspending agent. [26], [29].

E. Alginic acid

When consecutive glucuronic deposits on the alginate chain glucuronic a-L squares are covered by an appropriate approach that
weakens the aqueous alginate arrangements, strong gels are produced [30]. Alginic corrosive, which exhibits potent natural
properties such biodegradability and non-toxicity, is utilized as an ophthalmic plane vehicle [31].

F. Xanthum gum

Mature Xanthomonas campestris, a gram-negative bacterium, forms the extracellular polysaccharide atomic weight of xanthum
gum. The crucial cellulose structure of this subsidiary consists of a f-D-mannose, a f-D-glucuronic a-D-corrosive lateral chain of
corrosive glucose chain, and a cellulosic backbone (such as BD-glucose accumulations) [26]. The thickener dissolves in cold,
boiling water due to the acidic conditions present. It has exceptional stability under basic circumstances [32].

G. Hydroxy Propyl Methyl Cellulose

Cellulose is a glucan chain with B-(1, 4) -D-glucopyranose as its unit. Certain common polymers, like HPMC, MC, and EC,
demonstrate the sensitive evolution of the sol-gel temperature [33]. The cellulose substance thickens with decreasing temperature,
while its branches—HPMC and MC, for example—qget more consistent with increasing temperature. MC is a typical local polymer
based on cellulose that has a chain that exchanges methyl substitution groups. At low temperatures (around 30 °C), the structure
becomes fluidized; when the temperature rises to 40-50 °C, gelation takes place [34].

H. Poloxamer
A three-block water-soluble copolymer is called poloxamer. It is composed of two ABA-configured polypropylene oxide (PPO) and
two polyethylene oxide (PEO) cores [35].

I. Chitosan

Two types of alterations, such as temperature changes and pH-sensitive changes, can cause chitosan gel formation. A distinctive
feature of shrimp and crab shells, chitosan is a thermosensitive, biodegradable polycationic derived from the straightforward
deacetylation of chitine [26]. Chitosan is a cationic polymer that can be processed in aquatic environments up to pH 6.2. It is subject
to the pH of biocompatibility. Precipitation is induced by removing the hydrated gel and balancing the chitosan aqueous reaction to
a pH greater than 6.2 [36].

J. Applications

Hydrogels for in situ gelling are adaptable materials having applications in wound healing, tissue engineering, drug delivery, and
other medical domains [37]. Chitosan-based in situ gel-forming delivery solutions are preferred because they show little to no
toxicity and are both biocompatible and biodegradable [38]. The ability to precisely control the mucoadhesive qualities, drug release
profiles, and sol—gel transition temperature of poloxamer-based in situ gels makes it possible to use them as delivery systems for
both big and small drug molecules to treat conditions affecting the anterior and posterior portions of the eye [39]. Alginic acid,
chitosan, gellan gum, pectin, xyloglucan, carageenan, HPMC, and other hydrophilic and biodegradable polysaccharides have been
used to create a variety of better and more palatable in situ topical gels that administer medications in controlled and efficient ways
over an extended period of time. These topical gels made of in situ polysaccharides are usually applied via transdermal, ophthalmic,
rectal, vaginal, etc. channels [40]. The in situ gel may prove to be an efficient intranasal formulation for Tacrine, as evidenced by its
extended nasal residence duration, greater bioavailability, increased brain uptake of the parent drug, and decreased exposure to
metabolites [41].
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IV.MECHANISM OF IN SITUGEL SYSTEM
Two considerations, such as chemical and physical mechanisms, prepare the in situ gel system for creation [42].

A. Physical mechanism
Based on physical mechanisms, in situ formation consists of the following

1) Diffusion

One physical kind that is utilized in the creation of in situ gel is diffusion. By dispersing the solvent from the polymer into the
surrounding tissue, the polymer matrix is precipitated or cemented using this method [26]. A common polymer utilized in the
creation of in situ gelation systems was N-methylpyrrolidone (NMP) [26].

Matrix system: Hydrogel inert biodegradable polymer matrix with homogeneously disseminated solid active agent

Reservoir devices: The drug is contained in a core (often termed as reservoir) which is surrounded by a rate-controlling polymeric
membrane of hydrogel which allows the diffusion of drug

2) Swelling

Swelling is a physical in-situ formulation technique that involves the absorption of fluids by polymers. These polymers swell from
the inside to the outside, creating a localized effect [43].

Solvent-activated system When drug diffusion outpaces hydrogel swelling, water molecules infiltrate the polymer network,
occupying space within the hydrogel submerged in an aqueous solution. As a result, certain mesh structures within the network
expand, allowing additional water molecules to enter [44]. However, swelling is not an indefinite process; the elasticity of the
covalently or physically cross-linked network counterbalances its potential for limitless stretching, preventing collapse. This
mechanism is commonly employed to simulate drug release from hydroxypropyl methylcellulose (HPMC) hydrogels [43]

Osmotic swelling: In hydrogels, the overall gel swelling pressure remains unaffected by gel pH and swelling duration. However, it
may exhibit correlation with factors such as volume fraction, network’s relaxed volume, and cross-link density [45].

B. Chemical Mechanism

The production of in situ gelation is reliant on chemical reaction processes. Additional processes will arise from the chemical

reaction that results in gelling in situ [46].

1) Enzymatic Bonding: The most effective method for developing the in-situ gelation system is enzyme cross-linking. This
procedure usually results in the gel being generated by cross-linking enzymes in bodily fluids

2) Cross-linking of lons: This procedure makes use of the ion-sensitive polymer. lon-sensitive polymers can undergo a phase shift
in the presence of various ions, including Na*, K*, Ca*, and Mg* [28]. Additionally, certain polysaccharides also belong to the
ion-sensitive category [28]. Although k-carrageenan forms firmly and modest levels of K+ react to generate fragile gels, elastics
form, especially when Ca2 + is present. Gelrite is the main product that Gellan pneumatics are offered in. This anionic polymer
is put through an in situ gelation apparatus with both mono- and bivalent cations present [47], [48].
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Fig 1: Mechanism of in situ gels [9]
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V. ADVANTAGES AND DISADVANTAGES OF IN SITU GELS

A. Advantages:

1) Controlled and Sustained Release

2) Ease of Administration

3) Suitable for Unconscious Patients

4) Reduced Dose Frequency and Toxicity

5) Improved Bioavailability [49]

6) Biocompatibility and Biodegradation [50], [51], [52]

7) Natural polymers have characteristic properties of biocompatibility, biodegradability, and biologically recognizable moieties
that support cellular activities

8) Synthetic polymers typically possess precisely defined structures that can be tailored to achieve acceptable degradability and
desired functionality.

9) In situ gels can be designed to demonstrate bio adhesiveness, enabling targeted drug delivery, particularly through mucous
membranes, for non-invasive administration [26]

Decreased
frequency of
drug
administration
Increased
residence time of ",y
drugs at the

)

N

Improved \ Sl : \
P \ application site |\

patient
compliances

/ Minimizing 7/ Low dose /
/  side effects / / required for /

/ (local and systemic) / / treatment /
& / ¥ y

/ D /

/'/ ~ay/

S~ ~/

Figure 2: Advantages of in situ gels
B. Disadvantages: [53], [54]
1) High Fluid Requirement
2) Susceptibility to Degradation
3) Stability Challenges
4) Post-Administration Restrictions
5) Limited Drug Loading
6) Small Dose Compatibility
7) Mechanical Weakness [33]

VI.STUDIES ON THE ADMINISTRATION OF BIOACTIVE AGENTS CONTAINING INSITU GELLING

In-situ gel nasal medication delivery systems because they have a higher systemic bioavailability when administered via the nasal
route as opposed to the oral route. A unique dosage form for the nasal distribution of several medications is in-situ gel [55]. When
administered orally, medications with a restricted window of absorption in the gastrointestinal tract (GIT) are frequently constrained
by low bioavailability as a result of insufficient drug release and brief residence times at the absorption site [56]. In order to provide
regulated distribution of pharmaceuticals with extended stomach residence time, novel drug delivery systems in the form of gastro
retentive systems, such as floating systems, mucoadhesive, high-density, and expandable, have been created [57]. The effectiveness
of local or systemic medications delivered vaginally can be enhanced by mucoadhesive and thermogelling delivery systems, which
also extend the formulation's residence time in the vaginal lumen [58]. The next phase in the long tradition of "smart™ ocular
delivery is starting with the development of in situ gel systems. These systems, as typical eye drops, are easily given into the eye
due to their stimuli-responsive phase transition features [59]

The buccal, ocular, nasal and vaginal routes of drug administration have all been used to provide different in situ gelling
formulations to different body sites.
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TABLE I: Route of Administation of in SITU Gels

Route Medicinal substance and delivery | Clinical outcomes Potential Symptoms Ref
method
Buccal Systems for thermo- and ion- | Based on their rheological synergism and loss | treating esophagitis and | [60]
sensitive in situ gelling that use a | tangent values, formulations containing Hibiscus | oral mucositis
combination of  hydroxypropyl | sabdariffa extract demonstrated excellent
(HPC) and k-carrageenan (k-CG) | gelation potential and elasticity; the bioactive
and Hibiscus sabdariffa extract extract's presence had no discernible impact on
the formulation's mucoadhesiveness.
PLGA nanoparticles loaded with | The optimized formulation exhibited improved | Localized intra-pocket | [1], [61]
moxifloxacin HCI and poloxamer- | gelation ease and gel strength, essential for | therapy for periodontitis
based thermosensitive gel enhanced periodontal retention. In  vivo
histological analyses of periodontal tissues in
treated patients revealed that the novel
medication carrier was more biocompatible than
the commercially available  moxifloxacin
product.
Occular Thermosensitive gels based on | The gelation temperature of the thermosensitive | Ocular anti-inflammatory | [62]
P407/P188 with Dexamethasone | gel was 32.7 °C, while that of the gel- | activity
nanoparticle loading nanoparticulate samples was 34.3 °C. These
formulations  exhibited improved corneal
permeability, enhanced retention, and controlled
drug release. In vivo rabbit trials using the
composite nanoparticulate gel demonstrated its
superior effectiveness compared to commercial
TobraDex eye drops

Gelatin-graft-poly(N- The LCST (lower critical solution temperature) | Glaucoma treatment [63]

isopropylacrylamide) gels loaded | of the gelatin-PNIPAAmM copolymer was

with pilocarpine influenced by the number-average molecular
weight of the thermoresponsive polymer.
Furthermore, the ratio of N-isopropylacrylamide
to mercaptoacetic acid played a role in
controlling breakdown and managing the
pilocarpine release profile.

Nasal A sprayable in situ gelling system | The optimized formulation demonstrated | Nasal polyposis, chronic | [1], [64]
has  been  formulated using | increased turbinate deposition to the posterior | rhinosinusitis, and allergic
fluticasone, pectin, gellan gum, | portions of the nasal cavity, a narrower spray | and nonallergic rhinitis.
sodium hyaluronate, and Tween 80 cone angle, and improved suspension stability.

A nasal spray with tranexamic acid | The gelation temperature and time of the new | Nasal wound treatment [65], [66]
with 1.4%-18% beta- | formulation were 33 °C and 5 min, respectively.
glycerophosphate and chitosan In comparison to the control tranexamic solution,

it showed six times quicker wound closure and

was non-irritating to human nasal epithelium.

Vaginal Thermosensitive gels based on | Comparing the optimized Pluronic-based in situ | Bacterial vaginosis | [1], [67]
Pluronic  F127/F68  (20%/10%) | gel to commercial metronidazole gel, it | treatment
containing metronidazole demonstrated a mucodhesive and prolonged drug

release profile, was biocompatible, and had a
gelation temperature of 28 °C and a viscosity of
2.22 x 105 mPas at 37 °C.
The glycerophosphate/chitosan | At 37 °C, CHILGP, with or without simulant | Treating vaginal mucositis | [1], [68]
lactate (CHILGP) and amoxicillin | vaginal fluid, showed higher storage and loss
trihydrate including P407/chitosan | moduli values than in situ gels based on
lactate (CHILP407) systems | CHIP407. Additionally, compared to P407-based
formulations,  CHILGP-based  formulations
demonstrated higher mucoadhesiveness,
antibacterial activity, and wound healing capacity
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VII. CONCLUSION

In conclusion, the realm of “in situ gelling formulations” represents a dynamic frontier in drug delivery. These systems respond to
cues such as pH, temperature, and ionic composition, transforming from free-flowing liquids to cohesive gels. The transition occurs
precisely where needed—within the body. The ability to precisely target drug release is a game-changer. In situ gels, when applied
to specific sites (such as mucosal surfaces or wounds), undergo gelation. This localized transformation ensures that the drug remains
concentrated at the intended location. For instance, an oral gel can adhere to the buccal mucosa, releasing the drug directly into the
bloodstream. Similarly, wound gels can provide sustained drug release at the wound site, promoting healing. Mucoadhesive
polymers play a crucial role in in situ gelling formulations. These polymers adhere to mucosal surfaces, prolonging drug retention.
By enhancing contact time, they improve bioavailability. Imagine a dental gel that adheres to the gums, delivering an antimicrobial
agent precisely where needed. Or an ocular gel that clings to the conjunctiva, releasing antibiotics directly onto the infected area. As
researchers delve into the clinical properties of in situ gelling systems over the past ten years, we uncover insights that pave the way
for innovative biomedical applications. The synergy between science and patient care continues to drive advancements in this field,
ultimately benefiting individuals seeking effective yet challenging dosage forms
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